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Abstract 

“What must be obvious to all is that our oil and gas reserves 

are not renewable and they are diminishing, and to protect the 

generations to come, we must engage in nothing short of a 

radical shift in the diversification of the economy.”  

- Anthony Carmona 

As machine topologies and technologies mature, the fundamental function of the 

device is honed. Direct drive machines have the potential to launch the renewable 

energy sector into a new era of large scale, reliable, offshore power generation. With 

advancements in new technologies, such as superconductivity, the reduction of 

generator mass due to incorporation of machine and device structures, the continued 

advancements in component and system reliability; direct drive generators have the 

ability to outsize geared wind systems and simplify submerged linear and rotary power 

generation.  

The research held within this thesis will focus on improving direct drive power take 

off systems for offshore renewable energy power generation by splitting the area into 

four parts. The first part will discuss the various methods of energy extraction within 

the offshore and marine environment. The future of the sector will be discussed, and a 

forecast of technological advancement and existing reliability issues will be provided 

based on current data. The second part will focus on drive trains and direct drive 

generators, assessing the current topologies and suggesting alternatives that may thrive 

in a variety of large and small offshore renewable machines.   

The third part investigates the application of novel linear bearings in direct drive 

systems for offshore and submerged operation. A brief study of the loads found in 

wave applications will be presented and the testing of several polymer bearing 

materials will be outlined. The final part will discuss the potential benefits of flooding 

the airgap of a direct drive generator with sea water for marine applications. Results 

will be presented from two linear test rigs and the marinisation of devices will conclude 

the report. 
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Chapter 1.  

Motivation 

1.1. Introduction 

Since the advent of the industrial revolution, global energy requirements have 

increased exponentially, with the global energy consumption in 2016 estimated to be 

more than 152000 TWh [1]. As the global population has more than quadrupled in size 

since the beginning of the twentieth century [2], from 1.6 billion in 1900 to more than 

7.4 billion people in 2017, the requirement for energy is estimated to increase by up to 

48% by 2040 [3]. Fossil fuels have provided a compact, transportable, chemical store 

of solar energy. However, increasing concerns over high CO2 production, increasing 

global temperatures, resource availability and energy security, have forced countries 

to look elsewhere for their energy demands. Over the last 20 years the focus on 

renewable energy has gripped the world like never before. Technological, 

environmental, socioeconomic and political changes have led to high investment and 

growth within the renewable sector [4]. Technologies such as hydro power, solar and 

onshore wind are now well established, however for sustained growth to continue in 

other sectors to produce a diverse global renewable energy portfolio, newer 

technologies must become competitive against more “traditional” sources of energy 

production. For renewable sources such as offshore wind, wave and tidal, this means 

increased efficiencies and technological development.  

1.2. Summary & Aim of Thesis 

This thesis focuses on direct drive power generation from offshore renewable sources. 

The nature of the offshore environment is notably inhospitable and difficult to access, 

therefore high reliability, modularity and survivability are key to providing an effective 

power extraction system.  

Geared power take-off systems suffer from low reliability for high torque offshore 

shore installations and require regular maintenance in order to operate efficiently.  
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Direct drive systems offer a reliable alternative to geared systems. With higher power 

transfer efficiencies (up to rated speeds), fewer complex components required for 

energy transfer and the ability to operate at low velocities, direct drive machines seem 

well suited to offshore energy extraction. However, for offshore installation, their large 

size means that transportation and installation costs are high, especially for wind 

turbine installations, while for wave and tidal energy extraction bearing failures and 

survivability are major concerns.  

The aim of this thesis is to provide solutions to these three main issues in order to 

facilitate the use of direct drive generator technology in the offshore energy industry. 

Further details of the contents of this thesis are presented in the next section. 

1.3. Outline of Thesis 

This thesis has been divided into 7 chapters, the contents of which are described as 

follows: 

Chapter 2 presents the history of offshore renewable generation techniques including 

offshore wind, wave and tidal devices. Current devices are discussed and a selection 

of suitable power take off topologies presented with the aim of understanding the 

current requirements for the offshore renewable energy. Finally, systems and 

components required for reliable energy extraction are proposed. 

Chapter 3 presents electrical generation systems suitable for renewable energy 

extraction. The chapter focuses on direct drive machines, including the operational 

loads that are associated with this type of generation system. Superconducting 

machines are introduced and the technology explained as an alternative to traditional 

direct drive topologies. A high temperature superconducting machine topology and a 

permanent magnet machine topology is explained for use in later chapters. 

Chapter 4 details the progress made on the construction of a linear and rotary high 

temperature superconducting machine and proposes a structure for a 10 MW rotary 

superconducting machine topology. The main focus of this chapter is the construction 

of structures suitable for direct drive superconducting machines, with the ultimate aim 

of producing a low mass direct drive system for offshore wind. 
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Chapter 5 proposes the use of polymer journal bearings in offshore devices, especially 

for tidal and wave power take off systems. The design and construction of a linear 

bearing test rig is presented and a simple wave study detailed for the purposes of 

defining machine loading data. Data gathered from the testing of a selection of polymer 

bearing samples is discussed and the testing process is compared to the theoretical 

wave loadings. 

Chapter 6 examines the premise of running a permanent magnet machine with a 

flooded airgap in order to increase the thermal performance of the machines windings 

for both wave and tidal power take off systems. The design and build of a small linear 

test rig is detailed and the results from dry and flooded tests for various coil samples 

is presented. The experimental process is then be detailed for coil testing within a 5 

kW permanent magnet linear generator and test rig topology. The results from both 

test rigs are compared and a short description of marinisation is provided. 

Chapter 7 concludes the thesis and provides information on the knowledge gained as 

well as proposals for future work.  
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1.5. Animation and video links 

Due to the large amount of testing and simulation contained within this thesis, a 

selection of animations and video links have been made available in order to provide 

an indication of scale of the project. 

1. Animation detailing the structure critical parts of a 10MW direct drive 

superconducting claw pole generator within a wind turbine topology - 

https://drive.google.com/open?id=122cD8L1WtfqDAa2J6MdSdEiUUfEh5g5f 

2. Animation providing an example of the structural optimisation carried out in 

Solidworks Finite Element Analysis software for a 10MW direct drive 

superconducting claw pole generator structure - 

https://drive.google.com/open?id=1J7kpjzt3HX9YhlKTTvKsbIMGzBr1HMQY 

3. Video of large linear machine test rig during operation and linear bearing test rig 

during operation – 

https://drive.google.com/open?id=1r1IaaAXUJRa8X_E7HDMPP1Py_GWRKG

D6 

4. Video of large linear machine test rig during operation - 

https://drive.google.com/open?id=1r1IaaAXUJRa8X_E7HDMPP1Py_GWRKG

D6 
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Chapter 2.  

Offshore Renewable Energy Technology 

2.1. Wind Energy: A brief History 

Wind energy has been harnessed by humans for thousands of years, from applications 

in food production, to recreation such as kites, to intercontinental travel. In the last few 

centuries the concept of wind turbines as recognised today took shape, utilising the 

kinetic energy of the wind to provide mechanical power for industrial and farming 

practices. With the invention of electric generation technology in the 19th century, the 

first wind powered electric generators were installed in Scotland and the United States 

of America within a year of each other. Scottish Professor James Blyth installed a 

vertical axis wind turbine generator by July 1887, to charge early batteries for lighting 

purposes [5]. While in the winter of 1887, Charles F. Bush installed a 12kW horizontal 

axis wind turbine generator for the supply of electricity in Cleveland Ohio [6].  

       

Figure 2-1. Left. Professor James Blyth vertical axis wind turbine. Right Charles F. Bush 

12kW horizontal axis wind turbine generator [7] [8] 

In the following decades many more small turbines were produced for rural and remote 

areas, with outputs ranging from 5-25 kW. The first turbine capable of electrical 

generation over 1 MW was developed in the 1940’s by P. Putnam on Grandpa’s Knob, 

Vermont, and supplied the local grid with AC power. The turbine only operated for 4 

years, however it was decades before another MW turbine was developed [9].  
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In addition various European countries started to develop turbines in the early 20th 

century, advancing from 25 kW turbines to the Danish 200 kW Gedser mill turbine by 

the 1960s [10] . These early wind turbine developments are shown in Figure 2-1 and 

Figure 2-2. 

         

Figure 2-2: Left Putnam-Smith 1 MW AC wind turbine. Right: Gedser wind turbine in 1956 

at Vester Egesborg, Denmark [11] [8] 

With an increase in cheap hydrocarbon energy production and the connection of rural 

areas to a reliable centralised electricity supply, turbine development was slow and it 

wasn’t until the early 1970s oil crisis that wind turbine technology benefitted from a 

leap in global research and development [12]. Over the next decade technological 

advancements were made in the US and Europe driven by tax breaks and high oil costs 

however when the price of oil dropped in the 1980’s, wind technology became too 

expensive and development slowed [13]. 

The second leap for the wind turbine industry came in the late 1990’s when global 

action was called for to reduce harmful fossil fuel emissions and address climate 

change, to create sustainable energy sources for an increasing global energy demand 

and to curtail foreign energy dependencies [14], [15]. The incremental steps that had 

improved wind turbine technology since the 1970’s meant that wind was the most 

mature and globally available renewable technology by the end of the twentieth 

century. In the last two decades wind power generation has been growing by an 

average 23.5% per year, [16], with a global  installed capacity estimated at almost 487 

GW by the end of 2016 [17].  
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Figure 2-3: Offshore wind turbine growth and future predicted developments. Created with 

data from  [18] [19] [20] [21] [22] [23] [24] [25] 

The maturity of the onshore wind energy market stimulated the next leap for the 

technological development of wind turbines, the offshore market. The average 

offshore wind turbine size by the end of 2016 was 4.8 MW [26] and within the next 

few years the offshore wind market is due to install multiple 8 MW and test 10 MW 

wind turbines in European waters [21], [22], [27], as indicated in Figure 2-3. Onshore 

turbines are limited in size due to resource and structural constraints resulting from 

friction coefficients creating turbulent and limited wind resources. Maximum 

estimates of 3 – 4 MW turbines are suitable for onshore arrays [24]. Offshore wind has 

been growing globally over the last decade especially within northern European 

countries which have a well-established onshore wind presence and access to offshore 

sites. The major driving factors include a higher and more reliable offshore wind 

resource, a lack of viable onshore sites and an increased difficulty of passing planning 

applications [27]. The offshore wind environment has the potential to increase the 

capacity factor of a wind farm to almost 50%, in line with the average for small scale 

conventional power plants, and which is a 10-15% increase compared to onshore wind 

farm capacity factors. With a more constant and reliable wind resource, offshore wind 

could reach up to 84% of the Betz’s limit, the maximum efficiency available from 

wind energy extract. With the ability to realise average energy extraction rates of more 

than 3000 hours at full load per year compared with less than 2000 hours per year for 

onshore, the offshore wind industry can afford the increase in costs that the offshore 

environment requires [28].  
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The first offshore wind farm was deployed by Denmark in the early 1990’s utilising 

11 turbines with a total array rating of 4.95 MW [29], within 25 years the installation 

of individual offshore wind turbines capable of producing almost double the rating of 

the original array have been realised [21]. Future advancements in wind turbine 

technology aim to produce bigger and more efficient offshore arrays. The EU funded 

Upwind and INNWIND projects are focusing on turbines up to 20 MW utilising 

Superconducting generation and novel materials, while the University of Virginia, 

backed by the U.S Department of Energy, are investigating turbine blades with the 

capability of producing 50 MW offshore machines [24]. The next stage of research 

and development will push materials and generation techniques further than before, 

and although such research projects may not fully fulfil the original goals, the 

advancements in scientific knowledge will undoubtedly make their way into 

commercial use, [30] [14] [31] [32].  

2.2. Marine Energy: A brief History 

Wave and Tidal energy have, in some form, been exploited by humans for hundreds 

of years. The history of tidal energy extraction dates back to tide mills in Europe 

developed around 8th century AD. Energy was harnessed by creating an enclosed basin 

or tidal pond which would fill as the tide rose. The water was then trapped creating a 

head of water which could be released through water mill technology as the tide waned 

[33], Figure 2-4 . 

 

Figure 2-4. Diagram of a tidal mill [33] 

This concept lasted hundreds of years, with small scale mills installed around the world 

until the 19th century, when the idea was picked up for electrical generation. However 
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large scale tidal basin schemes require high infrastructure costs, therefore it wasn’t 

until the 1960’s that the first tidal power plant was successfully funded and constructed 

in La Rance Estuary, France. The La Rance station has been active for over 40 years 

with an installed generation capacity of 240 MW generating an estimated 540 GWh/y 

[34], [35] . Although basins and barriers such as La Rance use the tidal resource, they 

are more akin to pumped hydro storage, a general topology for these installations is 

provided in Figure 2-5. In addition, the environmental concerns over large construction 

projects near shore have enthused developers to consider placing devices in the tidal 

current. The notion to utilise tidal current by placing energy convertors within the 

stream has only become a reality since the end of the 20th century. 

 

Figure 2-5. Diagram of a modern tidal barrage. Source Encyclopedia Britannica 2008 

In the early 1990’s the most documented attempt to extract tidal stream energy was 

conducted in the Scottish West Highlands. The project used a moored turbine 

suspended by cables in the tidal flow, but it wasn’t until the turn of the 21st century 

that  other topologies were ready for field tests [35]. In contrast over 1000 patents have 

been filed for wave energy devices since 1799 [36], when the first patent was filed by 

French Engineer, Pierre-Simon Girard.  
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Girard noted that “the enormous mass of an ocean liner… responds to the slightest 

wave motion. If… one imagines this ship suspended from the end of a lever, one will 

conceive the idea of the most powerful machine which has ever existed” [37]. Based 

on this observation Girard patented a device consisted of a lever with one end 

connected to the shore and the other connected to a float resting on the sea. As the float 

moved with the waves, pumps on land transferred the motion into usable energy. In 

1909, wave power converters where harnessed to provide harbour lighting, providing 

the first installed electrical power generation from waves. However in the following 

centuries since Girard’s patent, there have been a handful of wave devices that have 

successfully captured energy from waves during sea trails’, these are detailed by 

Konstantinidis et al [36], Hammons [38], Bryden et al [39] and Pelc et al [40].  

Although interest spiked during the 1970’s oil crisis, similar to wind, wave technology 

stagnated between the end of the 1980’s and beginning of the 20th century with a lack 

of funding and an unwillingness to share data in order to avoid repeating research [38]. 

Similar to wind, wave and tidal were both considered as alternative sources of energy 

after the 1970’s oil crisis [41], however unlike on shore wind, the extremely hostile 

offshore environment has curtailed the advancement of technologies [42]. 

Additionally, the R&D that secured the most efficient energy extraction topologies has 

been completed for wind whereas it is ongoing in relation to offshore tidal and wave 

devices. In order to improve the standing of marine energy, trusted and robust devices 

must be produced and therefore further investigations into effective, durable power 

take offs would allow the industry to plug in to tried and tested marinised technology. 

2.3. Offshore Renewable Energy Resource 

There are three distinct environments for marine renewable power generation devices. 

• Shoreline devices which are based on land and generate power captured from 

offshore based resources. 

• Near to shore, deployed in shallow water. 10 -20 meters depth.  

• Offshore, deployed in deep water, 60+ meters depth, far from shore. 

Offshore wind and wave power generation both promise high outputs when deployed 

in open waters since both wind and wave resources contain substantially greater energy 
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further from the coast. Tidal power generation requires installation relatively near 

shore to take advantage of the interaction of the tidal cycles with land masses. 

However, the real challenges to offshore power generation are the development of 

reliable near shore to far offshore devices. Therefore, this thesis will focus on offshore 

power generation as onshore generation techniques are not as hindered in construction 

or reliability. 

2.3.1. Offshore Wind 

Wind is created by the transfer of solar energy to the earth’s atmosphere by direct 

radiation or by the indirect radiation absorbed via heat sinks such as bodies of water 

or the earth’s surface. By warming the atmosphere, the sun causes the air to expand 

and rise as it become more buoyant. As warm air rises it causes low pressure which 

pulls cooler air to replace it. The flow of air pockets from one region to another 

produces winds with speeds that vary due to the pressure differentials between the 

warm and cool regions of air.  

Global air currents are created by large scale solar warming and cooling, where warm 

air flows to the poles and mixes, cooling, becoming denser and sinking to produce 

pockets of high pressure. The global currents create weather and seasonal variations, 

the wind available for energy extraction is a mixture of local topology, friction 

variables, seasonal effects and these global currents. The strength and availability of 

wind offshore is greater and less turbulent than that found onshore since no landmass 

topologies block access or reduce net power due to friction. Figure 2-6 indicates the 

global mean wind speeds, highlighting the effect of land masses have on wind speeds. 

The overarching message suggested by the figure is the high potential wind resource 

available for offshore devices compared to onshore devices, with many coastal and 

onshore regions half the mean speed of offshore environments. 
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Figure 2-6. Potential wind resource: Qualitative evaluation of global wind speeds at 100m 

above displacement height [43] 

Wind turbines utilise rotor blades to harness the kinetic energy present in wind. As the 

air moves over the surface of the blade, a pressure differential is formed creating lift. 

The lift forces the blade to move, creating torque as it rotates around the central drive 

shaft of the turbine. The rotation of the drive shaft transfers the mechanical energy 

through a gearbox or directly to the generator where it is converted into electrical 

energy. Large wind turbines generally produce low rotational velocities with high 

torque, which often require a gearbox to convert to high-speed rotation and low torque 

for power generation. The energy available from the wind, Pw, is proportional to the 

cube of its velocity, v, the density of air, ρair, and the turbines swept area, A, as 

described in Equation 2-1.  

In 1919 a physicist called Albert Betz calculated that no wind turbine can convert more 

than 59.3% of the available kinetic energy from the wind into mechanical energy. This 

theoretical maximum power efficiency is known as the Betz limit however most 

onshore turbines sit at efficiencies between 35-45%, with only 10-30% of the wind 

energy going to produce electricity once subsystem efficiencies are taken into account. 

�� 7 12
��
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Figure 2-7. Horizontal and vertical axis wind turbine configurations [44] 

Figure 2-7 provides topologies for the two main sub divisions of modern wind turbines 

proposed for offshore wind energy harvesting, i.e. horizontal axis and vertical axis 

turbines. Both types of turbines conform to specific power curves, indicating over 

which range of wind speeds they are capable of capturing and converting energy from 

the wind. An example of a wind turbine power curve is provided in Figure 2-8. 

Horizontal Axis Wind Turbines 

Horizontal axis wind turbines (HAWT) consists of a tower supporting a nacelle, 

containing a horizontal rotor shaft, power take off system, electrical generation 

equipment and most of the electrical and control sub systems. Attached to the nacelle 

is the hub and rotor blades including a pitch system to ensure efficient energy 

extraction at various wind speeds and protect the blades from unfavourable wind 

conditions. In order to position the rotor blades into the direction of the oncoming 

wind, a yaw system is employed to orientate the nacelle correctly [32], [45]. The yaw 

system is located between the tower and nacelle forming a rotatable connection 

enabling a full 360 degree rotation of the active elements of the HAWT. 
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Figure 2-8. Example of a wind turbine power curve, indicating wind speeds required for 

rated operation 

 

Figure 2-9. Three blade offshore HAWT installed wind farm, Sheringham Shoal Wind Farm, 

North sea [46] 

Upwind HAWTs are the most commonly installed turbine of the two, usually utilising 

three rotor blades to capture energy from the wind as this has been found to be the 

optimum number of blades to reduce noise while maintaining energy extraction and 

low material usage [47]. 
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Vertical Axis Wind Turbines 

Vertical axis wind turbines (VAWT) generally comprise of a rotor shaft transverse to 

the direction of the wind, normally vertical, rising through a tower to a hub with blades 

rotating around the central hub point. The power take off, generator and electrical 

sundries can therefore be located at the base of the tower. The main advantages of a 

VAWT are the lack of a mechanical yaw system - since it harvests wind energy from 

any direction - a lower distribution of mass and the ability to harness lower wind 

speeds. However, VAWTs require more material and larger sizes to capture the same 

energy as HAWTs, they are generally less reliable since the distance from the bottom 

to the top of the rotor blades means a highly varied wind loading profile over the blade 

length. This leads to higher instances of material fatigue.  

 

Figure 2-10. Two blade Nenuphar VAWT offshore concept [48] 

Since the mid-nineties, HAWT have been the most successful wind turbine topology, 

however due to the more uniform offshore wind profile and lower friction coefficients 

on the ocean surface, VAWT may push the offshore advantage especially as material 

costs reduce with time. For both instances a combination geared power or direct power 

take-off can be utilised.  
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Since HAWT’s have been developed, refined and installed offshore since before the 

turn of the 21st century, this report will focus on the conventional upwind three bladed 

horizontal axis topologies for the purposes of expanding the offshore marine energy 

industry. The energy extracted by a HAWT is dependent on the turbines swept area, 

given in Equation 2-2. 

Where r is the radius of the rotor blades from the centre of the nacelle. The usable 

power from the wind is based on the turbines power coefficient Cp, described as: 

Where �� is the turbines shaft power and �� is the power available in the wind. Thus, 

Equation 2-3 can be altered to Equation 2-4 for a HAWT. 

The maximum rotational speed of a wind turbine is limited by the turbine’s maximum 

tip speed. In order to minimise noise and curtail excessive centrifugal forces which 

could potentially damage the blade structures, the maximum tip speed is limited and 

taken into consideration when designing the turbine’s operational criteria.  

For large wind turbines the tip speed, ����, is set ~75 ms-1 in order that the tangential 

tip speed is maintained at a suitable ratio to the incoming wind speed, �, thus ensuring 

reasonable energy harvesting efficiencies. The blade tip speed can be calculated using 

equation. 

Where D is the diameter of the rotor and �
�� is the rotational speed of the turbine 

blade. To optimise turbine blade designs, a ratio of the tangential blade tip speed and 

wind speed is used as provided in equation.  

Where λ is the tip speed ratio, which varies with the power coefficient of the turbine.  
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Figure 2-11. Global cumulative installed wind capacity 2001-2016 [17] 

Figure 2-11 indicates the rapid growth of installed wind turbine generation capacity, 

almost all of which are HAWT. It is therefore no surprise that HAWT are favoured for 

offshore installations, being the most understood wind turbine technology available to 

be tailored for one of the most challenging environments on earth.  

 

Figure 2-12. Global cumulative installed offshore wind capacity 2011-2016 [17] 

Figure 2-12 indicates the increasing trend in offshore turbine installed capacity, 

increasing on average by 22% per annum while individual turbine capacity has 

increased by 62% in the last decade [26]. By 2020 it is estimated that the European 

offshore installed capacity will be in the region of 24.6 GW [26].  
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Figure 2-13. Average size of offshore wind farm projects (MW) [26] 

 

Figure 2-14. Average installed offshore turbine rated capacity [26] 

Figure 2-13 indicates the trend for increasing offshore site capacity, while Figure 2-14 

indicates the continuous growth in offshore turbine rated size. The main driver behind 

the rapid upscaling of onshore and offshore turbine technology is the reduced cost of 

energy that results from increasing turbine capacity [49], indicated in Figure 2-15. The 

growth in turbine size onshore has been curtailed for various efficiency, transportation 

and installation issues. The offshore landscape has fewer restrictions, with no limit 

currently found for maximum size restraints and the only decisive factor being the 

harsh marine environment, which in turn leads to the requirement for fewer turbines 

of larger capacity to be installed [44]. As can be seen from Figure 2-15, economies of 

scale mean the cost of energy decreases as turbines increase in size.  
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Figure 2-15. Estimated reduction in cost of energy as turbine ratings increase [50] 

 

Figure 2-16. Global Cumulative Offshore Wind Capacity (MW) January 2017  [17] [26] 
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The largest wind turbines installed for testing and commercial use are provided in 

Table 2-1. Ongoing research from projects such as Suprapower [51], HTS-GEN [52], 

Ecoswing [53] and Sandia labs, with their 200 m wind turbine blade for a 50 MW 

turbine [54], and continued support from agencies such as the European Wind Energy 

Association, International Energy Agency and Horizon 2020, turbines are expected to 

continue to grow, with outputs of 10 – 20 MW for the offshore energy market not far 

away.  

Manufacturer Name Size (MW) Drive Train  Operational Location 

MHI Vestas V164 9.5 Medium Speed Offshore 

Enercon E126 7.5 Direct Drive Onshore 

Samsung S7.0 7 Medium Speed Offshore 

MHI SeaAngel 7 Hydraulic Offshore 

Repower 6M Series 6 Geared Onshore/ Offshore 

Siemens  SWT-7.0 7 Direct Drive Offshore 

Table 2-1. Largest wind turbines currently installed for testing/commercial operation [55] 

The installation of wind turbines in the offshore environment increases installation and 

O&M costs in comparison to onshore technology. The offshore environment sets the 

wind industry several challenges. The advent of offshore turbine installations is a 

recent development and supporting technologies such as barges and installation 

platforms are currently borrowed from the oil industry at high cost. As turbines and 

arrays are set to increase in size, a dedicated infrastructure of support and installation 

vessels must be produced to help drive down offshore costs. In addition, weather and 

sea conditions can add significant delays to installation, maintenance and repair times. 

Increasing the output of individual turbines can help reduce the cost of energy, as 

larger turbines should maintain higher power outputs for similar repair and 

maintenance down time. Additionally, as will be discussed in later chapters, increasing 

the modularity of turbines can also decrease down time and in recent years this has 

been highlighted by increased modularity in power electronics [31]. As the offshore 

environment offers higher wind resources, energy available to a wind turbine is 

proportional to the swept area of the rotor blades, therefore increasing the size of 

offshore turbines increases the torque acting on the drive shaft, gearbox and generator 

[45].  
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Wind Speed and Power Density at 50m 

Wind Speed 

(ms-1) 

Wind Power 

Density (Wm-2) 

US Wind 

Class 

0 – 5.6 0 - 200 1 

5.6 – 6.4 200 – 300 2 

6.4 – 7.0 300 – 400 3 

7.0 – 7.5 400 – 500 4 

7.5 – 8.0 500 – 600 5 

8.0 – 8.8 600 – 800 6 

8.8 – 11.9 800 - 2000 7 

Table 2-2. Power available from various wind speeds [56] 

2.3.2. Wave 

Solar energy is ‘stored’ and magnified in waves via the transfer of energy from the 

wind. Original solar heat transfer levels of typically 100 Wm-2 can be converted into 

waves with power levels of over 1000 kW per metre of wave crest [35]. Waves 

propagate from their origin as a transport of energy with the water particles moving in 

orbital motions but with very little net mass transport, drift. The fluctuating resonance 

between the kinetic and potential energies within the water give rise to the undulating 

shape of waves. The superposition of waves with different frequencies and directions 

results in the formation of more complex wave forms (irregular seas) with the different 

frequency components travelling at different speeds across the surface of the water. 

Waves are generally created and supported by the interaction of the wind with the 

surface friction of the water and these waves can travel vast distances with very little 

energy loss, depending on their interaction with other mediums such as shorelines or 

wave energy converters. Wave height is determined by wind speed, water depth and 

the distance (fetch) over which energy is passed from the wind to the sea surface. 

Although larger waves are more powerful, energy density is also determined by wave 

speed, wavelength and density [57].  

Although wave energy has the potential to transfer vast quantities of energy, the nature 

of the offshore marine environment means that harnessing and predicting the potential 

power is extremely challenging [58]. Firstly, deep water waves are defined as 

occurring when the depth is larger than half of the wavelength of the travelling wave, 

whereas shallow water waves are defined to occur when the depth is less than 1/20th 

of the wavelength. Intermediate waves exist between these two defining 
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characteristics. Explanations of particle movement within deep and shallow water 

waves are provided in Figure 2-17. 

From linear wave theory, the average energy density per unit surface area of deep 

water waves in a sinusoidal sea state can be described as proportional to the square of 

the wave amplitude, A, as presented in Equation 2-7. 

Where 
 is the mass density of water and E is the acceleration due to gravity. 

 

Figure 2-17. Particle movement within waves and the definition of deep water, transitional 

water and shallow water waves. Adapted from [59] 
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The energy flux, power transported per metre crest length, of deep-water waves is 

proportional to the wave period and the square of the wave height, H, and can be 

derived from the energy density of the waves as shown below. 

Where cg is the group velocity of the waves transporting the energy and � is the wave’s 

angular frequency. 

Where T is the wave period equal to 2π/ω, and H is the wave height, equal to two times 

the wave amplitude, A.  

A similar expression holds for the energy flux in unidirectional irregular seas [60]. 

Where Hs is the significant wave height and Te is the energy period. 

Estimates for the global wave resource power vary wildly between 1 - 30+ TW. 

Examples of the potential global and Scottish wave resource are presented in Figure 

2-18 and Figure 2-20. Drew et al [61] cite a global power potential of 2 TW, while 

Gunn et all [62] estimate 2.11 TW, the World Energy Council [4] cite an energy 

resource of 29,500 TWh/yr (~12 TW) and Bryden et al [35] estimates that the deep 

water resource is between 3 – 32 TW, with potential realistic energy extraction at 

roughly 800 GW.  
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Figure 2-18. Estimate of global wave power levels [63] 

However, the ability to extract the available energy depends on the efficiency and type 

of device installed, therefore due to the low maturity of the wave industry compared 

to wind, efficiencies and energy extraction limits are not so widely known compared 

to that of the wind and tidal industries. Although an example of the theoretical 

extraction limit for a heaving buoy device is provided below. In a sinusoidal sea-state, 

the maximum power that can be extracted by a point absorber moving in heave is that 

available across a wave front of length � 2<⁄ , where � is the wavelength.  This is the 

so called Newman-Evans limit [64]. 

 

Figure 2-19.  Wave power resource off the coast of Scotland. Data averaged from a ~ 11 

year period presented in kW/m [65] 
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Figure 2-20. Water depth (m) of the northwest European shelf [66] 

Wave Devices 

A significant challenge for wave energy convertor designers and manufacturers is the 

efficient conversion of differing wave types into useful motion to produce electricity. 

The height, period and orientation of waves vary greatly as do their respective power 

levels [61]. European waves have power levels in the region of 30-70 kW/m, however 

extreme waves can contain power levels of more than 2000 kW/m [67] [61].  

Although rare, the structure of the device must be designed to survive these events, 

thus causing a balancing act whereby the day to day operation of the device must be 

considered in tandem with infrequent freak wave states. Survivability is the crucial 

design consideration for wave energy devices. Additional explanations of the factors 

that have provided challenges to the wave industry is provided here [68], and 

summarised below. 

• Irregular wave amplitudes, frequencies and directions mean creating efficient 

power take off systems is a challenge 
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• Deep water waves provide the most power, however isolated far shore 

installations cost most and require expensive grid connections. 

• The variety of wave energy devices suggested for energy harvesting has made 

investment and selection difficult.  

• Large scalable installations are prioritised therefore the learning curve for 

smaller installations is damaged 

The global distribution of WEC developers is provided in Figure 2-21. The figure 

indicates the two countries with the most wave developers are the UK and the USA, 

while the EU accounts for almost half of all wave developers in the world.  

 

Figure 2-21. Distribution of wave developers in the world 2017 [69] 

There are various WEC reviews which are continuously updated as technologies are 

introduced, revised or retired, a selection of these reviews includes Drew et al [61], 

Uihlein et al [42], Amir et al [39], Khan et al [70] and Wolfram [41]. Most of the 

technologies mentioned within these papers fit into the following WEC types. 
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Figure 2-22. Distribution of Wave Developers according to Wave Device Types, 2017 [69] 

 

Attenuator  

Attenuator devices are commonly linked 

buoyed units which float on the water 

surface, operating parallel to the incoming 

wave direction. As individual units follow 

the movement of incoming waves, energy 

is captured from the unit’s oscillating 

motion, relative to its neighbour, via a 

hydraulic motor or direct drive generator.  

Figure 2-23. Pelamis wave attenuator device [57] 
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Point Absorber 

Point absorbers are non-directional dependant 

devices, extracting energy from all wave 

directions without requiring repositioning. The 

device consists of a floating unit, located at or 

near the sea surface, connected to a relatively 

static power take off (PTO) system moored to 

or installed on the seabed. The buoyant unit 

heaves and pitches with the motion of the 

waves creating electrical power from its 

relative movement to the power take off. 

Figure 2-24. Seabased Point Absorber device [71] 

Bulge Wave 

Bulge wave devices consist of a buoyant 

flexible tube, filled with water and tethered 

to the seabed. As a wave moves parallel to 

the device, water enters the tube causing a 

pressure differential or “bulge” which 

increases in energy as the wave move s it 

along the device. Water exits the device 

through a low head turbine connect to a 

power take off device. 

Figure 2-25. The Anaconda bulge wave WEC [72] 

Oscillating Water Column 

Oscillating water column, OWC, devices can either be shoreline or offshore devices. 

The OWC is a semi submerged, hollow structure with a subsurface opening to the sea. 

The column of water inside the structure acts as a piston, rising and falling with the 

motion of the incoming waves producing an oscillating air current. Energy is then 

extracted from the air flow via a Wells turbine, which rotates continuously in one 

direction regardless of the direction of the airflow.  
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Figure 2-26. An example of an OWC device, Oceanlinx [73] 

Oscillating Wave Surge Converter 

Oscillating wave surge converters, OWSC, 

are near shore submerged devices that rely 

on a flap oscillating with the circular motion 

of subsurface water particles produced by 

surging waves. The flap is mounted on a 

pivoting arm and produces electricity via a 

hydraulic power take off or directly coupled 

generator. 

Figure 2-27. Aquamarine’s Oyster OWSC device  [74] 

Overtopping/Terminator Device 

Overtopping or terminator devices 

consist of a stationary or floating storage 

reservoir behind a ramp. Waves wash 

over the ramp filling the reservoir and 

creating a head of water within the 

structure. The potential energy within the 

stored water is extracted by low head 

turbines as the water is released through 

the bottom of the reservoir into the sea. 

Multiple storage reservoirs can be 

utilised to concentrate a head of water.  

Figure 2-28. An example of an overtopping WEC device, Wavedragon [75] 
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Submerged Pressure Differential 

Submerged pressure differential devices convert 

hydrodynamic pressure changes into vertical motion. 

A submerged unit is forced to oscillate as passing 

waves increase and decrease water pressure above 

the device. As a wave passes over the device, the 

trough induces a reduction in water pressure, forcing 

the device upwards, while the increased pressure 

caused by the wave peak returns the device to its 

original position. This oscillating motion produces 

electricity via a hydraulic power take off. 

Figure 2-29. AWS submerged pressure differential device [76] 

Rotating Mass 

Rotating mass convertors are floating units 

tethered to the seabed, which pitch and roll 

with the motion of the waves. This movement 

induces an unbalanced mass or gyroscope to 

rotate on a vertical shaft within the device, 

which in turn drives a generator as indicated 

in Figure 2-31. The topology of rotating mass 

converters allows for operation via all wave 

directions. 

Figure 2-30. Example of a rotating mass device, Wello Penguin [72] 

 

Figure 2-31. Internal topology of the Wello Penguin Rotating Mass device [77] 
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2.3.3. Tidal Stream 

Tidal streams or tidal waves are periodic and are caused by the gravitational pull acting 

on large bodies of water resulting in opposite wave like swellings of water which circle 

the globe following the passage of the moon and sun. The resulting forces created by 

the passage of the moon and sun are presented in Figure 2-32.  

 

Figure 2-32. Tidal period and strength as given by the aliment of the sun and moon [70] 

Combined with the centrifugal force of the Earth’s rotation, the Coriolis Effect, these 

swells introduce a potential energy to the water as it flows through a contained site 

producing tidal currents as water fill and empty from coastal regions. Tidal energy can 

be harnessed by introducing a device into this flow and extracting the energy from the 

water as it moves from one site to another. Although similar in theory to the extraction 

of energy from wind, the energy present in tidal flows is much harder to quantify. The 

density of sea water is around 840 times that of the air, meaning that water waves and 

currents can transfer significantly higher energy at low speeds compared to wind. The 

total energy available must be calculated from the potential energy present and the 

kinetic energy contained within the flow, minus the energy dissipated from the friction 

between the flow and the natural boundaries as well as any interaction of the device 

with flow close to the surface or boundaries of the area.  

The power density of a tidal current, with power P per unit area A, is described in the 

following equation. �: 7 12
����
�; 2-12 
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Where 
 is the mass density of water and � is the incoming velocity of the tidal stream. 

However, this equation cannot be spatially aggregated to estimate the available 

resource over a large region due to the effects turbulent flow. 

The potential power output for a tidal turbine is similar to that for wind and is described 

in equation 2-13. 

Where r is the swept radius of the tidal stream and �� power coefficient of the turbine. 

Friction coefficients vary greatly depending on the submerged topology and flora and 

fauna of the sea bed, thus site-specific investigations are required in order to install 

devices in the best possible configurations. With the lack of high quality hydraulic data 

and accurate estimates of frictional losses it is currently impossible to produce an 

accurate picture of the global resource available to tidal technologies [35]. However 

recent research has allowed some tentative estimates of the resource to be made. It has 

been stated by Khan et al [70] and Atlantis Resources [78], that the global potential of 

tidal stream energy could exceed 120 GW, with specific global estimates indicated in 

Figure 2-33.  

 

Figure 2-33. Global tidal Energy Estimates [78] 

� 7 12<=>
����
���; 2-13 
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There are two types of tidal device, tidal range and tidal stream. Tidal range devices 

rely on a head of water created between high and low tide, such as the previously 

mentioned tidal lagoons and bays. These energy converters are located close to shore 

or within man made dams. Tidal stream devices convert the kinetic energy from tidal 

currents and are located within the water column often as stand-alone devices. The 

installation of direct drive generators and drive trains will be proposed for tidal stream 

devices only since tidal range devices are further advanced and often simpler to install.  

Figure 2-33 shows the regions of the world where tidal stream energy contains the best 

potential. 

Tidal Stream Devices 

Tidal Stream Energy Convertors, TEC, as indicated from the power take off equations, 

often extract energy from the sea in similar ways to wind energy. The distribution of 

tidal developers throughout the world are provided in Figure 2-34. Similar to the 

distribution of wave developers, the UK and the USA contain the most tidal developers 

compared to any other country. While Europe accounts for almost two thirds of the 

global tidal developers. 

 

Figure 2-34. Distribution of tidal developers in the world, 2017 [79] 
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Figure 2-35. Distribution of Tidal Developers according to Tidal Device Type, 2017 [79] 

The variety of devices that are currently installed or under development is provided in 

Figure 2-35 and explanations of their operation are supplied below. 

Horizontal Axis Turbines 

Horizontal axis turbines extract 

energy from tidal streams by 

exploiting the lift. As water passes 

over the turbine blades, lift causes 

them to rotate about a central 

horizontal axis generating 

electricity. Often these TEC’s are 

designed to yaw with the tidal flow 

or utilise a bidirectional turbine to 

maintain electrical energy 

production with the ebb and flow 

of the tide.  

Figure 2-36. Example of a horizontal axis tidal turbine installation [80] 
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Vertical Axis Turbine 

Vertical axis turbines extract energy from 

tidal streams by exploiting the same 

principle as horizontal axis turbines but in 

the vertical axis. The lift generated by the 

tidal flow causes the rotor to revolve 

around a vertical axis generating 

electricity. The turbine topology allows 

operation via all flow directions. 

Figure 2-37. Vertical axis tidal turbine topology [81] 

Oscillating Hydrofoil 

Oscillating hydrofoils, or reciprocating devices, 

utilise hydrofoils at the end of arm. The tidal 

flow enables upwards and downwards vectors of 

force, moving the arm in an oscillating motion. 

At the bottom of the stroke the foil pivots to 

provide uplift, while at the top of the stroke the 

foil pivots to produce a downwards thrust. The 

motion of the arm drives fluid in a hydraulic 

system to be used to produce electricity.  

Figure 2-38. Example of an Oscillating Hydrofoil topology [80] 

Ducted Devices 

Ducted devices, or enclosed tip devices, are 

submerged devices that concentrates tidal flow 

through a duct. The funnel topology accelerates 

and concentrates the tidal flow which can be 

used to drive a turbine directly, or which can be 

used to drive an air turbine via the pressure 

differential in the flow of water.  

Figure 2-39. OpenHydro ducted device [82] 
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Archimedes Screw 

The Archimedes screw is an ancient design 

which utilises a helical surface wrapped 

around a central shaft. The device produces 

rotational movement as water moves over 

the spiralling blades, this movement rotates 

the shaft which is connected to a generator. 

The Archimedes screw can be described as 

a variation of the vertical axis turbine.  

Figure 2-40. Jupiterhydro Archimedes screw device [83] 

Tidal Kite 

A tidal kite moves through the tidal flow in 

a looping figure of eight. The device consists 

of a wing and a turbine at the end of a tether 

connected to the sea bed. The wing produces 

lift and a control system enables the device 

to move in a looping motion, during which 

turbine experiences higher flow velocities 

compared to the surrounding tidal flow.  

Figure 2-41. Tidal kite topology from Deep Green, Minesto [84] 
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2.4. PTO Systems for Renewable Power Generation 

As described by Kurniawan et al [85], renewable energy convertors can generally be 

split into the following sub-assemblies:  

• A prime mover such as a blade or buoy, capturing kinetic energy from its 

interaction with the surrounding fluid creating a relative motion.  

• A power take off system, PTO, to convert the prime mover energy into 

electrical energy, this sub system can be a standalone or combination of 

mechanical gearing, hydraulics, pneumatics, direct drive rotary or linear 

electrical drive systems. 

• Power electronic converter to convert the variable voltage and frequency 

output to fixed voltage and frequency for connection to the grid. 

• Control system to optimise energy capture, and to provide supervisory control 

for condition monitoring. 

• Grid interface, consisting of switchgear and transformers to step up the voltage 

to the required grid level according to the network voltage at the point of 

connection. 

 

Figure 2-42 summarises the different options for PTO in offshore renewables, while 

gearing and hydraulics enable low torque high speed power take offs for high speed 

generation systems. The PTO required within offshore renewable energy devices must 

be capable of withstanding the offshore marine environment and the varying loads that 

are subsequently produced, while performing efficiently for a long life span [86]. The 

drive train is such a crucial subsystem within the generating system, it is vital to know 

and improve upon the existing technology. Although Takoutsing et al [87], Reder et al 

[88], Pinar Perez et al [89], Carroll et al [90] and Igba et al [91] note that publicly 

available failure and condition monitoring data is scarce in the wind industry there is 

more information than in the marine energy sector. Therefore, using the limited wind 

data available and estimating the torque generated by wave and tidal devices, it is 

expected that the marine energy sector may experience similar difficulties. As shown 

in Table 2-3 and Appendix A, drive trains are one of the most common sub systems 



Advancement of Direct Drive Generator Systems for Offshore Renewable Energy Production 

Chapter 2. Offshore Renewable Energy Technology 39 

 

which fail, leading to significant down time. Figure 2-43 shows the range of power 

ratings generally suitable for different PTO systems.  

WT Technology Failures/Turbine/Year Downtime/Turbine/Year Downtime/Failure 

G < 1 MW 0.46 78.46 h 151.46 h 

G ≥ 1MW 0.52 44.51 h 112.67 h 

DD 0.190 20.50 h 34.98 h 

Table 2-3. Total failures and downtimes per turbine per year for various wind turbine drive 

train topologies [88] 

 

Figure 2-42. Various PTO methods for offshore renewable resources. Adapted from [61] 

[92] 
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Figure 2-43. Identified rated power applicability ranges for various drive train options. 

Adapted from [93] 

Maples et al [94] provide efficiency curves for various drive train designs, Figure 2-44, 

based on an efficiency calculation in Equation 2-14.  

Where C is constant losses, L is linear losses, Q is quadratic losses and P is the power 

divided by the rated power of the machine. 

 

Figure 2-44. Drive train efficiencies of various drive train designs [94] 

For the remainder of this section the main power take off systems will be discussed in 

more detail.  

� 7 � I J� K L M � K N M �>O�  
2-14 
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2.4.1. Geared 

A gearbox increases low rotational or linear velocity to a higher velocity with a lower 

relative torque, for efficient power production from high speed generators. The type 

of gearbox influences the size, type and efficiency of generator as well as the reliability 

of the drive train as a whole. Conventional gearboxes have been installed in wind 

turbines and offshore devices for decades, but they have proved difficult to increase in 

size for high torque applications, hard to marinise with environmentally harmful 

consequences, due to lubrication leaks, and unreliable, with breakdowns accounting 

for over 20% of a typical wind turbine downtime [95]. An example of gear teeth failure 

in a wind turbine gearbox is shown in Figure 2-45. Therefore, alternative gearing 

systems such as magnetic gearing and medium speed geared installations are currently 

under development. 

 

Figure 2-45. Damaged gear teeth on a wind turbine gearbox [96] 

Conventional Gearing 

Traditional gearing utilises surface contact between toothed mechanical components 

which transfer speed and torque, increasing or decreasing their magnitude based on 

the gear ratio. Single stage gearboxes consist of one stepped gear stage, often 

consisting of a planetary gear system as they exhibit higher power densities than 

parallel gearing topologies [97]. The basic system consists of multiple outer planetary 

gears revolving around a central gear called the sun. All the gears are contained with 

a ring or annulus gear, see Figure 2-46 - left panel. The annulus gear connects to the 
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rotor shaft while the sun gear connects to the generator shaft. Multi stage gearboxes 

consist of two or more stages of gearing and are the most common type for wind 

turbines. A typical three stage gearbox topology is presented in Figure 2-46 - right 

panel, comprising of two planetary stages and one parallel gearing shaft. For each 

gearbox stage approximately 1% of the input energy is lost, therefore gearbox stages 

must be limited in order to maintain efficiencies [98].   

   

Figure 2-46. Left: Single stage planetary helical gearbox topology. Right: Multi stage 

planetary helical gearbox topology [99] 

 

Figure 2-47. Two stage planetary gearbox, Adwin and Winenergy [100] 
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The largest wind turbine gearbox currently in existence is a two-stage planetary 

gearbox, designed for Adwen’s AD 8-180 by Winergy as shown in Figure 2-47. With 

a turbine rating of 8 MW and a medium speed drive train concept, the gearbox boasts 

the highest torque input of any gearbox, at 10 MNm. However the gearbox adds an 

additional 86 tonnes to the mass of the turbine nacelle [101].  

 

Figure 2-48. Torque splitting between four electrical generators on the 2.5 MW Clipper 

Liberty Wind turbine [97] 

Torque splitting or distributed gearing splits the incoming torque between multiple  

generators [97]. Not only does this reduce the overall torque acting on the generator 

but it allows for redundancy should a generator suffer a breakdown or require 

maintenance. In addition, the construction of a distributed gearing system requires less 

manufacturing tolerances than planetary gearing. An example of a torque splitting 

drive train topology is presented in Figure 2-48. For linear wave power converters 

various gearing technologies have been proposed. CorPower Ocean, [102] have 

produced Cascade gearing, a method of converting linear motion to rotatory via 

multiple small gears splitting the incoming linear motion into high load power 

transmission [103], Figure 2-49.  
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Figure 2-49. Cascade gear, mechanical linear-rotary power take off [103] 

Geared systems for wave and tidal tend to be smaller in size compared with wind 

turbine gearing, but issues about reliability, efficiencies, seals and marine protection 

all make simpler drive trains more appealing. For large torque applications gearbox 

manufactures that are offering solutions for the renewable energy market include 

Bosch-Rexroth, with current gearboxes for systems up to 3 MW and future designs on 

a 10 MW medium speed gearbox. David Brown and Samsung Heavy Industries 

partnered to construct a medium speed gearbox for a 7 MW prototype turbine. 

Meanwhile companies such as Eicogear and Ishibashi currently produce gearboxes for 

ratings up to 3.8 MW and 5 MW respectively [49]. 

The main benefit of geared systems is the conversion of low speed high torque to high 

speed low torque for conventional electrical generators, but disadvantages include: 

multiple bearings; long down time periods; multiple seals and operation in the marine 

environment; including environmental concerns over lubrication leakages. 

2.4.2. Hydraulic and Pneumatic 

A hydraulic power take off (HPTO) is generally applied to a system which extracts 

high loads at low frequencies. It converts linear or rotary motion into a fluid pressure 

to be used for generation alongside the energy extraction device. In most cases a 

hydraulic power take off utilises a linear actuator which acts as a pump to displace a 

hydraulic liquid through a hydraulic motor to provide energy to an electric generator 

[92].  
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HPTO’s are applied to devices which are unable to be coupled with rotary or linear 

generators for topology reasons or energy efficiency. In order to reduce losses, devices 

can be connected to hydraulic systems which feed into accumulators in order that 

cumulative hydraulic power can be fed through a generator.  

Advantages of hydraulic power take off systems include: 

• Slow energy dissipation in order to smooth energy harvesting fluctuations 

• Increased generation efficiency when combined with multiple devices 

• Transfer of energy with minimal losses to a convenient electrical generation 

site 

Disadvantages include: 

• Multiple moving parts 

• Low part load efficiency 

• Multiple seals and operation in marine environment 

• Environmental concerns over hydraulic fluid leakages 

Hydraulic power take off systems for wave energy devices were utilised in devices 

such as Salter’s Duck, Pelamis and the Oyster [39], [104], [105], while new 

developments are proposed by Gaspar et al [104] and a general review of various WEC 

devices combined with HPTO systems is provided by Lin et al [106]. 

 

Figure 2-50. Cutaway of Pelamis 2 joint and power take off [105] 
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Although HPTO systems are unusual for wind turbines, since the advent of an offshore 

wind turbine industry various HPTO have been suggested. For example a salt water 

hydraulic power take off was proposed for a two bladed offshore wind turbine to focus 

hydraulic power from numerous wind turbines on a centralised generation platform 

[107]. While Zaing et al [108], Skaare et al [109] and Silva et al [110] suggest that 

HPTO is a method of maintaining the speed and frequency of the generation system 

as well as improving reliability, energy transfer and reducing maintenance costs. An 

example of a nacelle based hydraulic drive train system for a wind turbine with dual 

synchronous generators is presented in Figure 2-51. 

 

Figure 2-51. Hydraulic Drive Train. Source Mitsubishi Heavy Industries, Ltd. [111] 

2.4.3. Direct Drive 

Direct drive drive-trains are the simplest method of transferring mechanical power 

from a renewable energy prime mover to a power take off system, coupling directly 

from the prime mover to the generator. Figure 2-52 shows a direct drive generator 

coupled to the hub where the wind turbines are mounted. An indication of physical 

size for such machines is clear in Figure 2-52 with the diameter of the generator being 

similar to that of hub supporting the turbine blades. Direct drive generators tend to be 

synchronous machines, electrically excited or permanent magnet (PM) excited. Direct 

drive systems mostly operate at low rotational or linear velocity, therefore the 



Advancement of Direct Drive Generator Systems for Offshore Renewable Energy Production 

Chapter 2. Offshore Renewable Energy Technology 47 

 

generator must be able to create electricity efficiently at low speeds and high torque or 

forces. Figure 2-44 shows that a PM direct drive generator is able to meet this criteria, 

and in fact exhibits higher efficiency than any other form of PTO over the entire load 

range. Since direct drive systems contain minimal mechanical components, the 

transfer of energy is more efficient and the overall system should be more reliable.  

 

Figure 2-52 Direct-Drive wind turbine, ENERCON E-82 [112] 

Simplifying geared and complex drive train systems to a direct drive system generally 

results in the following: 

• Reduced mass – Depending upon the topology and the design optimisation, 

large direct drive machines can reduced the overall mass of the generator 

subassembly compared to a geared system.  

• Higher reliability - Gearboxes account for long down times within drive trains. 

Removing the gear box and associated bearings and seals from the drive train 

increases operational life and improves reliability. 

• Higher power transfer efficiencies - As shown in Figure 2-44, direct drive 

systems are more efficient than geared drive trains, unless the machine is also 

running at its rated output which is generally not the case for renewable energy 

devices. 

• Reduced maintenance - Generally geared systems must be regularly 

maintained in order to ensure lubrication and efficient operation, by reducing 

friction forces between teeth. 
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• Reduced noise and vibration - Bearings, whether in physical contact with active 

components or separated via a fluid, such as with hydrodynamic/static bearings 

or magnetic bearings, are required in any system which relies on moving 

components. Therefore, although a direct drive train is the simplest method of 

transferring energy from the energy harvesting device to the generation system, 

the improvement of the bearing system should be continuously investigated.  

There are engineering challenges with direct drive systems, with regards to structural 

design and bearings, which will be addressed in more detail in the following chapters.  

Current offshore renewable energy converters where  direct drive systems have or are 

being utilised include OpenHydro’s tidal device [82], Tocardo’s 100kW tidal 

generator [113], GE Alstom’s 6 MW offshore wind turbine [114], Siemens 6MW and 

8MW offshore wind turbines, [25] [21], the 2MW AWS wave device installed in 2004, 

[115], and SeaBased in Sweden, [71]. Whilst Nova Innovation is developing a direct 

drive power train for their tidal device as part of the H2020 funded TIPA project [116]. 

2.4.4. Bearings 

Bearings are a critical component in a power take off and drive train system. 

Mechanical bearings are a method of allowing the radial or linear movement of two 

surfaces in respect to each other while curtailing unwanted motion or displacement 

caused by force loading and thus reducing friction between moving bodies enabling a 

more efficient transfer of energy. For both offshore wind and marine generation, the 

operational and maintenance environment is more extreme than onshore power 

generation techniques, thus requiring sturdier bearing installations while demanding 

higher reliability and longer life spans [117]. Figure 2-53 indicates the failure rate of 

bearings as the generation system increase in size. Similarly, marine applications face 

uncertainties in bearing operation and life span due to the severe offshore environment. 
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Figure 2-53. Survey of 800 failed wind turbine generators [118] 

A full bearing study has been completed by Caraher in [119], however a brief overview 

of bearing types will be provided here for completeness.  

Depending on the application there, are a variety of different bearings that can be used 

to mitigate the application of thrust, radial or point loads. 

• Roller bearings or roller element bearings utilise moving balls or rollers placed 

between two surfaces, reducing friction and bearing sliding. Unforeseen 

knocking or vibration loading combined with high radial loads can cause these 

bearings to fail prematurely, a major concern for multiple MW wind turbines. 

In addition, corrosion and pitting drastically reduce the life and function of 

these bearings. Further causes of failure for roller bearings are supplied in 

[120]. 
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• Hydrostatic and fluid dynamic bearings exploit a layer of fluid, usually oil, 

water or air, between two surfaces to produce low friction, high speed, high 

load capable bearings. Hydrostatic bearings rely on an external pump to create 

a pressurised fluid film, while fluid dynamic bearings generally utilise rotation 

to form a lubricating liquid wedge against the inner wall of the bearing. 

• Magnetic bearings employ a magnetic field to support loads and moving parts 

without physical contact. Although they have very low to no friction values, 

they require continuous power, control systems and a surface bearing backup 

in case of failure [121] [122]. Magnetic bearings have yet to be proven for 

renewable energy devices, they are a relatively new development and are not 

considered a conventional PTO bearing system. 

The bearings described above require one or more of the following: 

• Complex multi component assembly 

• The inclusion of seals and lubrication in order to operate 

• A non-corrosive environment in which to operate 

• Active control or constant monitoring   

In recent years surface plain bearings or journal bearings have been suggested as an 

alternative to conventional bearing topologies. Surface plain bearings have no moving 

parts and consist of a surface which enables low friction movement but high load 

carrying capacity. Bearings of this type are the simplest, least expensive and generally 

the longest lived of all bearing types. Wear rates can be calculated into the life 

expectancy of the bearing material more fully than other bearing types, thus drastically 

reducing the possibility of bearing failure. Surface plain bearings come in various 

forms depending on the application. External lubrication can be applied so that a low 

friction surface can travel freely on a guide surface, however often polymer bearings 

can be manufactured to be self-lubricating, creating a hydrodynamic layer between 

their contact surface and guide surface. For centuries plain bearings have been used in 

marine environments where the risk of wear and corrosion of moving parts is high. For 

most applications, plain bearings are utilised to withstand axial and thrust loads as a 

sleeve or radial topology. However, with the advent of advanced polymer materials 
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with low static and dynamic coefficients of friction, smooth operation can be achieved 

under high pressures and at low speeds in both dry and wet environments, ideal for 

marine direct drive machine PTO. In addition, life times can be predicted based on 

wear rates, as shown in Figure 2-54, a method that can be more accurate than 

conventional bearing systems. A more detailed polymer bearing study will be 

presented in Chapter 5. 

 

Figure 2-54 Typical journal bearing abrasive rates [123] 
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Chapter 3.   

Electrical Generators for Renewable 

Energy Converters 

3.1. Renewable Electrical Generation: An Overview 

In renewable energy converters the focus of development has been in the mechanical 

design of the prime mover in order to optimise conversion efficiency. The electrical 

generation system tended to be an off-the-shelf solution using conventional high speed 

rotary generators, such as the squirrel cage or doubly fed induction machine (SCIG 

and DFIG respectively). As of 2017, the DFIG accounts for more than 90% of the 

installed onshore and offshore wind generator topologies.  

 

Figure 3-1. Fixed Speed Squirrel cage induction generator machine based electrical 

generation system [124] 

Early wind turbines using the SCIG operated at fixed speed, and thus required no 

power conversion system. Figure 3-1 shows the system outline for a fixed-speed based 

system with a SCIG. The soft-starter is required to limit starting currents, and once the 

machine was up to the nominal speed the bypass switches connected the generator 

output directly to the grid. Although very simple and robust such systems were not 

very efficient, as the turbine did not always operate at its optimum power conversion 

efficiency. In addition, any fluctuations in the wind turbine power due to for example 

turbulence would be seen directly at the output to the grid. Fixed speed systems tended 



Advancement of Direct Drive Generator Systems for Offshore Renewable Energy Production 

Chapter 3. Electrical Generators for Renewable Energy Converters 53 

 

to be at low power ratings, 100 kW or less. As the power rating increased there was a 

move to some limited speed control, resulting in the need to use a wire wound rotor 

induction generator as shown in Figure 3-2. By controlling the rotor resistance through 

external resistors the induction machine slip can be modified providing some limited 

speed variation.  

 

Figure 3-2. Variable resistance control of the wound rotor induction generator [124] 

The use of external resistors resulted in losses, and thus was not very efficient. An 

alternative to the fixed speed SCIG was to use a fully rated power converter providing 

full speed control, however in the early stages of development of wind turbines, power 

electronic converters were very expensive, and hence this was not an economic option, 

even though in terms of overall system performance it is a very good option. Hence, 

the widespread use of the DFIG according the system shown in Figure 3-3, in which a 

partially rated power converter is connected between the rotor winding and the grid. 

 

Figure 3-3. Doubly fed induction machine based electrical generation system [124] 
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Figure 3-4. Variable speed control with fully rated power converter [124] 

Power flow in this path is used to control the rotational speed, providing about a 30% 

variation in speed, but only requiring a power converter rated at 1/3 the rating of the 

generator. The generated power is passed to the grid via the stator winding. The main 

disadvantage of this option is the requirement for brushes on the rotor, which require 

maintenance. Onshore, this is manageable, but a burden in the offshore environment. 

Early offshore developments in wind adopted the standard onshore technology of the 

DFIG system, and more recently the SCIG with a fully rated converter has been 

adopted as the price of power converters has reduced, as shown in Figure 3-4. Clearly 

the SCIG has the advantage of no brushes on the rotating parts. 

Another option is to replace the SCIG with a permanent magnet, PM, synchronous 

machine or electrically excited synchronous machine, but with a fully rated converter 

in both cases. The overall system is similar to that of a SCIG. The PM option provides 

a more power dense generator and exhibits higher efficiency across a wider speed 

range, but the cost is dominated by the use of rare earth materials in the magnets. 

Electrically excited synchronous machines are well known technology used in all 

power stations and hydro plants around the world. However, the power density is not 

as good as the PM generators, and again brushes are required to excite the rotating 

field winding, although brushless systems are available.  

All these options involve a high speed rotating machine operating in the region of 1000 

to 1500 rpm.  As stated earlier a gearbox is used to match the low speed prime mover 

to such high speed generators. Work on reliability by Tavner, showed that although 

the gearbox although it does not exhibit the highest failure rate, it has a long down-
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time. Gearbox failures have been a major issue in some of the early UK offshore wind 

farms, for example at the Scroby Sands wind farm all gearboxes failed within the first 

18 months of operation [125], and since the cost of replacing a gearbox offshore 

approaches €0.5m, this is a major problem. Hence the move towards direct drive 

systems in which the gearbox has been eliminated, and the generator is coupled 

directly to the prime mover operating at the same slow speed as the prime mover. 

Although simpler in terms of the number of mechanical components in the drivetrain, 

the design of direct drive generators opens up other challenges to be discussed in the 

next section. 

Marine renewables, wave and tidal, have adopted a similar approach to wind in the 

choice of electrical generation systems, namely the use of conventional off-the-shelf 

high-speed electrical generators, principally the SCIG and the field wound 

synchronous machine. For tidal energy extraction the SeaGen, built by Marine Current 

Turbines, use a SCIG with fully rated converter. For the wave energy sector, the Oyster 

wave energy convertor, built by Aquamarine Power, utilised high pressure pumped 

water to drive a conventional hydro turbine with field wound synchronous machine. 

Pelamis Wave Power used a SCIG running at fixed speed from a hydraulic system, but 

also considered the field wound synchronous machine. The rationale for doing so is to 

simplify the system, but gearboxes and hydraulic systems are then required to match a 

reciprocating prime mover to a high speed rotating electrical generator, which 

introduces more complexity to the system. There have been some examples of direct 

drive systems in wave and tidal, but the challenges are even greater than in wind, due 

to the low speeds, greater forces and sub-sea operation. O&M has to be minimised in 

the offshore environment, and is particularly challenging for wave and tidal, as access 

is more difficult than in offshore wind. As wind turbines increase in rating to 10MW 

and beyond, conventional generator technology for direct drive systems will become 

too large and heavy. The use of high temperature superconducting machines to reduce 

the physical size of the machine has been demonstrated for marine propulsion by 

American Superconductor [126], in which the HTS machine was a third the physical 

volume of an equivalent copper motor, Figure 3-5. High temperature superconducting, 

HTS, technology is, therefore, considered an option for direct drive machines with 

ratings of tens of MW.  
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Figure 3-5. Comparison of physical size between a 36.5 MW conventional induction motor 

and a 36.5 MW High Temperature Superconducting motor [127] [128] 

The remainder of this chapter will therefore focus on direct drive systems, using both 

conventional and HTS technology, addressing the design challenges that need to be 

overcome. 

3.2. Direct Drive Electrical Generator Topologies 

An electric generator converts mechanical energy into electrical energy by moving a 

conductor through a magnetic field or vice versa. As the conductor is acted upon by 

the changing magnetic field, a potential difference or voltage is created between the 

two ends of the conductor. If the conductor is connected to a closed circuit with a 

resistance, a flow of electrons or current is observed with a magnitude based on the 

strength and rate of change of the magnetic flux or excitation field. Thereby 

mechanical power, Pmech, as described in Equations 3-1 and 3-2 is converted into 

electrical power, Pelec, Equation 3-3.  

Linear mechanical power, where F is force and v is linear velocity, is given by: 

����� 7 P� 3-1 
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Rotational mechanical power is provided in equation 3-2. 

Where T is torsional force, torque, and �
�� is rotational velocity. 3-phase electrical 

power in the generator is given by: 

Where I and V are the rms phase current and voltage respectively, cosφ is the power 

factor.  

In converting the mechanical power into electrical power in a generator at typically 

fixed rms voltage, V, the electrical force or torque is directly proportional to the rms 

current flowing in the generator windings, I, and inversely proportional to the linear 

velocity or rotational speed, v or ω respectively. A machine of high rotational speed 

will require high currents in order to achieve a certain torque or force. At the same 

torque or force output a reduction in speed, as observed in direct drive, can be 

accompanied by a reduction in current, leading to a more efficient machine. However, 

physical size is a major issue when comparing high speed and low speed machines, 

and therefore reducing the mass of direct drive generator systems while increasing 

their power densities is crucial when offering alternatives for high speed machines. 

Direct drive generators can be classified into two groups, permanent magnet machines 

or electrically excited machines, and depending upon the orientation of the flux flow 

these machines can be classified as radial flux, axial flux or transverse flux, in both 

rotary and linear configurations. A detailed description of these different topologies is 

provided by Mostafa, [129], with a focus on permanent magnet direct drive generators. 

For completeness a summary is provided below.  

Figure 3-6 shows the topology of a radial flux machine, with surface mounted 

permanent magnets on an external rotor. Flux crosses the gap radially from the 

magnets to the stator windings, which in this case are embedded in slots as part of an 

iron core.   

����� 7 ��
�� 3-2 

��	�� 7 3QR�ST∅ 3-3 



Advancement of Direct Drive Generator Systems for Offshore Renewable Energy Production 

 

58 Chapter 3: Electrical Generators for Renewable Energy Converters 

 

 

Figure 3-6. Layout of outer rotor iron-cored surface-mounted RFPM generator with NdFeB 

permanent magnets on outer rotor drum [130] 

Although Figure 3-6 shows surface mounted permanent magnets, a radial flux machine 

can also utilise buried or internal magnets, with an example shown in Figure 3-7. The 

active length of the machine acts along the z-axis of the machine. 

 

Figure 3-7. An example of multi-pole buried magnet radial flux machine [131] 

Figure 3-8 shows examples of slotted axial flux topologies with surface mounted 

airgaps. The flux now crosses the gap in the axial or z-axis, and the active length of 

the machine is now in the radial direction. The principle of operation in both radial and 

axial flux machines is the same.  
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Figure 3-8. Slotted surface-mounted AFPM machines. (a) one rotor and one stator [132], 

(b) one rotor and two stators [133], (c) two rotors and one stator [134] 

Rather than use a slotted structure, airgap windings can be used in both radial flux and 

axial flux machines, in which the windings are and physically located in the airgap 

attached to a smooth iron surface. Figure 3-9 shows the TORUS machine with an 

airgap winding.  

 

Figure 3-9. A slot-less TORUS machine [135] 

Fully aircored permanent magnet machines have also been developed, in which the 

winding is supported in non-magnetic material within the airgap of the machine. 

Figure 3-10 shows a machine developed by Boulder Wind Power, in which the 

winding is sandwiched between two permanent magnet discs separated by an airgap 

on either side. A radial flux air-cored machine is shown in Figure 3-11 developed at 

University of Durham, by Professor Ed Spooner. 
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Figure 3-10. Air-cored axial flux with double sided surface mounted permanent magnet 

rotor, Boulder Wind Power  [136] 

 

Figure 3-11. Radial flux air-cored machine with surface mounted permanent magnets [137] 

The C-GEN technology is another example of an air-cored permanent magnet 

machine, more detail of which is provided at the end of this chapter. 
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Synchronous machine based generator topologies exhibit modest shear stresses in the 

airgap – typically 50kN/m2 for a naturally cooled machine. For direct drive systems, 

being able to react to more force per square metre of airgap would assist in reducing 

the size of the machine. An innovative machine topology developed in the 1980s 

known as the transverse flux machine (TFM) boasted very high shear stress, with a 

peak of 200 kNm-2 quoted in [138].  

Figure 3-12 shows a section of a TFM with surface mounted magnets (a) and buried 

magnets (b) designed and built by HWeh et al [138]. There is one stator coil per side, 

which lies transverse to the axial length, whereas, in a conventional machine the coils 

lie in the longitudinal plane. With reference to  

Figure 3-12(a), two rows of surface mounted PMs forming the translator move parallel 

to the stator coil, with magnets of opposite polarity facing each other in each row. C-

cores are used to channel the flux between opposing magnets in each row and a return 

path is provided by a triangular section opposite each C-core. Flux therefore flows in 

the radial direction across the airgap and in the axial direction between the two rows 

of magnets. The raw structure of the machine is very simple, but it is expected that 

significant supporting structure will be required to hold the C-cores in place, 

overcoming the immense radial forces produced by the magnets. 

 

Figure 3-12.(a) Surface mounted. (b) Buried magnet transverse flux machines [138] 
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A variant of the TFM is the claw-pole machine, a rotary version is supplied in Figure 

3-13. 

 

Figure 3-13. A rotary claw pole machine, showing one phase. 

The claw poles provide a similar function to the c-cores in Figure 3-12 providing a 

path for the flux to be carried round. Bang et al [139] and Polinder et al [140] compare 

radial and TFM machines for direct drive wind turbines, concluding the TFM is more 

suitable depending upon the topology used. In the TFM the mmf is produced by a 

single coil per phase, which allows a higher number of poles to be used than in a 

conventional machine, resulting in a higher rate of change of energy transfer, and thus 

higher torque/force density. Assembling and building such machines is, however, very 

challenging because the airgap has to be very small because of the small pole pitch. 

The general TFM claw-pole topology was favoured by Keysan for a novel HTS 

generator, which will be discussed in more detail in Section 3.4. 

3.2.1. Operational Loads 

Previous structural studies of renewable energy direct drive machines have been 

presented by Dubois et al [141], McDonald [142], Bang [143] and Zavvos [95], while 

Sethuraman [144] presented structural considerations of direct drive trains for floating 

offshore wind turbine installations including propagated wave loads. The type of 

structural forces sustained by direct drive generators under operational conditions are 

the same as those borne by smaller geared generators, the difference being the 
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magnitude of the applied loads. Due to the size of direct drive generators, many of the 

applied loads require additional support structures to withstand operating conditions.  

 

Figure 3-14. Forces acting on a radial flux electrical machine 

 

Figure 3-15. (a) Structural loading and moment due to applied gravitational forces on an 

asymmetric machine topology. (b) Shear stress & (c) normal component of Maxwell stress 

acting on a radial flux machine or linear machine  

The main forces present within an electrical machine, as described by the authors 

above are listed here: 
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Shear stress  

During operation, electrical machines generate shear stress in the airgap, Figure 3-14 

and Figure 3-15. This is the useful force, acting perpendicular to the airgap and 

creating torque, based on the machines physical dimensions. The shear stress is given 

as the product of the magnetic and electric loading: 

Where � is shear stress, F is perpendicular force on the rotor, A is the rotor surface 

area, B is the magnetic loading and K is the electric loading. 

The magnetic loading is a measure of the maximum magnetic field possible in a 

machine and is constrained by the properties of electrical steels. In a typical iron-cored 

generator the magnetic loading could lie between 0.8 and 1.0 T. The electric loading 

is a measure of the maximum current that can flow in the machine, and is limited by 

the ability of the cooling system to limit temperature rises. For a naturally air-cooled 

machine, K is typically 40-50 kAm-1, but for a water cooled machine this could rise to 

in excess of 100kAm-1. Depending upon the magnetic material properties and the 

cooling system, the shear stress is a constant, and can then be used as follows to 

investigate the basic geometry of the machine. 

Where r is the rotor radius, l is the rotor length, T is torque, P is power and � is angular 

velocity.  
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For a fixed shear stress the power is a function of the radius squared, r2, the core length, 

l, and the angular velocity, ω, and thus depending upon the rotational speed the 

geometrical space of the machine can be identified. For high speed rotational machines 

of the order of 1000s rpm, the radius tends to be low with a long core, but with low 

rotational speed machines, 10s rpm in the case of direct drive, the designer takes 

advantage of the square relationship for radius resulting in large diameter machines 

with a short core, resulting in the typical pancake machines as designed for the wind 

industry. 

Maxwell stress   

The largest force which acts within an electrical machine, the Maxwell stress, q, is a 

magnetic attraction force produced by a magnetic field flowing between two iron 

surfaces as shown in Figure 1-5(c). It is proportional to the square of the flux density W and acts to close the air gap in an electrical machine, given by: 

Where Z� is the permeability of free space, equal to 4π x 10-7 H/m. The bigger the 

airgap in an electrical machine the lower the flux density and hence the lower the 

Maxwell Stress force. Air cored permanent magnet machines exhibit a larger magnetic 

gap than in an iron cored machine, resulting in lower magnetic attraction forces. 

Therefore, iron core machines generally have higher structural mass in order to 

maintain the required airgap.  

Gravitational force 

Acceleration due to gravity acts vertically on the machine placing a constant load on 

the support structure. The force applied due to gravity Fg is provided in equation 3-10. 

Where m is the mass of the generator and g is the gravitational acceleration equal to 

9.81 ms-2. The structure of a machine can experience high gravitational loading if its 

topology is asymmetric, leading to tipping and bending moments as shown in Figure 

3-15(a). 

[ 7 W> 2Z�V  3-9 
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Thermal expansion and contraction 

Thermal expansion of the rotor and stator can lead to the closing of the airgap and thus 

higher Maxwell stresses on the machines structure. Thermal expansion can occur 

through friction and heating due to electrical losses. An example of electrical 

resistance generated heat are copper losses.  

Where �� is the copper loss which are proportional to the square of the current, I, times 

resistance of the coil, R. Copper losses can therefore be described as releasing heat 

energy as shown by:  

Where t is time and J is heat energy, thus one watt of loss is equal to 1 joule of heat 

energy. As the temperature increases with in the machine or coils, the resistance of the 

coils increases leading to higher copper losses therefore adequate cooling must be 

supplied to stop further losses or structural stresses. Superconducting machines must 

be able to separate cold components from warm components not only to maintain a 

superconductive state but to avoid thermal aging of components, localised stresses and 

unwanted thermal contraction. Many materials become brittle at the temperatures 

required for superconductivity, therefore special consideration must be made in the 

selection and separation of superconducting machine components.  

Centripetal force 

The angular acceleration of a machine rotor can cause torsional deflection of the 

machine rotor support structure. Centripetal force is proportional to the rotational 

velocity and the diameter of the machine, it can therefore be equated to the total torque 

of the machine acting at the airgap radius r, described in equation 3-13. Centripetal 

force acts radially with the highest force applied to the structure at the airgap. 
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Propagated Loads 

Harmonic and moment loading due to the interaction of the renewable energy 

harvesting device and the renewable fluid can apply unforeseen transferred forces to 

drive train components and the generator structure. Examples of transferred loadings 

include horizontal and vertical wind shear, yaw error, extreme or irregular waves and 

inertial vibrations. Vibration and unbalanced loading can drastically decrease the life 

span of components and supporting structures. In some cases, unbalanced magnetic 

pull can arise from eccentric rotor positions leading to an increase in radial loads.  

Where Fbmp and Fump represent the balanced and unbalanced radial loads due to 

eccentric rotor position respectively, Ag is the airgap area, e is the eccentricity of the 

rotor and g magnetically effective airgap width. While in [129], Mostafa describes 

unbalanced magnetic pull as:  

Where L is the axial length of the machine, Brem is the remnant flux density for 

permanent magnets, ℎ� is the magnet height, e is the eccentricity of the rotor, lg is the 

concentric airgap length and P is the number of pole pairs. Mostafa’s equation provides 

a simple analytical model for direct radial force calculation generated by static rotor 

eccentricity, e.  

Cogging Torque 

Cogging torque is created by the attraction of ferromagnetic materials to the magnetic 

field created by permanent magnets or field windings in the absence of currents in the 

armature. The effects of cogging torque can be marginalised for high speed generators, 
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however within low speed direct drive generators, cogging torque can produce 

vibrations, speed ripples, noise, position error and reduced generator efficiency.  

Within claw pole machines cogging torque is especially prevalent due to the increased 

volume of magnetic material within the claw pole elements. Skewed claw poles, 

armature stacks and field cores can help reduce cogging torque, as well as optimizing 

magnet pole width. As suggested by Guo et al [145] and Zarko et al [146], estimation 

of clogging torque, Tcog, can be calculated using the Maxwell stress tensor method or 

the virtual work method, indicated by equation 3-17.  

Where ./	0 is the total energy stored within the magnetic field and θ the rotor position. 

Although torque is one of the primary design criteria for electrical machines, it can be 

deduced from the equations above that a fine line must be tread in order to balance 

mechanical and structural stresses, electrical losses and power output. Zavvos [95] and 

Macdonald [142] posit that for direct drive permanent machines the structural 

deflection criteria must be adhered to: 

• A radial deflection restricted to 5-10% of the airgap length, which is assumed 

to equal 1% of the airgap diameter.  

• An axial deflection restricted to 1-2% of the axial length. 

• A torsional deflection is restricted to a relative twist of 0.01⁰ - 0.5⁰, described 

by the equation. 

For the purposes of this study these criteria will be compared to the results provided 

in later chapters. 
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3.3. Superconducting Direct Drive Technology 

“The phenomenon, exhibited by various metals, alloys, and compounds, of conducting 

electrical current without resistance when cooled to low temperatures”  

The serendipitous discovery of superconductivity occurred in 1911. A Dutch Physicist 

by the name of Heike Kamerlingh Onnes, Figure 3-16, studied the properties and 

behaviour of materials when cooled to extremely low temperatures. During this 

research Onnes used various cryogenic techniques to cool elements to super low 

temperatures, including utilising the Kelvin-Joule effect via the Hampson-Linde cycle 

[147]. It was with this method that on the 10th of July 1908, two years after liquefying 

hydrogen, Onnes succeeded in liquefying helium, cooling the gas to below 4 Kelvin. 

One of the leading theories about resistance at the time stated that a conductor would 

reach a lower limit of resistance which would remain constant until absolute zero at 

which point the resistance would become infinite within the material. However, 

through various experiments Onnes was able to contradict this theory and on the 8th of 

April 1911, using the newly created liquid helium and a newly designed cryostat, he 

cooled mercury to near absolute zero and observed that the resistance decreased 

continuously until at 4.2 K the resistance of the material jumped to “practically zero” 

and remained at zero as low as 1.5 K [148]. The temperature at which the material 

gained its unique properties was named the Critical Temperature (Tc) and Onnes 

described this concept of virtually zero resistance as superconductivity (SC), receiving 

a Nobel prize in 1913 for his work on the low temperature properties of materials and 

his production of liquid helium [149] [150]. 

 

Figure 3-16. Heike Kamerlingh Onnes in his Leiden laboratory, circa 1911 [148] 



Advancement of Direct Drive Generator Systems for Offshore Renewable Energy Production 

 

70 Chapter 3: Electrical Generators for Renewable Energy Converters 

 

 

Figure 3-17. The critical temperature (Tc) of superconductors against their discovery. 

Adapted from [151] [152] [153] [154] [155]  

In the century following its discovery there were limited advancements in the field of 

superconductivity. However, in 1986 a major discovery was made. While studying 

copper oxide compounds, Bednorz and Muller discovered that a ceramic compound 

produced from Lanthanum, Barium, Copper and Oxygen could also become 

superconducting, and at much higher Tc than previously achieved, up to 138 K [156] 

[157]. This lead to the discovery of many more high temperature superconducting 

(HTS) composites over the following decades and research into ceramic materials has 

thrust SC composites into the realms of real world applications with the elusive room 

temperature superconducting potentially no long a pipe dream  [158] [159]. This 

section will outline the nature and advantages of the superconducting phenomena and 

propose its application to renewable energy electrical generation, outlining topologies 

and reviewing the most promising proposed superconducting machines.  
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3.3.1. Superconducting 101. 

The most important feature leading to the release of a superconductor’s 

superconducting properties is its critical temperature, Tc. Above the Tc a 

superconductor acts as a normal conductor, when brought below the Tc, a 

superconducting material displays several properties that make them unique and 

valuable conductors. As well as Tc, there are two other defining features to the 

superconducting state, critical magnetic field strength Bc, and critical current Jc. The 

three-dimensional boundary based on these factors is highlighted in Figure 3-18. For 

each SC material these three limiting properties may vary, however once outside this 

boundary superconductors revert back to their non-superconductive state. 

 

Figure 3-18. Three dimensional boundary of the superconducting state. Created based on  

[160] 

Infinite conductivity 

Infinite conductivity or zero resistance allows the persistence of current within the 

conductor with no decay in energy. Electrical resistance within a conductor occurs due 

to the interaction of ions and phonons, present within the crystalline structure, with 

free moving electrons. As the conductor increases in temperature more electrons are 

able to move within the material resulting in a further scattering effect, increasing the 

materials resistance. However, as a superconducting material is cooled, electrons act 
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more as a quantum wave, able to bypass the normal electron path. When super cooled 

below the conductors Tc, electrons pair and locking into a crystalline structure merging 

into one quantum wave or condensate, which interacts less with the sub atomic 

dynamics of the material, thus eradicating the materials internal resistance as shown 

in Figure 3-19. Until the temperature of the conductor reaches absolute zero, not all 

electrons are part of the condensate. Electrons that are termed as superconducting 

electrons while electrons that have not yet reached that phase are called normal 

electrons. Direct current is able to flow through the conductor without interfering with 

the normal electron path, however alternating current requires the acceleration and 

deceleration of electrons which, unless kept at low frequency, generate internal 

voltages and interact with normal electron paths and disrupt the infinite conductivity 

properties of the conductor [161] [162]. 

 

Figure 3-19. Temperature against electrical resistance for conductors and superconductors 

indicating the effect of critical temperature, Tc, for a superconductor. Created based on 

[160] 

Perfect diamagnetism and the Meissner effect 

Perfect diamagnetism is the state in which a conductor will exclude and repel an 

external magnetic field. When placed near a magnetic field, induced currents inside 

the conductor will produce a magnetic field which matches exactly that of the external 

field, the addition of the induced field and the external field causes the total internal 

field to equal zero. In a normal conductor, perfect diamagnetism is a state that is 
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temporary and cannot be maintained. This is because induced currents inside the 

material are dissipated by internal resistance.  This property can be maintained within 

a superconductor due to the lack of internal resistance. When a superconductor is 

placed within a magnetic field and cooled, currents induced by the magnetic field 

continue indefinitely with the same magnitude, thus cancelling and excluding any 

external field change. In addition superconductors exhibit the Meissner effect, which 

was discovered by Walther Meissner in 1933 [149]. The Meissner effect is the 

expulsion of any internal magnetic field from a superconducting material during 

transition to its superconducting state. As a superconductor is cooled, non-decaying 

electrical currents are formed close to the materials surface, producing magnetic fields 

which expel its internal magnetic field [17].  

 

Figure 3-20. Phase diagram of a perfect non superconducting conductor, a Type I 

superconductor and a Type II superconductor when field Ba is applied during various 

external conditions. Created based on [156] 

Superconducting materials can be split into two types, Type I and Type II. Type I 

superconductors are generally made from one pure metal element, Figure 3-22, and 

display both zero internal resistance and the Meissner effect when cooled below Tc. 

Type II superconductors are alloys or compounds, Figure 3-21, which also display zero 

DC resistance but exhibit more complex magnetic properties than Type I [163]. Type 

I Superconductors are susceptible to losing superconducting capabilities when an 

external magnetic field greater than the materials critical field Bc is reached. However, 

Type II superconductors adhere to two critical fields, Bc1 and Bc2. Below an external 
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field of Bc1, a Type II compound exhibits the same properties as a Type I, however 

between Bc1 and Bc2 the external magnetic field is not completely excluded, this is 

called the vortex state. The interior of the superconducting compound starts to arrange 

itself into normal conducting filaments or flux tubes surrounded by supercurrents, this 

leads to an effect called a vortex state. External magnetic flux is therefore able to 

penetrate the flux tubes while the surrounding superconducting material continues to 

exclude the external flux until its magnitude raises above Bc2 at which point the 

compound losses its superconducting abilities. The differences between Type I and 

Type II phases are shown in Figure 3-21.  

The mixed state Meissner property is specific to Type II superconductors since this 

effect expels magnetic fields regardless of presence of a magnetic field before or after 

cooling, whereas a normal conductor with perfect diamagnetism would keep the 

magnitude of the magnetic field in place if cooled within an external magnetic field, 

as shown in Figure 3-20. This state leads to properties such as flux pinning, based on 

the propagation of flux in internal flux tubes. Flux pinning or quantum locking allows 

a superconductor to be pinned in space within a magnetic field. This property becomes 

important for electrical generation as it curtails the effect of critical current densities 

and critical field as discussed later. 

Tc for Type I superconductors generally have lower Tc than Type II superconductors 

and Type II superconductors are able to maintain superconductivity in external 

magnetic fields >10 T, as high as 38 T (Nb3Ge) [153], whereas Type I are susceptible 

to fields > 0.2 T. Not all Low Temperature Superconductors, LTSC, are Type I SC 

while generally most High Temperature Superconductors, HTSC, are Type II. LTSC 

and HTSC help define the cross over point at roughly 30 K, those above are termed 

HTSC while those below are termed LTSC and require liquid helium as their cryogen.  
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Figure 3-21. Simplified magnetic phase diagram of a Type I and Type II superconductor 

showing the Meissner region and mixed flux states. Altered from [163] 

Critical Current and Quench 

While in the superconducting state, SC are able to carry many times the electric current 

of conventional conductors due to their zero resistivity. However, there is a limit to 

the amount of current that a SC can maintain. The critical current, Jc, within a SC 

material is the limit at which above the superconductor will no longer be 

superconducting, reverting back to a normal conductor. When this occurs the SC 

material can be badly damaged and the process can be accelerated through the instant 

introduction of resistive heating effects. This rapid process is called quench. Quench 

can also be triggered when the Tc or Bc are exceeded.  

Within Type I SC Jc is relatively low making them unsuitable for power generation 

[156]. However, in Type II SC Jc is curtailed by vortex pinning therefore the Jc is 

generally higher than that found in Type I. The focus for Type II materials is based 

more on the material and structural purity since these can drastically alter the limit of 

Jc leading to unexpected quenching.  
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Figure 3-22. Current Superconducting elements and elements which form superconducting 

composite compounds [164] 

Superconducting materials 

The properties of superconductors are vitally important for SC utilisation and the 

creation of reliable tapes, wires and bulk materials for active SC applications. The SC 

material properties must be understood in order for the correct material to be used 

within an electrical motor or generator, ideally utilising materials with high critical 

temperatures, high current densities, high critical field tolerance and low susceptibility 

to quench due to material flaws and operational constraints. The installation and 

commercial availability of SC materials has been difficult to achieve due to the 

requirement for pure structures and repeatable production techniques [165]. The 

fabrication of HTS ceramic materials has proved highly problematic, which has slowed 

the development of SC applications, however as the commercial use of SC continues 

to rise in turn this should drive the investment for refined fabrication techniques 

resulting in lower production costs [166] [167]. 

The first practical superconducting wires were produced in the 1960’s, constructed 

from NbTi and Nb3Sn [168]. For applications such as NMR machines or plasma 

reactors, these materials are critical in providing high powered magnets however with 

very low Tc, cooling and cryogenic systems are expensive. During the late 1990’s 
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commercially ready HTS tapes could be practically manufactured, thus boosting the 

development of HTS materials. Currently the three commercially available materials 

proposed for superconducting machines are first generation BSCCO tapes, second 

generation YBCO tapes and MgB2 wire. First generation (1G) BSCCO HTS tapes 

contain SC material as filaments surrounded by a silver support. The tapes are sensitive 

to material imperfections created during manufacture thereby suffering performance 

limitations. Therefore due to expensive material and labour costs curtailing 

commercial production, first generation (1G) BSCCO tapes have limited active 

industrial use [169] [170].  

 

Figure 3-23. a) A BSCCO tape architecture. b) Material and filament impurities causing an 

undulating current path [171] 

Second generation HTS (2G) tape is generally more mechanically, thermally and 

electrically stable than first generation (1G) tape architecture. This has led to the ability 

to produce more complex winding designs, higher manufacturing reliability and thus 

lower production costs [169]. Material costs are lower due to the inexpensive nickel 

alloy substrate which makes up to 97% of the tapes material and production is made 

simpler by automated production [170]. Second generation (2G) YBCO tape has a Tc 

of 92K. 
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Figure 3-24. Schematic of a YBCO tape architecture [172] 

MgB2 is a low temperature superconducting (LTS) compound with a Tc of ~ 39K. An 

unusual material on the cusp of being termed a HTS, MgB2 was not investigated as a 

superconducting material until 2001, 51 years after its discovery as a compound. 

Although potentially costly in cryogenic cooling, MgB2 is a fairly cheap and relatively 

easy material to manufacture into bulk, tape, films and wire. It also boasts an estimated 

Jc up to 130000 kA/cm2 approaching 0 K [173] [174].  

      

Figure 3-25. Left: Example of the cross-sectional architecture of a MgB2 SC wire. Right: (a) 

Schematic illustration of a two strand cable indicating the twist pitch Tp and the half twist 

pitch, 1/2 Tp. (b) Part of the one meter cable composed by a Cu core and 18 MgB2 strands 

[175] 

The common properties of the superconducting composite materials mentioned above 

are provided in Table 3-1. The projected price of BSCCO and YBCO wires is plotted 

against an extrapolated copper price in Figure 3-26. In addition, companies continue 

to investigate other superconducting tape and substrates, with the intention of easier to 

manufacturing techniques or superior material properties.  
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Parameter MgB₂ YBCO Bi-2223 

Tc (K) 39 92 110 

Jc at 4.2 K (A/cm²) ~10⁶ ~10⁶ ~10⁷ 
Bc₂ at 4.2 K 15 - 20 >100 >100 

Bc₁ at 4.2 K 6   ̴12 5   ̴ 7 (77K) 0.2 (77K) 

Resistivity ρ(Tc) (µΩcm) 0.4 150   ̴ 800 40   ̴ 60 

Cost 1 €/m 20-30 €/m 10 €/m 

Table 3-1. Typical parameters and cost for commercially available superconductors [176] 

 

Figure 3-26. YBCO, BSCCO and copper wire price (€/kAm) projection from 2014 [164]  

Cryo-coolers and cooling systems 

Cryo-coolers or alternative low temperature cooling systems are required to maintain 

a SC material in its preferred superconducting state and will continue to go hand in 

hand with superconducting machines until a SC composite can operate near to 

atmospheric temperatures. Cryogenic systems have made great technological strides 

within the last 25 year, pushed on by such advancements as MRI machine refinement, 

scientific research requirements and aerospace programs [177] [178]. A cryogenic 

system typically removes heat energy from a material via a cryogen which is cooled 

in a cryo-cooler via heat exchange at various compression and expansion pressures. 

Heat exchange must typically occur at an efficiency of 95% in order to provide net 

refrigeration, however the efficiency of the cooling system is usually between 1-20% 

depending on the cryogenic medium [177]. The five most common cryo-cooler 

systems are given in Figure 3-27, while the system efficiency for small cryo-coolers is 

provided in Figure 3-28. 
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Figure 3-27. Schematics of five common cryo-cooler systems [177]  

 

Figure 3-28. Efficiency of small cryo-coolers as a percentage of the Carnot cycle [177] 

The efficiency of cryo-coolers decrease dramatically as the cryogens temperature 

approaches absolute zero. It has been summarised by O. Keysan [164] and J. W. Bray 

[166] that the removal of 1W of heat at ~70K, 15-20 W of power is required by the 

cryo-cooler, as the required cryogen temperature reduces the cooling power increases, 

so that at 30 K it most cryo-coolers will require 50-75 W, as shown in Table 3-2. 
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Operating 

Temperature (K) 

Watt Input per 

Watt Lifted 

273 ~0.4 

200 ~2 

150 ~4 

100 ~8-10 

77 ~12-20 

50 ~25-35 

40 ~35-50 

30 ~50-75 

Table 3-2. Illustration of the amount of power required to remove 1W at specific operating 

temperatures [166] 

Cryogenic cooling power can therefore vary from 0.16% for a machine operating at 

30 K to 1.2% for a machine operating at 4 K, which can drastically effect overall power 

generation efficiency [164]. 

There are currently a handful of cryogens able to be utilised for SC machines. Many 

cryogenic systems require the relatively rare and expensive helium gas as the cooling 

medium with low vacuum levels to maintain a superconductive state. Helium gas has 

a boiling point of 4.2 K, hydrogen can be cooled to 15 K useful for cooling MgB2 wires 

and although readily available and inexpensive it is not preferred due to its chemical 

volatile state. Neon has a boiling point of 27 K and boasts cryo-coolers cheaper than 

helium coolers, however the gas itself is expensive and its chemical properties do not 

lend themselves to efficient cooling. With the advent of HTS conductors it became 

possible to use liquid nitrogen with an operating temperature of 63 K and cryo-coolers 

which are much cheaper and more available than helium.  

In order to reduce cost, increase reliability and limit machine complexity, direct 

conduction cooling has been employed on SC machines [179], [180], [181], [182], 

[51] and [53].  Direct conduction still requires a cryogen however the cryogen does 

not come into contact with the machine or coils directly. Instead a cold head is used as 

a medium to transfer heat away from the coil via separation of the cryogen. The cold 

head re-condenses the cryogen for reuse, instead of allowing the cryogen direct contact 

with the coil which could lead to cryogenic boil off. In this manner a less complicated 

cryogen circulatory system is required thus enabling a more compact and reliable 

method of cooling. 
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Currently cryogenic systems are an unfortunate efficiency and cost burden that 

superconductors must carry, however continued advancements in cryo-cooler systems, 

superconducting compound properties and cryo free cooling systems may open the 

door for improved system costs, size, efficiency and reliability. 

3.3.2. Superconducting technology for energy 

Replacing all copper windings and permanent magnets within an electrical machine 

with superconducting wire or tape would lead to a revolution in motors and electrical 

energy production. Although SC technology has yet to reach its full potential, far from 

being a new concept, SC machines have been researched and improved for many 

decades. Figure 3-29 indicates the breadth of cryogenics and superconducting 

applications within the modern world.  

 

Figure 3-29. Map of cryo-cooler applications indicating the numerous applications for 

superconducting technology [177] 

There are a variety of studies which proves the feasibility of SC within ship motors, 

aircraft propulsion, electric vehicles as well as numerous electrical generation 

applications as detailed by Ainslie et al [183], Snitchler et al [65], and Qu [66]. 
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Superconducting elements used for power generation or motors have shown increasing 

promise in the last few decades. From bulk superconducting magnets to high 

temperature superconducting tape, there has been wide and varied topologies aimed at 

harnessing the benefits of superconductivity.  

For over a century the benefits of superconductors for motors and generators have been 

well documented. High flux fields can lead to highly compact machines with high 

torque, high power densities and close to 100% efficiency when utilising DC.  

Realising the potential of this technology depends on the advancement and cost 

reduction of SC composite materials as well as new structural designs, new motor and 

generator design. Many papers have been written on the theoretical potential of 

different SC machine designs. To gain industrial respect, SC technology must prove 

to be as effective as current the industrial standard. The superconducting motor and 

generator industry does not yet have a working record, especially in the renewables 

sector. To compound the issue, the harsh offshore marine environment adds additional 

hurdles for the technology to overcome especially when considering a cryogenic 

cooling system.  

Superconducting Generators 

While there have been few moves to apply superconducting technology to wave or 

tidal installations, many studies and conceptual designs have been produced for 

superconducting generators suitable for wind turbine and hydro electric energy 

extraction. Figure 3-30 depicts current geared and PM direct drive systems against the 

theoretical benefits HTS technology could bring to the wind industry. Superconducting 

machines can offer the following overall benefits to the energy industry: 

• Reduced mass  

o Ironless active parts 

o Higher magnetic fields 

• Lower rotational speeds 

o High torque, direct drive power take off 

• Higher efficiencies 

o Lower generational losses 
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o Higher current densities 

o Higher magnetic field 

• Reduction or absence of rare earth materials 

• Low inductance 

Maples et al [94] and Lesser et al [186] compared HTS machines against conventional 

DDPM generators, with the conclusion that although SC systems introduces new 

untested technology to the sector, the economics of HTS improve with increasing 

turbine size and the application of HTSC generators have an advantage in weight, 

efficiency and scalability. However, Lesser et al also comments on the availability, 

manufacturability and reliability of BSCCO and YBCO tapes and the direct cost 

implications on this relatively new technology.  

Jensen et al [187] discuss the commercial activities in the field of SC generation for 

wind turbines. They agree that until a market has been created for SC tape and wire, 

manufacturers will be unwilling to place the investment required to expand production. 

However, they conclude that since SC machines have retained industrial interest for 

decades and turbines are expected to increase in size and electrical output, SC 

generators may outcompete existing technologies. Lloberas et al [188] and Qu et al 

[189] produce extensive reviews of direct drive SC generators for wind power 

generation. Lloberas et al conclude that SC rotor technology require greater research 

investment to understand the thermal, mechanical and fabrication implications for a 

rotor SC design. Qu et al agrees that further design considerations must be undertaken 

for the technology to advance, while stating that the best topology will be created from 

a combination of maximised output, minimum expense and highest reliability.  
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Figure 3-30. Mass comparison between current geared and direct drive wind turbine 

technology and proposed superconducting generator technology. Based on details provided 

in [164] 

In [164] Keysan outlines proposed superconducting machine topologies and discusses 

applications for superconductors in electric power. Common superconducting machine 

topologies are discussed providing details about conventional stators with 

superconducting rotors, homopolar superconducting machines and axial flux 

superconducting machines. Finally, a transverse flux superconducting machine is 

presented which will later be used as the basis of a superconducting generator study. 

The following section will highlight some of the new generation topologies while 

mentioning some of the most promising historical superconducting generator 

concepts.  

Suprapower Project 

The Suprapower project is an EU FP7 research projected. Since its commencement in 

December 2012, the project aimed to develop a lightweight, reliable, compact, direct 

drive partially superconducting generator for offshore wind turbines, as patented by 

Tecnalia [190]. The generating system comprises of a salient pole synchronous 
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machine utilising MgB2 wire in 9 modular race track wound field coils [51]. Copper 

windings at ambient temperature are used for the stator coils. The project proposes a 

crogen-free cold head cooling system, with modular two stage Gifford-McMahon 

cryo-coolers and modular cryostats in order to improve reliability and simplify the 

system for the offshore environment, these are presented in Figure 3-31.  

  

Figure 3-31. Left. External detail of Suprapower modular cryostat and cryo-cooler design 

[191]. Right. Internal detail of Suprapower modular cryostat and cryo-cooler design [192] 

The MgB2 field coils operate at a temperature of 20 K with a heat load per coil of 2.17 

W per coil during secondary stage cooling [191]. The cooling system, from stationary 

compressor to cryo-coolers on the rotor is given in Figure 3-32.  

 

Figure 3-32. Schematic of cooling cycle for the Superpower project [193] 

During the project testing was successfully completed on a full size MgB2 field coil 

and a modular cryostats that would be used on in a proposed 550 kW demonstrator 
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[51], [194]. Suprapower’s 10 MW, 8.1 rpm generator structure and cooling system are 

presented in Figure 3-33, while the specifications of both the 10 MW machine and 

proposed scale demonstrator are provided in Table 3-3.  

 

Figure 3-33. Suprapower’s 10MW superconducting generator structure [195] 

Parameters 10 MW generator Scale generator 

Number of poles 60 4 

Rated power (kW) 10000 550 

Rated speed (rpm) 8.10 121.5 

Rated torque 11.8 MN·m 45.502 kN·m 

Air gap diameter 15 m 750 mm 

Stack length (m) 0.52 0.52 

Table 3-3. Suprapower’s 10 MW and scaled demonstrator specifications [191] 

The generator is expected to reduce head mass by up to 30% compared to conventional 

generation systems, resulting in an overall structural mass of ~200 tons and an 

estimated drive train cost of ~300,000 €/MW. Generator efficiency at full load is 

expected to be over 95% [195]. However, rotating superconducting connections have 

often proved unreliable and the rotors rotational stresses and vibrations have yet to be 

proven on the MgB2 coils and modular cryostats.  
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HTS-GEN Project 

The Danish based HTS-GEN project, started in October 2013, aims to develop the first 

direct drive HTS generator for wind turbines [52]. In order to achieve this aim the 

group designed and built a test segment of a generator in order to study the thermal, 

mechanical and electromagnetic properties of the proposed machine. Seng et al [196] 

provide a description of testing a full sized HTS coil and pole pair segment for a 2 MW 

generator is presented. Figure 3-34 presents the test apparatus and sectional generator 

geometry.  

 

Figure 3-34. Left. Sectional machine in situ for testing. Right. A one quarter model of the 

section for 3D electromagnetic analysis [196] 

The proposed 2 MW machine utilises YBCO HTS tape on the rotor with operating 

temperatures during testing of 77 K and 40 K, using first liquid nitrogen and then an 

enclosed vacuum cryostat. Full test results are currently unavailable and the generators 

final design will be based on continued research. However, the step by step approach 

to the design and build of a large scale superconducting generator with detailed 

reporting will no doubt benefit and improve the knowledge within the sector. As with 

the Suprapower project, Seng et al expect that confirmed full scale performance data 

means coil design, cooling and installation will be honed for industrial production 

instead of scaling from prototype topologies. 
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INNWIND Project 

The INNWIND project is a beyond state of the art successor of the Upwind project 

(2006 - 2011) which aimed to develop and verify vital wind turbine components in 

order for the wind industry to mature and continue to grow [197]. The INNWIND 

project continues the premise of researching the entire turbine system, from resource 

to grid connection, however with the additional aspiration of moving well beyond 

current technology possibilities and focusing offshore wind turbine designs of 10 – 20 

MW. Figure 3-35 indicates the INNWIND’s SC DD generator topology connected to 

a rotor and nacelle. The novel placement of the generator in front of the rotor, the 

King-Pin drive, allows the generator to be directly coupled with the rotor hub creating 

a simplified drive train. 

 

Figure 3-35. Cross section Schematic of INNWIND 10 – 20 MW turbine generation system 

and nacelle King-Pin layout [198] 

The INNWIND project has compared both MgB2 and HTS YBCO rotor field 

windings, whilst also investigating the optimized cost and construction for the rotor 

and stator topology, from fully iron-cored to air-cored as shown in Figure 3-36 and 

Figure 3-37.  
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Figure 3-36. Potential superconducting generator topologies [199] 

 

Figure 3-37. Variations of torque with superconducting tape area per pole for a 7m diameter 

SC generator [199] 

While the application of HTS materials is easier for SC machines, due to cryo-cooler 

efficiencies and cryogenic costs, INNWIND is currently focused on MgB2 

superconductor performance. Therefore for a 10 MW SC generator using MgB2 

windings at 20 K, INNWIND has estimated a generator diameter of 6 m and a turbine 

rotor diameter of 178 m with a nominal rotor speed of 9.7 rpm and torque capacity of 

10.5 MNm [200]. Specifications for a scaled up 20 MW 7 m diameter and 11 m 

diameter generator are provided in Table 3-4, with a comparative 10 MW 7 m diameter 

generator provided alongside. 
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 10 MW 20 MW-I 20 MW-II 

Stator outer diameter D (m) 7 7 11 

Stack length (m) 1.2 1.95 1.16 

Speed n (rpm) 9.6 6.8 6.8 

Torque Tem
 (MNm) 10.5 30 30 

Stator current density Js (A/mm2) 3.5 3.5 3.5 

Stator slot packing factor 0.6 0.6 0.6 

Number of poles 2p 32 32 64 

Number of stator slots Q 384 384 768 

Air gap length g (mm) 9 9 13 

SC current density JSC (A/mm2) 340 273 340 

SC area per pole (mm2) 200 1000 200 

Length of SC wire (km) 5.35 39.2 10.54 

Ampere turns of SC per pole (AT) 34,000 136,500 34,000 

Type of stator core Iron-core Iron-core Iron-core 

Type of rotor core Iron-core Iron-core Iron-core 

Volume of generator (m2) 42.3 68.7 100.5 

Mass of Iron (ton) 141 271.9 208 

Cost of SC (million €) 0.543 3.92 1.054 

Cost of copper (million €) 0.117 0.215 0.192 

Cost of Iron (million €) 0.112 0.217 0.166 

Cost of total (million €) 0.764 4.35 1.412 

Table 3-4. Specifications for a 7m diameter 10 MW, a 7m diameter 20 MW (20MW-I) and an 

11m diameter 20 MW (20MW-II) SC generators [199] 

Based on current superconducting prices, INNWIND suggest that increasing rotor and 

stator iron can lower the active material cost by up to 75%, increasing mass but 

creating a machine comparable in cost to a DDPM generator [201]. 

In addition to the superconducting generator design, INNWIND has engaged in and 

achieved results from improving rotor aerodynamics, blade structural designs, offshore 

support structures, wind profile data and magnetic gearing for a high power Pseudo 

Direct Drive 10 -20 MW generator. The scope of the project is vast with a wealth of 

information provided for the evolving wind industry.  
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Ecoswing 

Ecoswing is part of the EU Horizon 2020 initiative, starting in 2015, and aims to 

provide the world’s first HTS, low-cost, low-mass power take off for installation on a 

3.6 MW, 2 bladed, 128 m rotor, turbine, Envison GC-1 [53], Figure 3-38. 

 

Figure 3-38. Right foreground. Envision GC-1 Turbine, Thyborøn, Denmark. Courtesy of 

Ecoswing [53] 

As of 2017 Ecoswing have completed the design and validation of the generator and 

supporting subsystems, with manufacturing ongoing. The superconducting generator 

will utilise THEVA TPL2100 Pro-Line HTS tape, constructed with the composite 

GdBa2Cu3O7 as the superconducting layer, operating at ~30 K via cryogen free 

convection cooling. 30 coils with a total of 15 km of HTS tape are to be installed on 

the rotor, with conventional ambient temperature cooper armature windings. The 

cooling system will be similar to that of the Suprapower project, that is to say the 

compressor will be stationary while the cryo-coolers are to be attached to the rotor. 

Ecoswing plan to produce a generator with 40 % less mass than a conventional DD 

PM machine [202]. Potentially this project could become the first installed HTS wind 

generation system in the world, pushing the technology further than before. However 

superconducting windings and cryo-coolers located on the rotor could cause 

significate problems if not thoroughly investigated.  
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Alternative SC Machine topologies 

All four of the projects mentioned rely on a conventional stator and a superconducting 

rotor. Recent topologies have also been presented for HTS bulk magnet machines by 

authors Chen et al [203] and Liu et al [204] with Combs [205] providing a fully 

superconducting motor utilising HTS bulk magnets on the rotor. Recent researched 

topology for fully superconducting generator topologies are provided by Kalsi et al 

[173], Jia et al [206] and Kostopoulos et al [207], an example of a fully 

superconducting generator topology is provided in Figure 3-39. 

 

Figure 3-39. Illustration of a fully superconducting wind turbine generator [208] 

Superconducting Structural Design 

The attraction forces, or the normal component of Maxwell stress, created within the 

airgap of a superconducting generator can be many times that of a permanent magnet 

generator. Therefore, iron cored machines must be structurally durable to maintain the 

active airgap within the machine. Air cored SC generators suffer less from high 

attractive loads, however in most cases place higher torques onto the SC material 

which can potentially damage the sensitive SC composite winding. An air cored 

machine design can require up to double the SC material in order to produce the 

required magnetic flux within the airgap compared to an iron core machine. However 

due to the presence of magnetic materials on the rotor, Iron cored machines can be 

twice the mass of an air cored machine, a comparison of two 5 MW air cored and iron 

core machines is provided in Table 3-5. Both topologies must be wary of thermal 

stresses. Thermal stress can occur on the structural elements connecting cold and hot 
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sections of the generator. At cryogenic temperatures many materials become brittle, 

therefore the correct supports must be able to withstand the thermal differences within 

the machine, ideally utilising materials with low heat conduction constants. In 

addition, the unforgiving nature of the offshore environment and the precise nature of 

cryogenic systems may create problems which must be curtailed through built in 

system redundancy, modularity or the reduction of cryogenic rotor systems. 

 Air-cored HTS Homopolar 

Outer Diameter (m) 1.75 2.5 

Volume (m3) 3.15 6.95 

Weight (t) 18 44 

SC wire length (km) 100 50 

Table 3-5. Comparison of an air cored SC machine and a homopolar synchronous machine 

for a 5 MW, 230 rpm motor design [164] 

3.4. Case Studies 

Two direct drive topologies were considered for case studies. The case studies will be 

used to discuss generator structure, mass and drive train loading when applied to the 

three main offshore renewable energy resources, wind, wave and tidal. The following 

two sections will briefly outline the direct drive generator concepts, topologies and 

research history. 

3.4.1. Transverse-flux HTS generator 

In [38] Keysan presents a single sided Transverse flux (TF) high temperature 

superconducting (HTS) generator. The combination of a high flux superconducting 

field winding with a claw pole transverse flux machine topology leads to a machine 

suitable for direct drive, low speed, and high torque applications. The active electrical 

topology of the TF HTS is provided in Figure 3-40. It utilises a stationary 

superconducting DC winding with inner and outer stationary stator sections. A moving 

claw pole variable reluctance rotor creates a variable magnetic field around the 

armature winding supported by the outer stator.  
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Figure 3-40. Proposed transverse flux superconducting machine structure. a) Main magnetic 

flux direction through the claw-pole rotor (axial cross-section view). b) Main magnetic flux 

direction through the inner and outer stator (vertical cross-section view) [209] 

As the TF HTS topology was refined, adaptations led to the design given in Figure 

3-42 and Figure 3-42. The claw poles and armature winding where rotated 90 degrees 

and mirrored about the superconducting winding. The inner stator is reduced leading 

to a double sided claw pole design suitable for radial or axial flux machine topologies.  

 

Figure 3-41. Double sided claw pole machine topology, cut away [164] 
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Figure 3-42. Double sided claw pole machine topology, top view [164] 

Although the machine contains four airgaps, the Magnetomotive force (MMF) of the 

superconducting winding compensates for any leakage or losses. Keysan summarised 

the advantages of a double sided design as follows:  

• A stationary superconducting field core negates the requirement for moving 

parts such as cryocouplers, brushes or additional rotational forces experienced 

by the coil, thus increasing reliability and easing fabrication. 

• Magnetic attraction forces on the claw poles are symmetrical which sum to 

cancel each other. 

• Double armature winding configuration increases modularity. 

• It is presented by Keysan [164] that the topology requires notably less 

superconducting material than many superconducting, with only up to 15 km 

of MgB2 wire required for a 10 MW machine. 

• Compared to the topology presented in Figure 3-40, the double claw pole 

design reduces the superconducting field coil back-core mass producing a 

lighter machine. 

However, Keysan also lays out the following drawbacks: 

• Active mass is high in order for the superconducting and armature coils to 

remain stationary. 

• Magnetic attraction forces are high. 

• Lower power factor than conventional machines. 
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The single sided TF HTS machine topology will be studied as a linear test porotype in 

Chapter 5, while the double sided TF HTS machine structure will be considered for 

large offshore wind applications. 

3.4.2. C-GEN direct drive generator 

C-GEN is an innovative multi-stage air-cored PMG technology developed at the 

University of Edinburgh that is applicable to direct drive, slow or medium speed 

generator designs as described by Polinder et al [67], Figure 3-43. The differentiating 

design features of the patented C-GEN design include: 

• An axial flux topology with C-shaped rotor core  

• An air-cored stator arrangement 

• Generator divided into several axial generator stages that are electrically 

independent 

• Generator rotor and stator divided into low weight standardised modules 

around the circumference 

C-GEN is made up of light weight stator and rotor modules, Figure 3-44. The low 

generator and module weight of the C-GEN technology reduces O&M costs compared 

to traditional iron-cored, radial flux PMG systems. The maintenance of drive train 

components, if necessary, can be carried out with lighter lifting equipment or an 

internal turbine crane.  

  

Figure 3-43. Left: C-Core topology with flux path indicated around  neodymium iron boron 

(NdFeb) magnets [117]. Right: Adjacent stacked C-Core topology [210] 
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Multiple generators consisting of simple, lightweight modules can be “stacked” back-

to-back along the shaft of a wind turbine to create a multi-MW rating without 

increasing the machine diameter. This means that for certain generating system line 

failures, one generator line can be isolated, enabling the wind turbine to continue 

generating revenue whilst maintenance is scheduled. This redundancy characteristic is 

even more relevant for remote areas with challenging conditions for access, e.g. 

offshore wind farms. In C-GEN the number of generators in operation can be adjusted 

based on wind conditions to optimise the power output, efficiency and increase 

longevity. In conventional PMGs magnets try to align themselves with steel teeth onto 

the stationary part of the generator and cogging torque will result in overcoming this 

alignment force. This characteristic increases the cut-in wind speed, the minimum 

wind speed at which the turbine produces power and creates vibrations in the 

generator. C-GEN does not have any cogging torque to overcome, there is zero 

cogging torque as there is no iron in the stator and can thus generate power at low wind 

speeds, whilst lowering the presence of vibrations within the generator, reducing noise 

and overall generator material costs.  

 

Figure 3-44. An explanation of C-Gens radial topology, assembly and modularity 

The C-GEN generator technology therefore has the following unique selling points 

over existing generator technologies used for direct drive: 

• No Magnetic Attraction Forces closing the airgap - this simplifies the support 

structure required, and makes assembly of the stator and rotor modules easier. 

• No cogging torque - more of the input mechanical energy will be converted to 

electrical energy, and noise and vibration will be reduced.  

• High Degree of Modularity  - the use of air-cored coils allows a high degree of 

modularity in both the stator and rotor construction. 
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• Higher availability - Due to the high degree of modularity the C-GEN generator 

is a multi-stage machine, which means that it is built up of a number of 

machines, eg a 4 stage 1MW generator consists of 4 separate 250kW machines, 

all of which can be isolated. Hence if there is a fault in one stage, then it can 

be isolated and the remaining 3 stages can generate. In a conventional generator 

a fault in a machine will result in complete shut down, and hence no revenue 

is generated. By being able to operate with few stages the C-GEN generator 

will have more availability, increasing annual energy yield and hence reducing 

LCOE. 

• Ease of O&M - the high degree of modularity enables replacement of single 

faulty modules rather than the complete machine. This reduces O&M costs and 

increases the turnaround of any O&M procedures. Depending upon the size of 

the device, the O&M procedure could be done on board a ship using an on-

board crane. Modules can be designed to have a mass typical of standard ship 

craneage. 

     

Figure 3-45. Left: 1 MW C-GEN axial flux multi-stage rotary machine. Right: C-Gen air 

cored stator module installation [211] 

C-GEN technology has been demonstrated at various scales:  

• 20 kW rotary machine proof of concept [117]. 

• 15 kW rotary machine successfully installed and operated on a wind turbine 

[117]. 
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• 6 kW rotary machine successfully installed and operated on a wind turbine. 

• 25 kW axial flux multi-stage rotary machine as proof of concept of multi-stage 

topology pre scale up to 1 MW. 

• 1MW axial flux multi-stage rotary machine, demonstrator of a slice of a 6 MW 

direct drive generator. 

• 50 kW linear machine for wave energy applications [212]. 

       

Figure 3-46. Left: 20 kW C-GEN rotary machine and test rig. Centre. 15 kW C-GEN rotary 

machine. Right: Wind turbine installation of 15 kW C-GEN machine [117] 

Based on the European Commission’s definition of Technology Readiness Levels, 

TRL, the C-Gen has been proven to the following levels. For small wind applications 

the technology is at TRL 5, as it has been demonstrated in the real environment, but at 

multi-MW scale it is at TRL 4 and for marine energy at TRL 3. 

 

Figure 3-47. 50 kW C-GEN linear generator prototype and test rig [212] 

3.5. Discussion 

The information contained within this chapter will be used for simulated and physical 

testing later in the thesis, with chapter 4 continuing the discussion and design of the 

HTS claw pole machine and chapter 5 and 6 investigation methods to improve the 

performance and reliability of direct drive generators, utilising the C-GEN generator 

topology.
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 Direct Drive HTS Structures 

4.1. Structural Analysis for Direct Drive Machines 

In Chapter 3 permanent magnet direct drive machines and superconducting direct drive 

generators were discussed. In order to understand the electrical, mechanical and 

fabrication concerns of direct drive machines, a HTS claw pole transverse flux 

machine has been chosen as a case study. This chapter will be divided into three 

sections. The first will focus on the development and structural design of a transverse 

flux claw pole linear test rig, the second will propose a structure for a 30 kW rotary 

HTS claw pole machine and the third will discuss scaling the HTS concept up to 10 

MW. 

4.2. Linear Claw Pole Prototype 

In Chapter 3 a transverse flux claw pole machine was described as proposed by Keysan 

in [164]. A linear prototype of the topology was designed and constructed replacing 

the SC field coil with a copper coil due to budget restrictions. The construction and 

testing of the prototype was to enable the mechanical and electrical properties of the 

machine to be understood while the overarching aim of the prototype construction was 

to better understand the introduction of superconductivity to the design and investigate 

structural concerns before the construction of a SC rotary prototype. The design 

enabled a modular section of a rotational machine to be constructed, replacing the claw 

pole rotor with a reciprocating translator in order to migrate flux to the armature coils.  

The linear prototype topology is presented in Figure 4-1, and although numerous 

alterations occurred in the structural and electrical topology before construction, the 

core three elements remain, stationary field coil, moving claw pole sections and 

stationary armature windings. 
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Figure 4-1. Basic indicative topology of the linear claw pole machine prototype 

4.2.1. Design and Assembly 

The main mechanical design concerns for electrical machines were described in 

Chapter 3 and can be summarised below: 

• Maxwell stress 

• Gravitational force 

• Eccentricity 

• Shear stress 

• Cogging torque 

• Thermal expansion 

In order to mitigate the combined effect of gravitational and magnetic loading, it was 

decided that the field coil would be placed above the translator and the claw poles 

flipped around the horizontal plane. Magnetic forces are present between the armature 

and the claw poles as well as the field winding and the claw poles, however due to 

concentrated flux density, the forces are higher between the claw poles and field core. 

Therefore, by altering the layered topology of the prototype, the claw pole attractive 

load from the field coil is counteracted by the mass of the translator structure. 

In order to achieve the required flux path within the linear prototype, electrical steel 

laminations were used to create the core, claw poles and armature core. In this manner 

magnetic flux is able to move from one claw pole to the next by following the skewed 

field core steel laminations, Figure 4-2. The original field core design contained a 

pressed bent laminated structure, however due to costs and manufacturing difficulties, 
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it was decided to use a purely skewed field core as shown in figure. Within a radial 

machine soft magnetic composite material, SMC, can be used to complete the three 

dimensional flux path. 

     

     

Figure 4-2. Left: a) ISO & b) Top view formed laminated field core. Right: c) ISO & b) Top 

view simplified laminated field core 

Initially the construction of the machine included epoxy resin to provide the cores and 

coils as well as the translator fabrication additional structural support, Figure 4-3. The 

curing process for the epoxy requires warming of the epoxy and curing agent mix, the 

mould and laminations to be warmed to the same temperature, 60 degrees, and the 

mixture poured in around the translator. The mixture is degassed using a heat gun, a 

pre heated lid added the whole fabrication is allowed to cool to room temperature. The 

assembly is then placed in an oven for a period of 2 hours at 120 degrees. However 

due to the volume of epoxy and steel required in the machine, initial fabrication tests 

showed that even slowly cooling the whole assembly would result in cracking in the 

epoxy, Figure 4-4. The reason for this cracking can be explained by the difference in 

the heat transfer characteristics of the epoxy and steel, the steel cools quicker than the 

epoxy leading to a build up of stresses in the epoxy material. The thermal performance 

of the field and armature cores whilst suspended in epoxy were also queried, as it was 

assumed the low heat coefficient of the epoxy would lead to heat build-up in the copper 

(a) (b) 

(c) (d) 
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field and armature coils. It was therefore decided to support the translator section with 

an aluminium frame, whilst welding the cores with small seams in order to maintain 

structural integrity. 

               

Figure 4-3. Epoxy impregnated linear machine components 

     

Figure 4-4. Cracked epoxy test sections. Left: Clear PC6159 epoxy resin. Right: Blue 

PC5308 epoxy resin. Details in Appendix B 

Field winding and core 

One hundred and seventeen, 3 mm steel laminations were laser cut and drilled along 

the skew angle in order to create holes for the core to be held together along its length 

by two stainless steel bolts, maintaining a skew ratio of 0.55. The field winding was 

attached to the core using tufnol isolation plates and resin impregnated in situ to 

maintain rigidity. The fabricated field core and winding are shown in Figure 4-5. The 

assembly was then attached to the machine frame by two aluminium bars bolted to 

steel box section supports. 
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Claw pole translator 

Each of the eight claw poles were manufactured using twenty 3mm laminated laser cut 

electric steel sections and held together by two stainless steel bolts, as indicated in 

Figure 4-5. The placing of the bolts ensured stiffness while minimising the loss of flux 

path. The claw poles were then mounted on a non-magnetic aluminium frame 

supported by four HIWIN HG25 linear roller bearings to help maintain air gaps of 1.5 

mm between the field and armature cores and provide smooth low resistance 

reciprocation motion long the length of the machine.  

Armature coil and core 

The armature core was created using forty laser cut 3mm electrical steel laminations, 

skewed and bolted together with a skew ratio of 0.55 inverse to that of the field core. 

The silhouette of the laser cut laminations includes five teeth around which three 

concentrated armature coils are inserted. The coils were then resin impregnated for 

rigidity. The structure of the Armature winding before impregnation is provided in 

Figure 4-5. The finalised design topology of the machine are provided in Figure 4-6, 

Figure 4-7 and Figure 4-8. 

       

Figure 4-5. Left. Laminated claw pole construction. Right. Armature and field cores prior to 

vacuum resin impregnation 
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Figure 4-6. Front view of linear claw pole prototype active topology including bearings 

 

Figure 4-7. Isometric view of the linear claw pole prototype active topology including 

bearings 

 

Figure 4-8. Side view of the linear claw pole prototype 
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Assembled machine and support structure 

The final assembled machine is presented in Figure 4-9 while its main specifications 

are provided in Table 4-1. The translator was moved back and forth by hand, using a 

draw wire position sensor to record its position. The main support structure of the 

machine was constructed from 40x60 mm steel box section with a wall thickness of 5 

mm.  

 

Figure 4-9. Assembled linear prototype 

Parameter Value 

Mass (kg) 253 

Stoke length (mm) 500 

Number of claw pole pairs 4 

Airgap clearance (mm) 1.5 

Width of laminations (mm) 3 

Number of field core laminations 107 

Field coil wire diameter (mm) 1.6 

Field coil number of turns 364 

Number of armature core laminations 33 

Armature coil wire diameter (mm) 1.25 

Armature coil turns 190 

Number of claw pole laminations 20 (each) 

Table 4-1 Linear claw pole prototype specifications, full electrical design provided in 

Keysan [164] 
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Initial static structural analysis of the supporting structure indicated that the structure 

would experience a maximum deflection of 0.2 mm into the airgap between field core 

and adjacent clawpoles, based on flux values provided by Finite Element Analysis, 

FEA, analysis completed by Keysan in [164]. The initial topologies and the location 

of the loads are indicated in Figure 4-10. 

 

Figure 4-10. Position of loads applied to field core (Top) and claw pole (bottom) for initial 

static investigation. Green shows supporting fixture, red indicates attraction forces and 

central large arrow indicates gravitational force 

4.2.2. Experimental Results 

Since the extent of the magnetic attraction forces was constant for static testing of the 

machine, the supporting structure as a whole experienced large net forces. During 

structural and electrical testing of the machine, the field winding was excited with DC 

current. For static deflection testing, the excitation current was increased by a factor 

of 1A while the deflection of the armature core, field core and translator were measured 

using a mechanical displacement gauge. The gauge was placed in the middle of 

supporting structure each component, while the translator also had the deflection at the 

bearing measured. Point A was the measurement taken at the bearing support, while 

point B was the mid-point of the translator bearing guide rail support.  
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For the dynamic cogging torque testing, the excitation field was increased by 1 Amp 

for each test period, the experiment stopped when the translator could no longer be 

pulled back and forth. The force required to overcome the cogging torque was 

measured using a digital mass scale. 

For flux linkage testing it was decided that a static test would be most suitable due to 

the overall observed deflection of the machines structure. Therefore, in order to create 

a changing magnetic field the field coil was excited with AC current, thereby inducing 

current in the armature windings. In order to measure the flux leakage from the claw 

pole, search coils were wound around the claw pole and connected to a voltmeter. For 

the flux density experiments, a Gaussmeter with a hall probe was used.  

   

   

Figure 4-11. Structural deflection of the linear prototypes components over increasing field 

coil excitation 

Structural Test  

Due to underestimated magnetic forces present in the air gap, the original structure 

could not maintain its structural integrity and all elements experienced deflection, 

resulting in the closure of the top airgap, between the field core and adjacent claw 

poles. The measurement of the deflection indicates that the movement in the air gap is 
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proportional to the square of the field current up to 6 A. However, as the field current 

increased past 7 A, the deflection of the air gap caused a rapid increase in the forces 

acting on the structure of the machine resulting in a feed-forward mechanism that 

closed the air gap, as provided in Figure 4-11. 

   

Figure 4-12. Structural deflection of the linear prototypes field core and mid-point of the 

translator structure 

Improving the structure of the linear machine meant installing two additional bearings 

located at the centre of the translator bearing rail to further restrict movement of the 

clawpoles, and additional supports added to the box section structure supporting the 

field core. Deflection tests were carried out a second time on the field core and 

translator structure, these results are provided in Figure 4-12. The additional structural 

supports aided in maintaining the airgap up to 10 Amps, however as the current was 

increased past this point deflection rapidly increased leading to the closure of the 

airgap for currents larger than 12 Amps.  

The machine was therefore unable to operate at its rated field current of 15 Amps due 

to structural deformation. However, it was deduced that the following factors aided in 

the deformation and these were factors that structural modelling did not necessarily 

take into account. The vertical displacement allowed within the linear roller bearings 

and their connection to the prototypes support structure allowed more movement than 

previously envisaged. Additionally, the movement of the field core was assisted by 

inadequate support of the laminations with bolts, joints and the mass of the core 

contributing to the movement. 
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Figure 4-13. End profile of linear guide roller bearings. (a) Balanced load profile when 

installed at 0 degrees. (b) Unbalanced load profile creating moments and unsymmetrical 

bearing loads when installed at 90 degrees from vertical  

The cogging force test was completed once the structural strengthening had been 

applied. For various field excitations the maximum force required to move the 

translator are provided in Figure 4-14. The linear resistance of the bearings should be 

below 5 N for the 50 kg mass of the translator, however the experimental results show 

that under only gravitational loading the maximum force required is to overcome 

friction is 50 N. This discrepancy is most likely due to the orientation of the linear 

bearings, as indicated in Figure 4-13. Instead of the bearings installed as in (a), 

distributing the load across all roller bearings, the bearings were installed according to 

(b), creating unbalanced loading. As testing continued the forces increased slightly 

until 8 Amps, at which point the force increases significantly and the translator cannot 

be moved once 12 Amps is reached. 

 

Figure 4-14. Maximum linear force required to move the translator 
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Flux Testing 

In order to provide verification of the attractive forces contained within the airgap and 

the transfer of flux through the clawpoles, the following flux linkage and flux density 

investigations were performed.  

 

Figure 4-15. Schematic of search coil locations on claw pole to investigate flux linkage 

Search coils were wound onto the base, middle and tip of a claw pole as indicated in 

Figure 4-15, the search coils consisted of 10 turns of copper wire wound around the 

claw pole. An AC current was applied to the field coil with a maximum excitation of 

2.42 Amps at 50 Hz. The induced voltage for each search coil and adjacent armature 

coil was recorded and a calculation for the dissipation in flux completed with the 

results provided in Table 4-2. 

 Induced 

voltage (Vrms) 

Number of 

turns 

Flux     

(Wbrms) 

% of flux 

transfer 

Claw pole (base) 2.31 10 0.732 100 

Claw pole (middle) 2.22 10 0.707 96.6 

Claw pole (tip) 1.87 10 0.594 81.1 

Armature coil 32.7 190 0.548 74.9 

Table 4-2. Induced voltage and flux measurements from an applied AC field current, 

maximum 2.42 A at 50 Hz [164] 

The results indicate that there is a degradation up to 25.1% of flux between the top of 

the claw pole and the tooth of the armature core. The flux density for the top and 

bottom airgap was then assessed from 6 – 14 Amps. The airgap was maintained using 

1.5 mm aluminium L sections along the length of both top and bottom airgaps. The 

transverse flux probe was placed within the airgap and the Gaussmeter recorded the 

flux for a series of excitation currents. 
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Figure 4-16. Airgap flux density plotted against field current for both top and bottom 

airgaps 

 

Figure 4-17. Simulated FEA airgap flux densities as calculated for the linear prototype in 

[164] 

The experimental results are contained within Figure 4-16, while Keysan’s FEA 

simulated airgap flux densities are provided in Figure 4-17. The results show good 

correlation with the maximum error calculated to be 12%. Therefore, the calculated 

flux density is suitable for use when calculating the structural loading of the airgap. It 

can also be said that the unsymmetrical flux densities of the top and bottom airgaps 

leads to an imbalance of attraction forces that increases as the top airgap closes and 

the bottom airgap opens, a characteristic that should be included when simulating 

structural performance.  
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4.2.3. Design Alterations for HTS Testing 

The second stage of testing involved altering the linear test rig for the installation of a 

HTS field coil. As described previously, the airgap closed for field currents larger than 

10 A (3640 At) whilst the HTS coil capacity is at around 12000 At. Thus, it is necessary 

to modify the structure. In order to improve the rigidity of the prototype a number of 

components had to be redesigned. In addition, the topology had to incorporate a coil 

of specific dimensions and potentially include a cooling system and vacuum chamber. 

This section will discuss the alterations made to the linear claw pole prototype design 

for future testing with a HTS field coil concept supplied by GE Energy and Power 

Conversion in Rugby, as presented in Figure 4-18. 

 

Figure 4-18. HTS coil topology as supplied by GE Power Conversion, Rugby 

A comparison of the operational data for the HTS and copper field coils is provided in 

Table 4-3.  

 Copper Field Winding HTS Field Winding 

Number of turns 364 200 

Rated current (A) 15 145 

MMF (At) 5460 12000 

Operating temp (K) < 343  < 40 

Table 4-3. Operational data for copper field winding and HTS field winding 

Structural 

To improve the structural performance of the field core, a more complex laminated 

profile, Figure 4-19(a), was designed, manufactured and assembled. The bottom of the 

profile includes a stepped section in order to adequately house the HTS coil. Three 
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supporting bars were installed parallel with the stacked assembly of the laminations, 

Figure 4-19(c). The supports connected to the structure of the prototype on the side 

supports rather than along the length of the machine. The bars were produced from 

stainless steel solid bar and incorporated into the field core, as shown in Figure 4-19(b), 

to maintain rigidity of the laminations. Finally, the laminations and the solid support 

bars were bolted together using aluminium bolts along the length of the core. 

 

Figure 4-19. Altered field core topology for HTS field coil. (a) Front view showing 

lamination profile and stainless steel bolt configuration. (b) Isometric view showing 

reinforced solid stainless steel bar supports installed within the structure of the field core. 

(c) Top view showing support bars installed in parallel to the field core laminations 

While a new field core was produced for the HTS assembly, the claw pole translator 

was adjusted to suit future testing requirements, Figure 4-19. In order to move the 

translator in a more controlled manner, a connection for a linear screw actuator was 

added to the front support. In addition, sections of the claw poles were removed in 

order to fit a pre-fabricated HTS coil and an associated cryogenic system into the 

machine. Although the area removed was small it was estimated that it could help 

reduce peak attraction forces by up to 12.5%, the new claw pole topology is presented 

in Figure 4-20. Structural deformation of the altered components has indicated that 

deflection into the airgap will be maintained under 5 – 7 % of the air gap length for 

both the field core and claw pole translator for attraction forces up to 1.2 MNm-2. An 

example of the simulated loading to the field core is presented in Figure 4-21. 
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 Figure 4-20. Altered claw pole topology. Left: Individual claw pole. Right: Claw 

pole translator assembly 

 

Figure 4-21. Structural testing results for field core, maximum deflection is highlighted in 

red and is equal to 0.085 mm  

Initial HTS Cryogenic Design 

The construction of a cryogenic circulatory system and a liquid nitrogen bath was 

investigated in order to provide a cooling medium to the HTS field winding. Initially 

a cry-cooler and cryogenic pump system was considered. A stainless steel vacuum 

chamber was designed to fit around the HTS coil with space in the centre for the field 

core. The cryogenic liquid would be pumped through insulated piping which would 

connect to two cold head parts on the coil. The coil and the piping would be supported 

within the vacuum with fiberglass supports mounted on thermally resistant ceramic 

pads, which would be bolted to the chamber. Sensors and a current supply would 

require air tight seals or connectors to exit the chamber. The original design is provided 

in Figure 4-23. 
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Figure 4-22. Small vacuum chamber with liquid nitrogen circulation pipes connecting to the 

HTS coil cold head connections. Fiberglass (Green) and ceramic (Yellow) supports maintain 

rigidity for the cryogenic pipes and HTS coil while separating cold and warm areas 

 

Figure 4-23. Liquid Nitrogen bath and coil support designed by MEng Student Patryk 

Radyjowski 

During discussions with manufacturers, the construction of a thin walled chamber with 

vacuum proof welding and the purchase of a cryogenic pump was considered too 

difficult and costly, therefore an external hydrogen bath was considered. A more 

complete design was produced by Patryk Radyjowski, a Master Student within 

Edinburgh University. However, costs still proved too high, and concerns over the 

insertion, connection and future removal of the fragile coil meant testing was 

postponed until the installation of a large vacuum chamber and cryostat within the 

University of Edinburgh, Figure 4-24.  
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Vacuum Chamber Testing 

Vacuum chamber testing will be carried out in the University of Edinburgh’s School 

of Engineering cryogenic lab, due for completion December 2017. The linear HTS 

prototype will be placed inside a vacuum chamber as shown in Figure 4-25. Heat 

convection from the HTS coil will be curtailed by the vacuum and Multi Layer 

Insulation, MLI, which will be wrapped around the coil. Fiberglass supports will limit 

heat transfer to the structure of the prototype and current supply and cryogenic cold 

head connections will be inserted into the chamber through vacuum safe seals. The 

current bearings will be removed, and vacuum rated bearings are to be installed. The 

addition of these bearings will allow not only static, but dynamic testing. Movement 

of the clawpole translator was controlled by human input while external to the vacuum 

chamber, whereas in order to control the translator’s movement in a vacuum a 

leadscrew assembly containing a vacuum rated stepper motor controlled remotely has 

been installed. The stepper motor, lead screw and related supporting structure can be 

seen in Figure 4-26. 

 

Figure 4-24. Vacuum chamber and associated cryogenics and vacuum pumps describing the 

indicative experiment set up required 
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Figure 4-25. Linear HTS claw pole prototype placed within vacuum chamber 

The complete insertion of the machine within the vacuum chamber allows for 

relatively easy access to the HTS coil and active structure in order that it can be 

maintained or require the installation of new sensors or supporting structure. The final 

machine topology is described in Figure 4-26 and Figure 4-27. 

           

Figure 4-26. Left: position of a vacuum proof actuator motor for testing. Right: 

Incorporation of coil and supporting structure into machine design 
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Figure 4-27. Assembled linear HTS claw pole prototype machine 

 

4.3. 30kW HTS Claw Pole Prototype 

In order to move closer to the production of 5 – 10 MW claw pole machine further 

information must be gathered by the design and build of a rotary machine. In this 

section the design and structural analysis of a 30 kW rotary claw pole machine 

prototype will be provided. Scaling up from the linear prototype design resulted in 

operational changes in order to create a practical and cost effective machine design. 

The initial operational results of the linear machine, provided in section 4.2.2 indicated 

that the claw pole translator was suitable for the installation of a superconducting coil, 

while the structure of the machine had to be tailored in order to maintain integrity 

under high magnetic attraction forces. The structure of the rotary machine must 

therefore be created to maintain the operational airgap and integrate a superconducting 

coil and cryogenic system. 
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Figure 4-28, Proposed 30 KW claw pole HTS generator structure, including cryostat and 

stationary HTS field coil 

4.3.1. Electrical Topology 

The requirement to maintain an isolated cryogenic system and SC core is paramount, 

as these are the main benefits of this design. Due to size restraints, cryogenic access to 

the HTS core must pass through the claw pole’s path of rotation. To alleviate this issue 

it was decided that rotating the armature windings would allow the claw poles to 

remain stationary and become part of the support for the HTS core and associated 

cryogenics. Rotating the armature sections of the prototype also allows for 

symmetrical claw pole topology, balanced structural loading. The electrical 

topographies are compared in Figure 4-29 while the specification of the prototype is 

supplied in Table 4-4. 
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Figure 4-29. Left: Proposed 5 – 10 MW electrical topology. Right: Altered topology for 30 

kW prototype 

Quantity Value 

Rated Power 30 kW 

Rated speed 100 rpm 

Inner air gap radius 380 mm 

Outer air gap radius 500 mm 

Length 600 mm 

Individual air gap length 2.5 mm 

Cryostat diameter 800 mm 

Number of poles 24 

Number of armature coils 18 

SC coil current density 91 A/mm2 

SC coil dimensions 12x16.5 mm 

Total SC MMR 18000 A-turns 

Table 4-4. Specification of 30 kW HTC claw pole transverse flux prototype 

4.3.2. Structural Topology 

High magnetic field strength is one of the benefits that enable SC technologies to 

achieve higher power densities. As Figure 4-30 indicates, the normal force per area is 

proportional to the square of the flux density, therefore a small increase in flux density 

can drastically increase the structural loading on the air gap, and this was provided to 

be the case during the testing of the linear claw pole machine. Therefore, for the 
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purposes of this design the flux density will be curtailed to roughly 1.5 T within the 

airgap, but for the purposes of this study the maximum attraction forces were said to 

be 1.2 MN/m2, which takes into account movement within the airgap. Although one 

of the benefits of this design is the symmetrical nature of the forces acting within the 

elements, the structure of this machine must still be designed to effectively manage 

these high attraction forces, as well as the torque present and the rotating mass of the 

armature windings and back iron. The operational torque of this prototype was 

calculated to be 3 kNm while the short circuit torque was calculated to be in the region 

of 18 kNm. 

 

Figure 4-30. The variation of Maxwell stress with flux density 

The structure of this prototype must also be cost effective. The structure provided in 

Figure 4-28 is to be constructed with box steel, steel rebar and compression struts. The 

high strength carbon chrome steel bar compression struts proposed within this design 

can be individually tailored at each spoke to counteract forces which may affect the 

air gap, Figure 4-31. A PM structure is under load at all times whereas utilizing SC 

technology means that the structure will only experience loading when the SC core is 

excited. Variations within the air gap could be monitored with extreme displacements 

triggering a shut off of the magnetic field, thus adding a safety feature to the design. 

For structural simulations the Young’s modulus for box section structural steel is 
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assumed to be 200 GPa with a shear modulus of 77 GPa, while the ultimate yield 

strength of the compression strut is 1030 N/mm2. The proposed rotor and claw pole 

structures are presented in Figure 4-32. 

 

Figure 4-31. Example of compression strut design [213] 

   

  

Figure 4-32. Top: Rotor structure with armature core highlighted in red. Bottom: Claw pole 

structure with claw poles highlighted in red 

The forces modelled on this structure included gravitational loading, centrifugal 

loading, magnetic attraction forces, torque and short circuit torque. Examples of the 

simulated loading and deflections can be found in Figure 4-33 and Figure 4-34. 
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Figure 4-33. Claw pole structure indicating loads and total deflection 

  

Figure 4-34. Rotor structure indicating loads and axial deflection 
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4.3.3. Discussion 

The design is therefore not an optimised structure in the pure sense of the term; instead 

it is a structure which will be used as a test bed to provide further data on the structural 

forces present under loading and vibration testing. The results indicated that the rotors 

maximum radial deformation would be 4% of the airgap length at a maximum stress 

value in the region of 48 MNm-2, while the stator’s maximum radial deformation 

would be under 1% of the airgap length with a maximum stress value of 58 MNm-2.  

The addition of compression struts to the centre of the machine will enable adjustable 

tension to be applied to the armature rotor arms. In this manner the air gap can be 

maintained over various loads. The installation of the HTS field winding and the 

design of a potential cryostat is outlined in [214], an indication of the final structure is 

provided in Figure 4-35. Validating this topology will occur once the structure has 

been manufactured. 

  

Figure 4-35. Complete 30 kW prototype machine including cryostat, HTS field winding, 

armature coils and support structure 
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4.4. Scaled Claw Pole HTS Design 

The main objective of this section is to describe and provide data on the design and 

simulated testing of a 10 MW scaled claw pole HTS machine. In order to produce a 

design that can be considered optimised and competitive with existing and proposed 

SC machine designs the following constraints have been applied to the design. 

• Produce a design which separates the electrical, mechanical and cryogenic 

elements 

• Enable an electrical design which utilizes the high magnetic flux created in the 

SC field core, whilst maintaining stationary field and armature windings 

• Construct a mechanical structure which is light-weight and strong 

• Utilize sufficiently less SC tape in the field winding than most SC machines 

and maintain modularity 

• Endeavour to produce a design which would be competitive and efficient 

compared with current offshore wind power generation options 

   

Figure 4-36. Left: Potential structure for an axial flux configuration. Right: Proposed 

structure for a radial flux configuration [143] [164] 

The transverse flux claw pole machine design can be applied to both radial and axial 

generator topographies, as indicated by Figure 4-36. The radial flux topology was 

chosen for this study since it was considered easier to structurally support the active 

components compared to the axial flux topology. Therefore, the following sections 

will present a radial flux claw pole HTS generator design as proposed in Figure 4-37 

and detailed in Video 1. 
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Figure 4-37. Proposed design of a 10 MW radial flux claw pole HTS connected to an 

indicative wind turbine drive train, hub and rotor blades.  

4.4.1. Proposed Electrical Design 

The proposed HTS generator has been scaled from the linear and 30 kW designs 

presented previously. The machine has a theoretical output of 10 MW using a 

homopolar claw pole transverse flux design suitable for low speed, high torque 

applications as described by Keysan in [164]. The active design of the machine is 

presented in Figure 4-38, and incorporates four stationary superconducting field coils, 

stationary copper armature windings and a rotating core of claw poles to guide the flux 

from the SC coil around the armature coils. The modularity of the design means that 

if a fault occurs in the HTS cooling system, HTS winding or armature windings, the 

remaining sections can continue to generate power at partial load until the next 

maintenance window is available. 
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Figure 4-38. The active electromagnetic topology with indicated flux path 

The design of the clawpoles and the skewed design of the armature back iron means 

that loadings would tend to be symmetrical and balanced. The stationary 

superconducting coil reduces the complexity of the cooling and excitation couplings. 

However due to the use of iron, soft magnetic composites (SMC) or other 

ferromagnetic materials within the design, very high magnetic attraction forces are 

present with in the air gaps. Therefore, the rigidity of the support structure is of upmost 

importance in maintaining a constant air gap. The specifications for the proposed 

machine are provided in Table 4-5. 

Quantity Value 

Rated Power (MW) 10 

Rated Speed (rpm) 10 

Air gap diameter (m) 6.5 

Number of Poles 88 

Phase Voltage 3.3 

Copper Loss (kW) 510 

Core Loss (kW) 7 

Cry cooler (kW) 24 

Efficiency 94.5% 

Length (m) 1.6 

Air gap (mm) 6 

Active component (ton) 55 

Construction mass (ton) 110 

Total weight (ton) 165 

Table 4-5. 10 MW HTS claw pole generator specifications 
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4.4.2. Structural Design 

Results from the construction and testing of the 30 kW machine proposed in section 

4.3 will be fed back into this scaled topology. However, for the purposes of this section 

the proposed structure will be based purely on the optimised electrical design, which 

requires the following physical factors had to be incorporated into the supporting 

structural design. 

• The number of claw poles 

• The length of air gap 

• Dimension of armature back iron  

• Dimension of HTS field core back iron 

• HTS field flux 

These active electromagnetic components are modelled and presented in Figure 4-39. 

For simulation purposes a claw pole rotor structure and a stationary support structure 

for the field and armature cores were produced. Forces were applied to the appropriate 

faces of the structural design emulating magnetic attraction and torsional loading 

forces. Stress and deformation analysis showed areas which required reinforcement or 

removal; through this method an optimized structure was created. 

    

Figure 4-39. Left: 3D representation of the claw poles, red arrows indicate the direction of 

magnetic attraction. Right: 3D representation of active electrical components 

The highest magnitude force that had to be considered was the magnetic attraction 

force between ferromagnetic materials. As previously stated, high magnetic field 
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strength is one of the benefits that enable SC technology to achieve higher power 

outputs; however topologies relying on ferromagnetic materials to direct flux tend to 

experience high forces acting on the structure. The maximum value of the air gap flux 

density is limited by natural permeability of the material. The proposed HTS topology 

incorporates Vacoflux50 into its design. This material has a high saturation point of 

roughly 2.2 T [215]. The flux present with in the air gap for this topology will be in 

the region of 1.8 T – 1.9 T. Although forces are curtailed by the saturation level and 

flux leakage, resulting forces in the air gap can be as high as 1.5 MNm-2. For this 

structure the maximum loading based on magnetic attraction was calculated to be 1.7 

MNm-2; this was in order to compensate for increases in magnetic attraction due to 

deflection. 

The stationary HTS field core and winding will not be required to withstand any large 

centrifugal forces unlike SC systems contained within the rotor. Additionally, there is 

no cryogenic coupler and transient torque on the SC coil, thus allowing the cooling 

and supporting insulation to be simplified. The machine design with a stationary SC 

core removes the complication of producing a cryogenic coupler able to withstand high 

torques and super low temperatures, separating the structural design from cryogenic 

concerns. The electric torsional force can be said to be acting at both the outer and 

inner faces of the armature and similarly on both the outer and inner faces of the 

clawpoles on the rotor. The force was calculated based on the power rating of the 

generator and its rotational speed. Therefore, the total torsional force used in the 

simulations was 9.6 MNm. 

4.4.3. Loading Simulations and Optimisation 

The design has been split into a loaded armature structure and a stationary loaded rotor 

structure. Stress and deformation analysis showed areas which required reinforcement 

or removal; through this method an optimized novel structure was created. The 

simulated bodies were fixed at the connection to the drive train or surrounding nacelle 

structure. For the purposes of this study these connections were treated as rigid. Figure 

4-40 contains a cross sectional view of the structure of the stator and rotor. Highlighted 

in red are the positions of the inner and outer armatures, highlighted in blue is the 

position of the field core and the rotating claw poles are highlighted in green. The 
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loadings shown are noted with arrows indicating the direction in which they act. Red 

arrows denote the direction of the magnetic attraction forces; the pink arrows denote 

the application of torsional loadings, while the large red arrow in the centre indicates 

the direction of gravitational loading.  

  

Figure 4-40. Left: Cross section of stator structure. Right: Cross section of rotor section. 

Forces and fixtures are indicated 

A basic cylindrical structure was produced which supported both the inner and outer 

windings and back iron. The structure was then loaded and structural analysis was 

carried out using Solidworks structural Finite Element Analysis, FEA, simulation 

package. To refine and analyse the results of the FEA studies, several precautions were 

undertaken. Firstly, the mesh applied to the bodies was refined from rough to fine over 

several simulation runs. This allowed for a convergence study to be completed, 

indicating when the resulting stress became most accurate. Secondly, the aspect ratio 

of the mesh investigated to ensure that the percentage of mesh elements with an aspect 

ratio greater than 1 is kept as low as possible, ideally lower than 5%. Thirdly, the 

chosen materials stress level was checked. If the FEA produced stress levels that 

approached 90% of the yield stress of the material, then the body was redesigned to 

strengthen the area in question. Although this was a time-consuming manual analysis 

of the design, it allowed all aspects of the generators structural design to be thoroughly 
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understood. In areas of low stress material was removed and the analysis repeated until 

an optimized balanced bespoke structure was produced. This structure was then 

assessed and common structural steel elements inserted to replace undesirable bespoke 

sections. The whole structure was structurally analysed and elements added or 

removed depending on stress markers. Finally, structural compression and tension rods 

replaced heavier box section in the relevant areas. An example of this process is 

supplied in Figure 4-41, Figure 4-42, Figure 4-43 and Video 2. 

   

Figure 4-41. Stator structure simulation, cooler colours indicate areas of low stress 

   

Figure 4-42. Stator structure simulation, sections removed and simulation re run 
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Figure 4-43. Stator simulation, further sections removed. Simulation re run and yield stress 

observed to insure structural cohesion 

4.4.4. Discussion 

The maximum radial deflection was proved to be below 5% of the air gap, the axial 

deflection was shown to be below 1% axial length and the circumferential deflection 

was calculated to be less than 0.5 degrees. The mass of the armature structure was 

shown to be in the region of 60 metric tons while the mass of the rotor structure 

calculated to be 50 tons, therefore the mass of machine over torque density was 

calculated to be 16.4 kg/kNm. 

 

Figure 4-44. Projections for offshore generator size including trend lines. Blue trend line for 

HTS trends and grey dotted trend line based on Bang et al [143] mass estimations for 

DDPG. Red circle indicates the placement of the 10 MW machine presented in this study 
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Figure 4-44 indicates the relationship between the torque of DDPM and HTS 

generators with their corresponding mass. It can be seen that with a mass of around 

165 tons, the machine outlined in this section is roughly half of the mass of a 

conventional DD machine for the same output and torque. It can also be seen that the 

machine proposed in this chapter roughly adheres to predictions of HTS generator 

mass. However, the machine was not subjected to full short circuit torques which 

implies further study is required to make the machine operational. Other future 

considerations will include the addition of drive train dynamics including harmonic 

loading, vibrations and displacements as well as unbalanced magnetic forces to 

determine the ability of this design to withstand the offshore turbine environment. The 

ability to alter the compression within tension struts to aid with fluctuation within the 

air gap will also be reviewed. In addition, a more accurate model of the dynamic nature 

of the magnetic attraction forces due to the rotation of the claw poles will be produced. 

Analysis of the connection of the SC core and field winding will be studied and 

loadings from harmonic vibrations and stall will be assessed to add to the machines 

structural integrity. 
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Chapter 5.  

Linear Bearing Tests 

5.1. Offshore Renewables 

The installation of power generation devices in the harsh marine environments places 

increasing pressure on the reliability and longevity of mechanical components such as 

bearings. In addition, the forecasted size and rating of these machines is pushing 

bearing technology to the limits of their capacity. As professed in previous chapters, 

minimum O&M costs, and maximised running times are vital to wind, wave and tidal 

stream devices to maintain economic viability. Often failures in offshore machine 

components prove expensive and difficult to replace, especially if located below the 

seas surface or far from shore. Weather factors can also disrupt maintenance and 

repairs, increasing down times indefinitely. Improving the reliability of these energy 

harvesting systems is crucial to the development of an economically viable, clean, 

sustainable, energy infrastructure.  

As mentioned in Chapter 2, the reliability of bearings has proven problematic for 

renewable energy devices. The majority of offshore devices come into contact with 

the corrosive nature of the marine environment. Salt water corrosion, bio-foiling, salt 

spray and humidity can degrade traditional bearing solutions designed for onshore 

applications. However shipping and other offshore industries have been utilising 

materials to suit the offshore environment for centuries. Bearings for ship propulsion 

systems were traditionally water lubricated and although synthetic lubrication systems 

were introduced in the 20th century, water lubricated journal bearings are now being 

utilised again [216]. Therefore, marine polymer journal bearings are a potential 

solution for marine renewable devices and in order to understand and improve the 

reliability and durability of incorporating these materials into offshore energy devices, 

mechanical testing is required.  

The testing of rotary bearings is fairly common, an example of which is supplied in 

Figure 5-1. In a similar manner, wind turbine bearing testing is often aimed at 
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replicating the loads transmitted from the turbine’s hub and blades, including off 

balanced loads. The loads are applied via finely controlled actuators or motor inputs. 

Results focus on material performance, durability deflection and stiffness 

measurements. However, results from linear bearing testing are scarce, especially 

when it comes to linear polymer surface bearings since their large scale application is 

predominantly in the shipping industry for rotary prop shaft applications. Therefore, 

this chapter will discuss the testing of polymer bearing material samples, including the 

calculation of loads, the design and build of a test rig and a comparison of wet and dry 

testing data. 

 

Figure 5-1. An example of a high speed radial bearing test rig for the rail industry [217] 

5.2. Loading 

The choice of machine and device topology indicates the size and design of bearings 

required, as well as the direction and magnitude of loads acting on the machines 

structure. Although real world wave loading data was not available during the period 

of this study, an analytical loading study was performed in order to gauge the validity 

of testing the performance of bearing samples under specific surface pressures. For 

purposes of the loading study a small 5 kW linear C-GEN machine topology is 

incorporated into a theoretical point absorber device. The resulting data from the 

loading study will then be utilized as applied loads on the bearing samples during 

testing.  
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5.2.1. Marine Wave Loading 

A cylindrical heaving buoy of height 2 m and diameter 3 m was connected to the 5 kW 

C-GEN machine. The buoy will be submerged in water with a depth of 25 m, similar 

to installation provided in [218]. The 5 kW C-GEN generator topology used for this 

study is described with more detail within Chapter 6, however for this study consists 

of an external generator structure of 1.8 m in height, 0.65 m wide and 0.15 m deep.  

In this study, Morison’s equation [219], was used to calculate the horizontal force and 

moment on the buoy due to an incident sinusoidal wave of period T and wave 

amplitude a  in a water depth h. For the purposes of this calculation, the buoy is split 

in to horizontal strips. The Morrison’s equation can be used to provide the horizontal 

force, dF, across each strip of the frontal area, :/
-C�, of a cylindrical buoy with 

volume V.  

Where d is the height of the buoy and D is the diameter of the buoy. The Morrison 

equation relies on the horizontal fluid velocity and acceleration at the midpoint of each 

strip, u and ��  respectively, as described by Equation 5-3 and Equation 5-4. 

Where � is the vertical fluid velocity at the midpoint of the strip, � is the wave phase, k is 

the wave number, H is the total water depth and z is the depth of the midpoint of the 

specific strip. The horizontal forces acting on each strip can then be calculated and summed, 

as indicted by Equation 5-5.  
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Where 
 is the density of water, Cm is the coefficient of inertia and Cd is the drag 

coefficient. However, the Morison equation has certain limitations. For example, it can 

only be used when the diameter of the cylinder is much less than the wavelength.  

Furthermore, the two empirical hydrodynamic coefficients: Cm and Cd, depend on a 

number of parameters such as the Reynolds number, roughness and flow parameters. 

Achieving correct values of these coefficients is difficult, in this study, representative 

values of 1.3 and 0.6 where used for Cm and Cd, respectively. The assumption used 

within this decision is that the buoy as a smooth surface creating a laminar flow over 

its surface rather than turbulent. 

Figure 5-2 indicates a graphic version of a loading case for a submerged point 

absorbing buoy. Horizontal forces and moments are calculated for normal wave 

operating conditions and an extreme wave loading in various water depths. The 

calculation of loads within the analytical code took place at the extreme values of the 

point z_m, i.e. the top and bottom of the generation stroke.  

 

 

Figure 5-2. Submerged 3x2m point absorber, indicating a full generation stroke of in 

shallow water  
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5.2.2. Wave Loading Results 

To calculate the loads produced from various sea states, statistical wave data has been 

obtained from a WEC developer. The amplitudes and periods of various wave states 

verses the percentage of time they are active have been supplied in Table 5-1. It can 

be said that waves which operate for a higher percentage of the year would be 

considered this device “normal” operating state, whilst waves which occur less 

frequently are towards the extreme wave size for a power take-off of this size and 

design. The resulting forces are included in Table 5-1 and indicate the force values that 

would be exerted on the buoy and point z_m for the top and bottom of the generators 

stroke. These results will be used in tandem with the results from the bearing test rig 

in order to validate the loading method. The source code has been provided in 

Appendix C with the resulting moment and force graphs for the wave conditions 

provided below. 

Top of Stroke Bottom of Stroke 

A (m) T (s) % Time FTot Buoy (kN) MTot z_m (kNm) FTot Buoy (kN) MTot z_m (kNm) 

0.76 5.20 51% 11.6 163 10 140.6 

0.86 6.80 16% 9.8 138 9 126.6 

1.55 6.40 16% 19 268.5 17.3 243.4 

1.83 7.70 12% 17.7 248.9 16.6 232.7 

2.59 8.30 4% 22.6 317.7 21.4 299.9 

2.85 9.60 1% 22.8 319.9 21.9 307.5 

Table 5-1. Sea states values and occurrences provided by a WES device developer with the 

calculated applied forces/moments 

5.3. Polymer Journal Bearing Testing 

Polymer bearings are simplistic in nature, mostly produced from one material, they are 

relatively easy to produce in any topology, when compared to metal or alloy bearings. 

They have been proven to be corrosion resistant with low friction values, normally 

operating on a self-deposited thin hydrodynamic film of material which gradually 

wears the bearing down over time. These self-lubricating bearings can operate in both 

dry and wet conditions, dependant on load and velocity. Figure 5-3 indicates the build 

of the hydrodynamic film, indicating that for optimised operation a polymer journal 

bearing needs to operate under a minimum load. In this manner the life span of a 

polymer bearing can be assessed based on its wear rate whilst operating in conditions 

above its minimum load requirement.  
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Figure 5-3. Stribeck curve illustrating the build-up of the hydrodynamic film on a journal 

bearing. Zn/P is the hydrodynamic parameter of the material [123] 

A full study of self-lubricated bearings has been produced by Caraher in [119] and 

their operation in offshore renewable machines have been proposed by Meicke et al 

[220], YDong et al [221] and Nakanishi et al [222]. A selection of four polymer 

materials were selected for this study. In order to maintain anonymity, the 

manufacturers will not be named within this study. Instead the bearing samples will be 

referred to as bearing sample I, II, III and IV. Examples of the bearing samples 

machined and ready for testing are provided in Figure 5-4. 

 

Figure 5-4. Bearing material samples with corresponding reference. 

Details of the test samples physical properties are provided within Table 5-2. 
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SAMPLE I SAMPLE II SAMPLE III SAMPLE IV 

Density (g/cm3) - 1.4 1.15 1.49 

Water absorption wt% 1.3 0.034 2.8 1.3 

UTS (MPa) 37.5 92 85 - 

Hardness (Shore D) - 83 83 74 

Max temperature (⁰C) 107 110 95 90 

Dry friction co-eff 0.1 - 0.2 ~ 0.1 0.25 0.06 – 0.18 

Wet friction co-eff 0.1 - 0.2 0.1 - 0.17 - 0.04 

Table 5-2. Test samples physical properties 

The test samples were machined into rectangular blocks, the dimensions of the pads 

are provided in Figure 5-6. For rigidity during testing the samples are bolted to an 

aluminium c shaped support clamp as demonstrated in Figure 5-5. In order to correctly 

identify specific bearing pads, the position of their installation was noted as A, B and 

C.  

  

 

Figure 5-5. Linear bearing test rig c shaped supporting clamp with installed bearing 

samples. Arrows indicate order and placement of bearing sample pads 

A 
C 

B 
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Figure 5-6.  Bearing pad dimensions 

5.3.1. Linear Test Rig Design 

The bearing test rig and testing programme was developed with advice from a sub-sea 

bearing manufacturer. Standard bearing testing involves applying a point load, 

however it was felt that this was not appropriate, and the test procedure should mirror 

the actual application and operational conditions. Therefore, a reciprocating linear 

bearing test rig was designed for both dry and wet testing environments. The original 

test rig topology is presented in Figure 5-7, while the constructed test rig is provided 

in Figure 5-8. The overall design consists of a CDG1BN50-500 air piston capable of 

supplying a maximum of 0.7 ms-1 with a piston length of 0.5 m. The piston connects 

to a linear carriage supported by two sets of 30mm NSK ball bushings bearings and 

two hardened and ground steel guide rails. These components are installed on top of a 

stainless-steel tank with a removable lid. The construction of the test rig was completed 

by Fountain Design Ltd. 

 

Figure 5-7. Simplified linear bearing test rig 



Advancement of Direct Drive Generator Systems for Offshore Renewable Energy Production 

 

144 Chapter 5: Linear Bearing Tests 

 

      

Figure 5-8: Constructed linear bearing test rig. Left: Completed rig including actuators 

connected to the piston carriage. Right: The fabricated c-support with Type III test samples 

The testing methodology for the bearing samples was to bolt each sample in to a c 

shaped support bracket which could be removed easily for bearing assessment and 

sample removal. The c-support is attached to the piston carriage which in turn drives 

the bearing sample back and forth on a stainless steel box section guide. A stroke is 

considered to be one cycle of the piston movement, equal to 1 m, each cycle is recorded 

on a counter thus providing the distance travelled in meters. In addition to the basic 

reciprocating operational design, compressed air actuators mounted on the piston 

carriage apply vertical and torsional loads to the c-support and in turn to the bearings. 

Further explanation of the bearing test rig construction is presented in Figure 5-9 and 

Table 5-3. 

         

Figure 5-9. Critical bearing test rig components. Left: External. Right: Internal 
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1 Piston carriage 

2 Piston 

3 Vertical actuator 

4 Load cell (rated 500 N) 

5 Torsional actuator 

6 Hardened steel guide (Dia 30mm) 

7 Stainless steel tank 

8 Removable tank lid 

9 C-support connection 

10 Thermocouple 

11 C-support and bearing samples 

12 Stainless steel box section guide rail 

Table 5-3. Details of test rig design components 

The application of loads and the speed of the test rig has been designed to emulate as 

close as possible the real life working conditions of the bearing material in a generator 

used in a wave device. Bearing pads A and C are expected to experience most of the 

torsional loading, while the bearing pad located in position B will experience the 

majority of the horizontal loading. The rig can apply up to 500 N of both vertical and 

torsional loading as well as a horizontal driving load of ~982 N and a maximum return 

load of ~ 800 N. However, these loads are dependent on the available pressure of the 

compressed air supply. Unfortunately, a private compressed air source could not be 

obtained so loads and reciprocating velocities fluctuated over the length of the tests. 

5.3.2.  Testing Procedure 

During discussion with the bearing manufacturers it was decided that a surface 

pressure value of between 0.1 – 0.5 MPa for all samples would be achievable for these 

tests. Primarily operating on bearing pad in position B and whilst the surface pressure 

for pads in position A and C were maintained under maximum operational surface 

pressures. Reciprocating velocities were aimed to be maintain between 0.4 – 0.6 ms-1, 

mimicking a normal sea state WEC operation [119]. Most WEC devices are expected 

to be subjected to 5000 hours of operation per year, with bearings travelling up to 8400 

km [220]. Traditionally devices are designed to for 1 million cycles of operation [119]. 

However due to time restraints a distance of 200 km was achieved as the minimum 

distance of travel for all bearing pads, producing 2x105 cycles of the bearing along the 

guide. One sample achieved up to 500 km or 5x105 cycles in order to validate 

extrapolated data. 



Advancement of Direct Drive Generator Systems for Offshore Renewable Energy Production 

 

146 Chapter 5: Linear Bearing Tests 

 

All bearings will be tested in both dry and salt water conditions for continuous periods. 

Before testing each sample will be weighed and imaged, if the bearing is being tested 

wet, the pads will be soaked in water over a week and weighed in order to define their 

saturated mass. Artificial salt water was produced using an aquarium salt mix 

recreating the salinity of the North Sea equal to 3.5 parts of salt to 1000 parts water, 

with a density of ~1030 kg/m3. Once clamped in place and installed into the test rig, a 

thermocouple will be installed within the top bearing pad to monitor the bearing pads 

operational temperature. During testing observations will be made every 50 -100 km, 

at which point the samples will be removed, briefly dried (if required) and weighed. 

Once complete the wear rate of the bearing pads (g/100km) will be calculated.  

5.3.3. Mechanical Faults 

The bearing test rig was constructed to run a simple reciprocating motion 24 hours a 

day 7 days a week. However, over time the rig suffered various faults, which cost 

testing time, but in some cases led to functional improvements of the testing design. 

Over the course of 5 months, the compressed air supply failed a total of 8 times 

necessitating the replacement of two compressors and the installation of a large 

compressor capable of supplying 150 cubic litres of air at up to 14 bar. However due 

to an existing manufacturing fault which was exacerbated by a 24/7 testing schedule, 

the compressor failed after only 1 month of continuous supply.  

In addition, it was discovered that the piston connection to the top carriage was too 

rigid, leading to the shearing of the L bracket connection, as shown in Figure 5-10. 

The L bracket was produced from two sections of aluminium bar welded together on 

the inside of the L joint. Off centre operational loads caused by inaccuracies during 

construction were exacerbated by the back and forth movement of the rig, eventually 

causing failure at the point of the weld. A new design was proposed which included a 

universal joint, a steel L bar section and a load cell to monitor the horizontal load and 

make it easier to evaluate friction coefficients. The proposed design is provided in 

Figure 5-11 while the fabricated and installed design is provided in Figure 5-12. 
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Figure 5-10. Damage to L bracket connecting piston to load carriage 

       

 

Figure 5-11. Proposed improved piston load carriage topology, including ball joint and load 

cell with reinforce L bracket connection 
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Figure 5-12. Installed improved piston load carriage topology, including ball joint and load 

cell with reinforce L bracket connection 

During sea water testing the seals on the air piston disintegrated as did the ball bearing 

bushings for the piston carriage. As a result, the hardened steel guide rails were heavily 

scoured and the piston’s ram was heavily damaged. To combat the effects of corrosion 

brushes were installed to minimise splash back. A new piston was installed with a 

reinforced aluminium support and silicon grease has been applied to the hardened steel 

guide rails in an attempt to reduce the risk of bearing disintegration further. 

5.3.4. Bearing C-support Alterations 

Initial results from dry tests showed that a slight rocking motion was present at the 

start and end of each cycle resulting in an uneven wear profile on the surface of the 

bearing pads. To counteract this movement, the bearing clamp and method of attaching 

the bearing samples has been modified by adding springs between the pad and the 

supporting aluminium clamp, ensuring as much surface contact between the bearing 

pads and the guide rail at all times.  
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Figure 5-13. Improved linear bearing test rig c-support topology with sprung bearing pads. 

Spring locations shown in green 

However, during initial tests with the new c-support it was discovered that the bolts 

maintaining the pads and springs in place were moving and coming into contact with 

the guide rail. This resulted in deep scouring of the stainless steel guide rail and heavy 

abrasion to the surface of the bearing pad, examples of which can be found in Figure 

5-14. In In order to counter act this problem, wire locking bolts were introduced to 

make sure there was no further movement in the bolts. 

   

Figure 5-14. Left: Abrasion to bearing surface caused by metal shards from damaged guide 

rail. Right: Two damaged bearing guide rails 
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An additional side effect of installing a sprung bearing system is that the springs also 

added force in the normal direction to the samples surface contact. With a spring 

coefficient of 4.7 N/mm, and load length of 9.4 mm, two springs can add an extra 50 

- 60 N of normal load to each bearing pad, at a compression of 2-3 mm depending on 

rocking motions. To validate this calculation a bearing pad was placed into a loading 

machine with the resulting force data provided in Figure 5-15. The plot includes the 

calculated data starting from the load length and generally shows good agreement 

between the experimental and calculated load. The majority of bearing samples were 

tested again with the new bearing clamp, unfortunately data from wet testing of Type 

I bearing sample was not completed due to time constraints.  

 

Figure 5-15. Spring coefficient vs experimental data 

5.3.5. Loading Results 

The addition of a load cell to the pneumatic piston of the bearing test rig has allowed 

the collection of load data perpendicular to the surface of bearing B. While the machine 

has 6-8 bar of air pressure it is operating at the optimum rate, 0.5 - 0.6 m/s with a 

vertical and torsional loads of between 200 – 500 N. For all bearing test pads both dry 

and wet load data was recorded, an example of bearing sample Type II total applied 

force of 588 N provided in Figure 5-16 and Figure 5-17 respectively.  
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Figure 5-16. Friction force during 0.5 ms-1 operation 

 

Figure 5-17.  Friction force during 0.6 ms-1 operation 

Results from the wave loading study indicate the maximum top stroke horizontal force 

would occur under a wave amplitude of 2.59 m and a wave period of 8.3 seconds. 

Therefore, the maximum applied load at the centre of the machine topology, based on 

ridged buoy connection to the PTO as provided in Figure 5-2, would be 22.8 kN at the 

top of stroke and 21.9 kN at the bottom of the stroke. However, waves of that severity 

would occur for 4% of operational time, therefore the bearing pads and structure of the 

machine would be fabricated to withstand operation during these intermittent high 

loads. During normal operation the machine would experience a top stoke load of 11.6 

kN and a bottom stroke load of 10 kN. To maintain a surface pressure similar to the 
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pressure produced in this study, a total of 0.0116 m2 of bearing surface would be 

required. Using this area it can be calculated that the maximum pressure the bearings 

would experience during dynamic operation would be 1.94 MPa, well within all 

materials operational surface pressures. In comparison the bearing pads installed in the 

test rig have an active surface area of between 0.003 – 0.005 mm2.  The bearings pad 

samples recorded maximum loading values as indicated in Table 5-4. 

5.3.6. Bearing sample results 

It was noted during dry testing that there was more wear visible on pads A and C for 

a smaller surface area, while pad B maintained a fairly uniform wear rate across it’s 

surface. Before sprung bearing pad tests the surface contact on the bearings was 

significantly lower as showing Figure 5-18. Uneven surface wear was due to a rocking 

motion present on the bearing clamp angled on the outward stroke compared to the 

return stroke. This change in surface contact varied the pressure per unit area 

experience by the bearing. It has been calculated that, depending on the available 

compressed air pressure and surface contact area, the loading on each samples bearing 

pad B varied from 0.2 MPa to 2.5 MPa. The installation of the sprung bearing assembly 

allowed the distribution of loads across the bearing face resulting in surface wear as 

presented in Figure 1.9. The summary of the bearing tests are presented in Table 5-4 

and Table 5-5.  

 Type I Type II 

 Dry Dry Wet 

 Sample I_A Sample I_B Sample II_A Sample II_B Sample II_A Sample II_B 

Original Mass 55.25 55.03 70.53 70.51 67.7 67.38 

Max Operation 

Speed 
0.4 0.6 0.6 

Distance 

Travelled km 
218 501 590 

Max 

Temperature 
115 51 15 

% mass lost 0.724 1.036 0.539 0.284 6.041 2.909 

Wear rate 

(g/100 km) 
0.183 0.263 0.059 0.031 0.566 0.272 

Manufacturers 

Friction Co-eff 
0.1 -  0.2 ~0.1 0.1  -  0.17 

Calculated 

Friction Co-eff 
0.5 0.15 0.17 

Table 5-4. S Summary of Type I and II experimental results 
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 Type III Type IV 

 Dry Wet Dry Wet 

 Sample 

III_A 

Sample 

III_B 

Sample 

III_A 

Sample 

III_B 

Sample 

IV_A 

Sample 

IV_B 

Sample 

IV_A 

Sample 

IV_B 

Original Mass 50.79 51.06 48.4 48.61 62.02 63.14 61.2 62.07 

Max Operation 

Speed 
0.5 0.45 0.6 0.6 

Distance 

Travelled km 
210 204 205 215 

Max 

Temperature  
80 17 55 18 

% mass lost 1.969 1.391 4.170 4.732 0.306 0.285 0.899 0.757 

Wear rate 

(g/100 km) 
0.518 0.366 1.129 1.282 0.082 0.077 0.231 0.195 

Manufacturers 

Friction Co-eff  
0.25 - 0.06  -  0.18 0.04 

Calculated 

Friction Co-eff 
0.38 0.45 0.21 0.21 

Table 5-5. Summary of Type III and IV experimental results 
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Dry Tests 

 

Figure 5-18. Bearing pad surface wear from initial tests before sprung bearing pads were 

employed. (A) Type I (B) Type II (C) Type III, (1) New pad; (2) Pad B surface wear; (3) Side 

view of pad B wear 

The wear on the bearings for dry operation is graphed in Figure 5-19 while Figure 

5-20, the extrapolated wear is provided up to 5000 km, equal to 5x106 cycles. 
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Figure 5-19. Distance vs mass lost for dry bearing operation 

 

 

Figure 5-20. Extrapolated bearing data for dry tests indicating high wear rates with 

increased line gradient   
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Wet Tests 

During wet testing, most pads experienced a higher rate of material loss. This led to a 

more uniform wear pattern on the surface of each sample, as highlighted Figure 5-21.  

  

Figure 5-21. Type II. (A1) New Pad (A2) Pad B Surface Wear after 350km (A3) Side View of 

Pad B Surface Wear 

Type II, III and IV bearing materials were tested wet. The results of loss of mass on 

the bearing samples during operation are shown in Figure 5-22 and extrapolated out to 

5000 km in Figure 5-23. Type II bearing material did not perform as well in terms of 

wear rates, while type III performed with only slightly more wear than during the dry 

tests. Type IV retained more material during testing for the wet bearings. Once again 

even with this greater amount of wear the bearing material still exhibits a reasonable 

lifetime under the conditions of the test. 

 

Figure 5-22. Distance vs mass lost for wet bearing operation 
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Figure 5-23. Extrapolated bearing data for wet tests indicating high wear rates with 

increased line gradient 

The results of the bearing tests were used to calculate the average wear expected per 

100 km. A summary of this data is provided in Figure 5-24. 

 

Figure 5-24. Wear rates over the samples during testing, solid for dry testing, and shaded 

for wet testing 
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5.3.7. Microscopy Imaging 

Initially bearing samples were to be imaged using microscopy to view the changes in 

each sample’s surface material, review site specific damage, wear patterns and pitting 

over the course of testing. However due to time restraints and difficulties in accessing 

suitable equipment, a full material study could not be complete. However, for 

completeness initial results for all bearing samples are presented here. 

The Microscopy images provided in Figure 5-25, Figure 5-26 and Figure 5-27 were 

taken once before testing had commenced. Whilst the samples included in Figure 5-28, 

Figure 5-29, Figure 5-30 and Figure 5-31 record the surface wear and damage once 

testing had commenced. The samples were each cleaned with a non-corrosive 

degreasing agent and water. The samples were then dried and prepared for imaging. 

The microscopy camera allows observation of the wear in the bearing pad samples, 

including unusual wear effects for comparison of the wear processes over the range of 

sample materials.  

   

       

Figure 5-25. Sample I before testing. Top: Machined bearing pad. Bottom Left and Right: 

Irregular surface produced during machining 
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Figure 5-26. Sample II before testing. Top: Machined bearing pad. Bottom Left and Right: 

Surface images 

 

  

Figure 5-27. Sample III before testing. Top: machined bearing pad. Bottom Left and Right: 

Surface images 
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Figure 5-28. Sample IV after 50 km salt water testing. Top: Bearing pad showing wear. 

Bottom Left and Right. Break in wear from guide rail 

 

  

Figure 5-29. Microscopy of sample I after 150km dry testing. Top: Bearing pad showing 

wear. Bottom Left and Right: Imaging taken from scorched area 
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Figure 5-30.  Microscopy of sample II after 150km. Bottom Left and Right: Indicating 

embedded particles 

 

   

Figure 5-31. Microscopy of sample III after 150km. Bottom Left and Right: Indicating a 

scored surface 



Advancement of Direct Drive Generator Systems for Offshore Renewable Energy Production 

 

162 Chapter 5: Linear Bearing Tests 

 

One of the most interesting images comes from Figure 5-29 which contains results 

from sample I. The first noticeable structure is the porous or sponge like texture of the 

materials surface. It is thought that, due to increasing friction during testing, the high 

temperatures experienced by the pads has altered their surface structure. The scorching 

marks are clearly visible without magnification. The second feature worth noting is 

that the porous surface has been filled with debris from the guide rail suggesting that 

mass data could be incorrect. Figure 5-30 contains images of sample material II, the 

surface of which has been worn very smooth. However metallic particles have been 

deposited on the samples surface, again potentially leading to false mass readings. 

Figure 5-31 contains images of sample III and indicates a worn surface with striations 

visible along its surface. The continuation of this study will be discussed in chapter 7. 

5.4. Discussion 

A linear bearing test rig has been successfully designed and built with the capability 

of applying loads during dry and fully flooded salt water testing. Four different 

polymer bearing materials have been used as test samples, undergoing extended wear 

testing up to 500 km in both dry and wet environments. Unfortunately, the force per 

unit area and the speed of the bearing test rig has varied due to irregular compressed 

air supply. Although this has hampered the collection of data, the testing period was 

sufficiently long enough for some design changes to be implemented to the test rig and 

the retesting of bearing samples to be completed. 

The outcomes of the testing process have highlighted two important outcomes. Firstly, 

material wear rates during wet tests were generally significantly higher than those 

noted during dry testing. There are several explanations which could account for this 

difference: 

1. The outside layers of the sample material may have been saturated by water 

leading to a more porous, softer contact surface when wet. This would lead to 

an increased rate of wear. All samples were weighed before and after being 

submerged within the salt water mix, although this was originally to enable 

accurate measurement of material loss, it also indicated that some samples held 

higher water content after saturation. Materials which experienced the highest 
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difference in wear between dry and wet operation also had the highest 

saturation levels. 

2. The nature of linear operation compared to rotary operation would likely 

suggest that a fully formed hydrodynamic layer would be partially or fully lost 

at the end of each linear stroke. Therefore, if the surface of the bearing material 

was saturated and easier to wear, then material would be lost from the film 

layer at a quicker rate than that of the harder dry bearing sample.  

3. Particulates of metal were less likely to become embedded within the bearing 

material during wet operation. Particles of metal were found embedded in the 

bearing samples surfaces more often during dry operation, with many wet 

samples showing smooth surfaces free of particle impregnation. The particles 

were the result of metal entering the chamber from wear experienced by the 

test rig assembly. Therefore, it may be possible that embedded material in the 

dry bearing samples gave inaccurate weighing results, leading to a greater 

inaccuracy between sample weights.  

Secondly, when the dry and wet friction coefficients of each sample were calculated, 

as supplied in Table 5-4 and Table 5-5, it was noted that all samples (with one 

exception) had higher friction coefficients compared to the manufacturers data, Table 

5-2. Although the coefficients would not necessarily impact the bearings operation 

negatively, this difference would suggest that the linear operation of these bearings is 

significantly different from rotary operation. However, discrepancies between the 

material data and testing could be explained by temperature differences, velocity 

differences, inaccurate load cell data and the start stop nature of linear testing.  

Finally, when each bearings friction force was analysed, they were found to be very 

similar over the length of the stroke, with higher shock loads at the end of stroke and 

less loading on the outward stroke than the backward stroke, indicating that the 

pneumatic pistons load capabilities during the stroke changed. After extrapolation of 

the results to 5000 km of travel samples II and IV performed best, whilst also having 

the lowest calculated friction coefficients. If the machine is considered to complete 

one cycle a meter and a million cycles are expected within one year, then 5000 km 

approximates to 5 years of operation. The bearing samples of this size would be 
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expected to have survived that period of testing. Unlike mechanical bearings, polymer 

bearings have been shown to have a more predictable service life, with the ability to 

size the depth of bearing material depending on the life span required before 

maintenance. The bearing material could therefore be designed for a life span in excess 

of 5 years, however this would require some thought on how the bearing would be 

maintain in position as it lost surface material. Currently, many devices predict 

scheduled maintenance operations to occur at time intervals of 5 years, therefore 

modular bearing pads assemblies could be removed and replaced easily and at a much 

lower material cost than mechanical bearing assemblies. Finally, it can be postulated 

that polymer bearing materials would also be much lighter than their metal 

counterparts, allowing for easier transportation and a reduction in the overall mass of 

the device and power take off. 
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Chapter 6.  

Flooded Direct Drive Machines 

6.1. Introduction 

It has been discussed in previous chapters that the offshore environment is detrimental 

to the operation of machines. Often the corrosive nature of the sea effects seals and 

whilst at times the inability to transfer heat away from the vital power take off 

components decreases machine efficiency. Chapter 4 noted various power take off 

methods and drive train loading, concluding that often utilising the simplest 

components can improve reliability and move technology forward. Thermal modelling 

completed in WES Stage 2 Cooling System Design Report, [223], indicates that a 

flooded airgap would provide a more efficient method of heat transfer within a PM 

machine topology.  

Not all generator topologies suit a flooded airgap, however a low speed PM machine 

with adequate material protection has the potential of harnessing the heat transfer 

available within sea whilst removing seals, mechanical bearings and additional 

protective structures such as nacelles. Therefore, this chapter will investigate the 

benefits, in terms of cooling and generator efficiency, that marinisation can offer 

through physical testing. This chapter will discuss: 

1. The construction of a miniature PM linear generator in order to assess the 

benefits of an open machine construction, primarily focusing on utilising 

surrounding water as a cooling agent for three coil topologies, comparing 

results with dry testing data.  

2. The continuation of wet and dry tests carried out on a 5 kW C-GEN prototype 

generator.  

3. A synopsis of methods for the protection for marinised machines. 
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Figure 6-1. Small linear machine stator topology 

6.2. Miniature PM Linear Thermal Test Rig 

A small linear PM machine was manufactured by Fountain Design Ltd, Figure 6-1.  

The topology consists of a double-sided castellated magnet stator bolted vertically into 

a stainless-steel tank with a viewing port, Figure 6-2. A pneumatic air piston was 

installed at the top of the tank, to which various translator designs were connected for 

reciprocating linear testing, Figure 6-3 indicates the topology of an epoxy potted 

translator. The production of a small rig allowed for a more economical method of 

testing various translator topologies before scaling up to a large machine design.  

During stationary tests a constant DC current was supplied to the coils. Unfortunately, 

due to the size and specification of the installed neodymium iron boron magnets, the 

magnetic field produced was not large enough to create the required current within the 

coils during reciprocating operation, therefore it was decided that an external DC 

current source would supply the required current supply to the coils during dynamic 

testing.  

Number of turns 130 

Diameter of wire 0.75 mm 

Active length 100 mm 

Width 41 mm 

Number of coils 3 

Table 6-1. Specifications of smaller linear machine windings per translator sample 
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Figure 6-2. Left: Construction of small linear machine within a stainless steel tank. Right: 

Small linear machine flooded with artificial sea water 

 

Figure 6-3. Three coil epoxy potted translator blade sample, CAD assembly 

6.2.1. Test Programme 

Sample copper windings contained within a translator structure for testing are 

presented in Figure 6-4.  In order to investigate the benefits of a flooded air gap, three 

topologies of translator were considered, a simple enamelled coil translator, an epoxied 

coil translator with gaps and a fully epoxied translator. The topologies were chosen 
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based on the outcomes of a WES Cooling System Design Report, [223]. For all 

translators, three copper windings were installed, the specifications of which are 

provided in Table 6-1. The epoxy resin used within these tests is PC5308 blue epoxy, 

details of which can be found in Appendix B. 

 

Figure 6-4. Test rig samples. Left to right: Epoxied coils with gaps, fully epoxied coils, 

enamelled coils 

For each test a coil sample was inserted into the test rig and connected to a power 

supply, combined with a variable resistor in order to vary the excitation current, Figure 

6-5. The coils would then be excited with a DC current supply in order to simulate 

expected operational loading. The resistance of the coils would be measured at regular 

intervals to assess increases in coil temperature while thermocouples were placed on 

the external face of the translator located in the centre of the second embedded coil. 

The pneumatic air piston was connected to a compressed air supply that allowed for a 

maximum velocity of 0.7 ms-1 during testing. However due to a fluctuating compressed 

air supply and increased forces created by the interaction of the PM magnetic field and 

the magnetic field produced by the excitation of the sample coils, velocities varied 

over the reciprocating tests depending on the compressed air supply and the excitation 

current. The average speed was recorded and noted for each test. For flooded testing 

an artificial sea water was used, as described in chapter 5, produced using an aquarium 
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salt mix recreating the salinity of the North Sea equal to 3.5 parts of salt to 1000 parts 

water, with a density of ~1030 kg/m3.  In order to prevent damage to the coils, it was 

decided that testing would stop once the external temperature approached 90 ⁰C, 

therefore the experiments were stopped every 5 minutes in order to record the 

temperature and coil resistance data. 

 

Figure 6-5. Testing equipment and samples. Left to right: Power source, variable resistor, 

sample coils and ammeter 

Individual stationary dry and flooded tank tests were completed for DC currents 

ranging between 0.5 - 3 Amps per coil. The results of these tests were compared in 

order to provide data on heat transfer while stationary within an enclosed metal 

structure.  Stationary to reciprocating flooded tests were complete for DC currents 

between 4 – 8 Amps, in order to provide data for increasing thermal transfer via a 

movement and induced turbulent flow. 

6.2.2. Results Comparison 

For the purposes of this section the maximum recorded current data for each 

experiment will be graphed to describe the most extreme temperature changes for easy 

comparison.  

Stationary Test Results 

The stationary test results are graphed to compare the effect of the air gap medium on 

the same coil topology.  
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Figure 6-6. Enamelled coils, 3 A/coil. The final temperatures of the potted surfaces are 

highlighted 

 

Figure 6-7. Epoxied coils with gaps, 3 A/coil. The final temperatures of the potted surfaces 

are highlighted 

 

Figure 6-8. Epoxied coils, 3 A/coil. The final temperatures of the potted surfaces are 

highlighted 
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Figure 6-6, Figure 6-7, and Figure 6-8 show the temperature results for stationary 

translator dry and flooded testing with 3A DC current per coil. In each test the 

temperature was allowed to rise to close to an equilibrium value, and it can clearly be 

seen that operating in water has a significant thermal impact on the coils. All coil types 

perform similarly when stationary. 

Stationary to reciprocating testing 

 

Figure 6-9. Movement with 4 Amps excitation per coil 
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Figure 6-10. Movement with 6 Amps excitation per coil 

 

Figure 6-11. Movement with 8 Amps excitation per coil 
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Figure 6-9, Figure 6-10 and Figure 6-11 indicate cooling benefits when moving the 

translator on the winding temperature when operating wet. The dotted line shows the 

point at which movement was initiated. For all coil samples, the temperature reduces 

after the translator starts to move, and the decrease in temperature depends upon the 

velocity of the translator. The results in Figure 6-9, Figure 6-10 and Figure 6-11 

indicate that the enamelled coils perform best when stationary and moving for all 

currents. The result for stationary contradicts the previous results for 3 Amps per coil. 

However, it is to be expected as there is less of a thermal barrier with no epoxy. In 

addition, the surface around the bare enamelled coils will be rougher than the epoxy 

potted coils, resulting in more turbulence.   

Resistive and Thermal Data Comparison 

The remaining graphed results provided in Figure 6-12, Figure 6-13 and Figure 6-14, 

compare the internal resistance of the coils and its corresponding external temperature 

in order to validate the temperature results. As temperature falls the resistance will also 

fall following a similar trend, and in all cases this is true, thus indicating that the 

external temperature readings provide adequate data to describe the internal change in 

temperature of the coils. Further results are included in Appendix E. 

 

Figure 6-12. Enamelled coils submerged in water, 8 Amps per coil 
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Figure 6-13. Epoxied coils with gaps submerged in water, 8 Amps per coil 

 

Figure 6-14. Epoxied coils submerged in water, 8 Amps per coil 

6.2.3. Discussion 

There were several limiting factors that curtailed the collection of data from the small 

linear prototype rig. Firstly, the installed compressed air supply fluctuated depending 

on the number of users within the building and ability of the compressor to maintain 

optimum operating temperatures. In order to reduce the chance of overheating the 

maximum operating pressure of the compressor was reduced. Therefore, the ability to 

operate the pneumatic ram at a constant speed fluctuated. In addition, the machine 

suffered from cogging forces as the excitation current of the translator coils was 

increased, increasing the load on the pneumatic ram and slowing down the experiments 

average speed. For excitation rates above 9 Amps in flooded conditions, the cogging 
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forces was too high for the pneumatic ram to overcome and thus this constraint capped 

the maximum current available. Finally, the small nature of the test rigs tank meant 

that the water used within the tests would be heated by the coils. Therefore, this 

curtailed the period of time that experiments could be run. The temperature of the 

water before and after was recorded for each experiment. 

For all coil translator topologies, the experiments clearly demonstrate the benefit of 

running a fully flooded air gap in terms of thermal performance. With natural air 

cooled machines, a current density of 4 A/mm2 is typical, but these results suggest that 

more than 18 A/mm2 could be achieved for these coils with wire diameter of 0.75mm, 

at a current of 8A. As a result of this improved cooling the power density could be 

increased by about a factor of 5, which will reduce material costs per kg. However, 

increasing the power density of the machine could affect efficiency.  

The results provided in this section helped in the designing of a 5 kW air cored 

translator for a C-GEN linear prototype. 

6.3. 5 kW C-GEN Prototype Thermal Tests  

Based on the results in the previous section a six coil translator was fabricated using a 

fully epoxied support structure. The results from the last section indicated that 

although the enamelled coil topology performed better, the epoxied topologies also 

provided a good thermal transfer. Therefore, in order to provide a more ridged, 

strengthened translator structure, the coils were installed fully epoxied.  The 5 kW C-

GEN linear prototype and the linear test rig were constructed by Fountain Design Ltd, 

Figure 6-15. 
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Figure 6-15. Left: 5 kW linear C-GEN prototype topology. Right: Linear test rig with C-

GEN linear prototype installed within a water tank 

The specifications of the linear generator are provided in Table 6-2. The prototype 

stator was fixed to the bottom of the water tank. The translators side supports were 

connected to a horizontal cross piece at the top of the test rig. In this manner the 

translator’s movement can be fully controlled by the test rig. 

Stroke Length (m) 1 

Power Output Peak (kW) 5 

Velocity Peak (ms-1) 1 

Velocity Profile Sinusoidal 

Active coil length (m) 0.45 

Number of coils 6 

Wire diameter (mm) 1 

Number of turns 590 

Air gap (mm) 2 

Table 6-2. Linear generator specifications 

The design of the linear test rig includes two servo driven ball screw linear actuators, 

requiring a 3 phase 32 Amp power supply. The rig has an active stroke of 1m and the 

capability of variable speed operation up to a maximum of 1 ms-1. A linear pull cord 



Advancement of Direct Drive Generator Systems for Offshore Renewable Energy Production 

Chapter 6: Flooded Direct Drive Machines  177 

 

transducer is used for position and speed feedback, while the servo drives are 

controlled using Workbench control software. The water tank has a capacity of ~ 960 

litres with two viewing sides each containing three polycarbonate windows. Figure 

6-16 provides a cut through section highlighting the main active components of the rig 

and generator.  

 

Figure 6-16. Cut through view from top indicating (1) linear actuators, (2) surrounding 

tank, (3) translator, (4) permanent magnets (black) and support structure (silver) and (5) 

linear journal bearing arrangement 

Thermo-couples were installed within the epoxy resin at a position towards the middle 

of each coil in order to provide temperature data whilst two s-beam load cells are 

secured between the top the translator assembly the linear actuators horizontal support 

beam, the load cells were rated to 5 kN. Before testing began the translator windings 

were connected in series with a star 3-phase connection, each phase monitored for 

voltage and current. During testing the linear drive system was programmed to create 

various velocity profiles, as shown in Figure 6-17.  
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Figure 6-17. Translator velocity profile. Acceleration 0.4 ms-2, max velocity 0.4 ms-1 

Due to the nature of the testing, a pure sinusoidal wave wasn’t necessary, therefore a 

simple profile containing periods of constant acceleration and deceleration with a 

period of constant speed was designed. For the purposes of this section the maximum 

velocity of the profile will be referenced rather than the average speed of the velocity 

profile. 

6.3.1. Test Programme 

No load and Load Testing 

The machine was tested under no load conditions in both dry and wet conditions, over 

a variety of speeds ranging from 0.3 ms-1 to 0.5 ms-1. The voltage for each phase was 

recorded. Examples of both wet and dry no load tests are provided in Figure 6-18 and 

Figure 6-19. 

 

Figure 6-18. Dry no load voltage test results, maximum velocity 0.4ms-1 



Advancement of Direct Drive Generator Systems for Offshore Renewable Energy Production 

Chapter 6: Flooded Direct Drive Machines  179 

 

 

Figure 6-19. Flooded no load voltage test results, maximum velocity 0.4ms-1 

The graphs indicate that under wet conditions the no load voltage is reduced. The most 

probable cause is increased drag effects, this issue can be offset by increasing the 

number of turns per coil. 

 

Figure 6-20. Three phase current output with related velocity profile with a 20 Amp load per 

phase and a maximum velocity of 0.4 ms-1 
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For full load testing the machine was connected to a three phase resistive load and the 

current data was recorded for both flooded and dry test conditions as the machine was 

loaded up to 30 Amps per phase over a range of velocity profiles up to a maximum of 

0.6 ms-1.  Figure 6-20 confirms that peak current is produced when the velocity is 

constant and at peak value. During loaded operation, peak power per phase and 

maximum machine power output were recorded, Figure 6-21. The slight difference in 

peak power for dry and wet operation can be explained by the addition of drag on the 

translator during wet operation. Additionally, temperature data from the coils was 

collected as well as data from the load cells, data was logged every 10 minutes, with a 

data set of at least 3 full translator strokes being captured.  The peak load provided by 

the load cells during testing is provided in Table 6-3 whilst operation of the prototype 

in flooded conditions is shown in Figure 6-22.  

 

Figure 6-21. Peak power per phase and total peak power output of the machine, indicating 

the difference in wet to dry operation  

Condition No Load Dry Flooded 

Velocity (ms-1) 0.6 0.3 0.4 0.5 0.6 0.3 0.4 0.5 0.6 

Peak Current (A) NA 14.4 19.9 26.3 30.8 16.2 20.8 25.4 30.8 

Peak Load (kN) 0.8 3.2 4 4.5 5.2 3 3.6 4 4.7 

Table 6-3. Peak load data collected from the load cells during prototype testing 
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Figure 6-22. 5 kW linear C-GEN prototype installed and operating with a flooded airgap 

6.3.2. Thermal Data Comparison  

Dry testing provided a benchmark in order to demonstrate the benefits of fully flooded 

operation. Temperature profiles have been produced for both dry and wet operation 

under various loading conditions to show the difference between the two operation 

conditions. Temperature readings were logged every 10 minutes for all of the 

following figures. 

The results below provide a sample of temperature data captured from a one of the 

centrally located coils within the translator. Coils towards the centre should experience 

the worst thermal loading due to heating from adjacent coils, however during testing 
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all coils experienced similar temperature increases within a margin ~ 2 ⁰C. Figure 6-23, 

Figure 6-24 and Figure 6-25 provide temperature data at a maximum velocity of 0.3 

ms-1 for peak current values of 12 Amps, 13.5 Amps and 15 Amps respectively.  

 

Figure 6-23. Coil temperature varying over time at a maximum velocity of 0.3 ms-1 and a 

peak current of 12 Amps per phase. Dotted lines indicate trend of graph 

 

Figure 6-24. Coil temperature varying over time at a maximum velocity of 0.3 ms-1 and a 

peak current of 13.5 Amps per phase. Dotted lines indicate trend of graph 
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Figure 6-25. Coil temperature varying over time at a maximum velocity of 0.3 ms-1 and a 

peak current of 15 Amps per phase. Dotted lines indicate trend of graph 

Figure 6-26, Figure 6-27 and Figure 6-28 present temperature data for a maximum 

translator velocity of 0.5 ms-1 for peak current values of 18 Amps, 22 Amps and 24.5 

Amps respectively. For all translator speeds, fully flooded operation leads to a 

significant improvement in thermal performance. 

 

Figure 6-26. Coil temperature varying over time at a maximum velocity of 0.5 ms-1 and a 

peak current of 18 Amps per phase. Dotted lines indicate trend of graph 
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Figure 6-27. Coil temperature varying over time at a maximum velocity of 0.5 ms-1 and a 

peak current of 22 Amps per phase. Dotted lines indicate trend of graph 

 

Figure 6-28. Coil temperature varying over time at a maximum velocity of 0.5 ms-1 and a 

peak current of 24.5 Amps per phase. Dotted lines indicate trend of graph 

6.3.3. Discussion  

Over the course of testing the internal resistance of the coils was maintained at safe 

levels. However, during dry testing under high resistive load, the increasing 

temperature trend of the coils was so extreme that testing was halted after temperatures 

approached 70 ⁰C. In addition, testing was halted when a relatively constant internal 

temperature had been reached.  

There were two main factors that curtailed the logging of data from the 5 kW prototype 

and test rig. The first factor was that testing sessions had to be separated by long 
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periods of down time in order for the coils and translator structure to cool to ambient 

temperature, this was due to the size of the machine and the inability to provide 

adequate additional cooling. However, it should be noted that in flooded conditions, 

unlike the small prototype test rig, the 5 kW machine did not significantly alter the 

temperature of the surrounding water, therefore testing could continue for longer 

periods of time and the machine was able to cool quicker when flooded than when dry. 

The second factor was the maximum velocity of testing that could be achieved. The 

value was capped at a maximum of 0.6 ms-1, therefore the test rig could not operate at 

its maximum rated speed of 1 ms-1, over a 1 m stroke. The reason for this was the large 

acceleration and deceleration loads that were required to maintain a short period of 

time at maximum velocity over a 1 m stroke. Once accelerations of 0.8 ms-2 were 

reached there was concern that the connecting structure between the translator and the 

test rig would fail. Therefore, results are unavailable for operation at rated speed and 

maximum loading. 

The results from the 5kW linear test rig support the findings from the previous tests 

on the mini test rig, namely that fully flooded operation has a significant benefit on the 

thermal performance of the windings. The electrical loading can be increased 

significantly, which will lead to an increase in shear stress as discussed in Chapter 3. 

This would seem to imply that the physical size of the machine could be reduced, and 

thus reduce the mass of a direct drive system. However, losses are a function of the 

current squared, and so even though high currents can be achieved with good thermal 

performance, it will have a detrimental impact on efficiency.  

In wave energy systems the device experiences a wide range of loads from part to full 

load all the way to extreme loads, as discussed in Chapter 2. Design of the PTO to 

cover all load ranges is not economically feasible, but the system has to survive 

extreme events. Results in this chapter demonstrate that significant current can flow in 

the machine whilst maintaining reasonable temperatures in the windings. It is therefore 

proposed, that rather than optimise for power density machines are designed for 

optimum efficiency, within reasonable economic constraints, and at normal current 

densities in the region of 5 A/mm2. Fully flooded operation will then allow the machine 

to absorb extreme events. For example, short circuit winding faults would not lead to 
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excessive winding temperature. The machine could be used to shed high loads during 

storm conditions through resistive loads. Under such conditions the machine would 

have to be disconnected from the power converter. Electric braking could also be used 

to limit motion of the wave device during extreme waves. Further work is required to 

investigate and verify such operation, but it is clear that the ability for the generator to 

absorb larger currents could contribute to survivability. 

6.4. Marine Protection 

The benefits of operating a PM machine with a flooded air gap have been explored in 

the previous section, however a barrier must be installed between the machines 

structural and active components, and the marine environment in order to avoid 

degradation from the corrosive effects of salt water medium.  

For much of a generators structure, paints or plastic sprays can be used as protection, 

an overview of some relevant materials can be found in reviews by Eyres et al [224] 

and Yang et al [225]. However, interaction with marine organisms, commonly referred 

to as bio-fouling, can often undermine or remove simple paint and plastic protective 

layers. Paints that contain anti bio fouling properties have been developed, commonly 

containing biocides to stop the propagation of marine life on the structure. However, 

over time the concentration and potency of the biocides can wane. A review of 

common anti bio fouling paints can be found by Carteau et al in [226]. 

Cathodic protection is a technique by which the corrosion of a structure can be 

controlled by the introduction of an electric current flow to the metals surface. In the 

case of passive cathodic protection, an element is corroded, supplying a flow of 

electrons to the protected structure, such as the addition of zinc in the formation of 

galvanised steel. While for large structures, active cathodic protection can be used 

whereby a direct current can be introduced to replenish the structures electrons. In 

some cases bio fouling can be averted by the presence of the electrical current. 

However, the application of this type of protection to remote subsea structures in an 

accurate manner may be problematic [227]. 

The protection required by the magnets and coils is vital to the operation of the 

machine. It has been shown that epoxy can be used to coat the coils without detrimental 
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effects to thermal transfer, however bio fouling and prolonged operation submerged 

within seawater could lead to damage to the coil windings. Rare earth permanent 

magnets are specifically prone to the corrosive effects of salt water, experimental 

results are provided by Isotahdon et al [228], Kim et al [229] and Mao et al [230]. As 

salt is introduced to the surface of a PM it can infiltrate the magnets complex 

microstructure and oxidise the material rapidly. Magnets can be coated with various 

metallic, plastic, alloyed or ceramic coatings, the latter two being the least economical 

but generally supplying better protection [228]. For the C-GEN topology presented 

within this chapter the simplest protection method would be encasing the magnets in 

a stainless steel or nickel case. This would offer a strong, relatively thin protective 

boundary without impending on the airgap length. Another option would be encase the 

magnets within an epoxy resin, however the thickness of the coating may need to be 

several times thinker than metallic encasement to form the same protection.  
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Chapter 7.  

Conclusions and Discussion 

The aim of this thesis is to examine issues facing developers and researchers when 

extracting energy from offshore renewable resources using direct drive generation 

systems and provide potential solutions and technological advancements in order to 

produce more reliable, low mass machines. To this end, the objectives of this thesis 

are split into three themes:  

1. Present a literature review on offshore renewable energy sources, devices, 

power take off systems, and related sub-assemblies. 

2. Introduce the structural development of claw pole transverse flux direct drive 

machines, specifically high temperature superconducting, HTS, topologies for 

multi megawatt offshore operations. Describe the design, build and testing of 

a linear claw pole transverse flux test rig; explain the alterations required to 

install a superconducting coil into the topology; and outline the structural 

requirements for the HTS design of a 30 kW prototype rotary machine and a 

proposed 10 MW rotary machine. 

3. Investigate the benefits marinization offers to the operation and simplicity of 

the power take off systems for offshore energy devices. Specifically, this 

involved investigation of polymer surface contact bearings and flooded airgaps 

through physical testing of various materials and machine topologies.  

The steps taken to complete this work are outlined in the next section. 

7.1. Approach 

The offshore environment is an energy rich resource which requires both devices and 

power take off systems to be robust, low maintenance, efficient and reliable. For these 

power generation systems to be advanced for offshore wind, wave and tidal energy 

harvesting, technological advancements must be explored, and the simplification of 

the energy convertor must be encouraged. This thesis proposes three design 
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advancements, novel machine construction, polymer bearing installation and flooded 

airgap machine operation, and creates the physical platform for them to be tested. The 

first design advancement utilises an HTS machine topology and structure to produce 

10+ MW generators with mass lower than similarly rated conventional direct drive 

machines. The second design advancement is the installation of simplified polymer 

bearings within the direct drive system; with higher marine survivability 

characteristics, better life time predictability, and lower costs than conventional and 

complex bearing systems. The third and final design advancement proposes flooding 

a generation system airgap for subsea applications thereby improving heat transfer 

characteristics, and so increasing the resilience of the generating system. 

This thesis starts with chapters 1 to 3 illustrating the potential of offshore renewable 

energy, detailing the vast energy present within all offshore resources; a history of 

wind, wave and tidal energy extraction systems was presented and different methods 

for power take off methods were discussed. Next various types of electrical generation 

machines were reviewed with a focus on direct drive electrical generator topologies 

and sub-assemblies. The application of superconducting materials into electric 

machines was investigated, concluding that the technology has the potential to increase 

power output while decreasing generator size and mass. Multiple superconducting, SC, 

machine projects were outlined to indicate the maturity of the technology and the 

direction of current research. The operational loads experienced by direct drive 

systems were explained to form a complete picture of the design process behind the 

construction of direct drive power take off systems. Finally, two case studies were 

outlined, the C-Gen technology and a proposed transverse flux HTS generator. These 

case studies were explored at some length, as they would be referred to throughout the 

thesis. 

Several techniques were employed to investigate the structural design of the transverse 

flux generator in chapter 4. First, to provide validation of Keysan’s original transverse 

flux claw pole machine design, a linear machine prototype was designed, constructed 

and tested. The results from this first stage of testing were then used to improve the 

simulation models and to redesign the prototype for future testing with an HTS coil. 

Knowledge gained through this redesign was used to model a 30 kW HTS claw pole 
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structural topology for future build and testing. Finally, the optimisation of a 10 MW 

scale HTS machine is presented for offshore shore wind energy extraction.  

In chapter 5 a linear bearing test rig was designed and built to investigate the premise 

that mechanical bearings could be removed from the power take off subassembly and 

replaced with a simpler and cheaper alternative. Since polymer bearings are currently 

primarily used within rotary applications such as ship propulsion, it was decided that 

the less researched linear application of these materials would be reviewed. Various 

samples of polymer bearing materials were operated and tested within the linear rig. 

Over the course of operation, the test rig was altered to allow improved operation and 

better cataloguing of sample results. The test results were compared against an 

analytical force model of a heaving wave buoy, which indicated that polymer bearing 

materials can be a suitable alternative to conventional bearing systems for both wet 

and dry operation. 

In chapter 6 the C-Gen case study was employed to investigate the thermal 

ramifications of introducing a flooded airgap into the machine’s topology. A small 3 

coil linear prototype was designed, built and operated to study the thermal effects 

different coil potting materials and topologies had on the operation of the machine with 

either a dry and wet airgap. A substantially larger 5 kW C-Gen 6 coil linear generator 

topology was then designed, built and operated to confirm the results catalogued from 

the previous test. Testing confirmed that operation with a flooded airgap significantly 

improved the operation of the coil windings within the generators. For completeness, 

a brief discussion on the marinization of generator components for flooded airgap 

operation was provided. 

7.2. Discussion 

Every model is, by its nature, an approximation and, in the case of this thesis, each 

simulated model has been physically tested in order to provide corroborative data or 

to help improve the design process and advance direct drive machine knowledge. This 

thesis proposed the advancement of direct drive generators for offshore renewable 

energy production via the simplification of bearing assemblies; reduction of seals and 

secondary cooling systems through the flooding of the generator airgap; and the 
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implementation of novel materials such as superconducting coils to produce smaller 

and lighter generator systems. As illustrated in the previous section, a number of test 

rig topologies and a linear generator prototype where employed to explore these 

mission statements. The design and operation of the test rigs has been explained and 

alterations detailed. The data collected from linear bearing tests is vital to validate their 

operation in a linear generation device, while the operation of a flooded machine 

validated previous simulation results. The construction and testing of a linear generator 

prototype provided information for the creation of a 30 kW prototype design. The 

proposed optimised 10 MW HTS machine utilises materials found within the 

construction industry as well as providing data on the design of a novel machine 

structure. Although including a technology as complex as a superconducting machine 

within this thesis may seem counter intuitive, it is justified by the reduction in mass 

and improved robustness offered by this technology. The author is confident that the 

aims of this investigation have been met.  

7.3. Contribution to Knowledge 

The information contained within this thesis has contributed to several publications 

and the advancement of several projects including the installation of the Applied 

Superconducting Laboratory within the University of Edinburgh, the validation of data 

from a Wave Energy Scotland Stage II project, and the construction and continued 

data production on Keysan’s transverse flux claw pole HTS generator topology. The 

most significant contributions may be summarised as: 

1. The design and build of a novel linear generator prototype has been presented 

and description of it’s alteration for superconducting operation has been 

detailed, incorporating collaborative work with past PhD and MEng students. 

2. A novel 30 kW direct drive transverse flux generator structural design has been 

presented for future production. 

3. A novel 10 MW direct drive transverse flux generator structure and related 

optimisation process has been provided, indicating the reduction in mass and 

superconducting material achievable with its design. 

4. A linear bearing test rigs design and build has been detailed and bearing test 

samples have had their results compared to their rotary operational properties. 
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The differences in the results have been discussed and suitability for linear 

machine marine applications have been proven. 

5. The data collected from the coils and associated potting agents during 

operation within a flooded airgap has validated previous simulation results. 

7.4. Recommendations for Future Work 

The work contained within this thesis introduces many interesting elements that could 

lead to further investigation. These have been categorised as follows: 

• Recommendations for further work on the HTS transverse flux claw pole 

machines. 

• Testing of the linear HTS claw pole machine within the vacuum chamber 

of the new Applied Superconducting Laboratory at the University of 

Edinburgh 

• Construction and testing of the 30 kW machine to gain further knowledge 

of the structural implications of SC generation. 

• Construction of an integrated cryostat for the 30 kW prototype and an 

investigation into the installation of cryostats in the offshore environment 

 

• Recommendations for further investigation into linear polymer bearing testing 

and applications. 

• Alteration of the bearing test rig, as shown in Figure 7-1, in order to 

improve its operation and loading of bearing samples. In addition, the 

design of a larger electric actuator bearing test rig, to simulate higher 

loading. 

• Continued bearing testing will be continued in order to validate the 

predicted life time of the samples tested. 

• Testing bearings within a particulate rich water environment is required in 

order to assess their operation in real world conditions. 

• The bearing samples will be installed within the 5 kW linear C-GEN 

machine in order to access load and wear conditions within a working 

machine. The linear generator will be altered to include a linear motor 
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which will apply horizontal loading to simulate the action of wave loading. 

The design of the loading device is presented in Figure 7-2. 

 

• Recommendations for further testing into the marinization of the C-Gen 

generator, specifically the operation with a flooded airgap. 

• The material properties of the potting agent used for the coils should be 

further investigated to investigate degradation during operation within the 

offshore environment. 

• Potting methods and potting materials should be investigated in order to 

simplify fabrication and manufacturing techniques. 

 

Figure 7-1. The alteration of the bearing test rig to include a second compressed air 

actuator in order to improve bearing testing and machine performance 
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Figure 7-2. Addition of a stepper motor to the 5 kW test rig in order to simulate wave loads 

as calculated in chapter 5 
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Appendix A 

Geared and Direct Drive Sub System Failures 

 

Figure A- 1. Normalised failure rates and downtimes for geared generators ≥ 1MW wind 

turbines [88] 
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Figure A- 2. Normalised Failure Rates and Downtimes for Direct Drive Wind Turbines [88]
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Data Sheet Blue PC5308 Epoxy Resin 
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Appendix C 

Matlab Source Code for Calculation of Force 

and Moments about Heaving Buoy   

% Gravitational acceleration, g [m/(s^2)]: 

g = 9.806; 

% Water density, rho [kg/(m^3)]: 

rho = 1030; 

% YOU CAN CHANGE THIS - Water depth, h [m]: 

h = 25; 

% Wave amplitude, a [m]; 

a = 0.76; 

% Wave period, T [s]; 

T = 5.2; 

% Radius of buoy, r [m]: 

r = 1.5; 

% The vertical coordinate z is measured upwards from the undisturbed 

% free-surface.  So z = -h is the z coordinate of the flat seabed. 

% z coordinate of the top of the buoy, z_t [m] (top stroke -3, bottom stroke -4): 

z_t = -3; 
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                  Force and Moments about Heaving Buoy               

% z coordinate of the bottom of the buoy, z_b [m] (top stroke -5, bottom stroke -6): 

z_b = -5; 

% The inertia coefficient, C_m: 

C_m = 1.3; 

% The drag coefficient, C_d: 

C_d = 0.6; 

% z coordinate of point directly below the buoy and 

% about which the moment is measured, z_m [m] (top stroke -18, bottom stroke -19): 

z_m = -18; 

% Number of equal horizontal sections that the buoy 

% is divided into, N: 

Nz = 50; 

% Number of equal time intervals that a wave period 

% is divided into, Nt: 

Nt = 100; 

% Calculating the angular frequency, omega, from the period T: 

omega = 2*pi/T; 

% Calculating the deep-water wavenumber, k_0, which will be used as an 

% initial guess for the actual (finite-depth) wavenumber, k: 

k_0 = omega^2/g; 

% Calculating the wavenumber, k = 2*pi/lambda (where lambda is the 
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% wavelength), from omega, using the dispersion relation: 

% omega^2 = g*k*tanh(k*h): 

k = fsolve(@(k)g*k*tanh(k*h)-omega^2,k_0); 

% Recalculating T to check that we have found the right k: 

T_check = 2*pi/sqrt(g*k*tanh(k*h)); 

% Calculating the wavelength: 

lambda = 2*pi/k; 

% Calculating the height of each horizontal section of the cylindrical 

% buoy, delta_z [m]: 

delta_z = (z_t-z_b)/Nz; 

% Calculating the frontal area of each horizontal section of the 

% cylindrical buoy, i.e. the cross-sectional area perpendicular to the flow 

% direction, delta_A [m^2]: 

delta_A = 2*r*delta_z; 

% Calculating the volume of each horizontal section of the cylindrical 

% buoy, delta_v [m^3]: 

delta_V = delta_z*pi*(r^2); 

% Calculating vector of z coordinates of the midpoints of each horizontal 

% section of the cylindrical buoy, z [m]: 

z = linspace(z_b+(delta_z/2),z_t-(delta_z/2),Nz); 

% Calculating the vector of times that divides the wave period into Nt 
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% equal intervals: 

t = linspace(0,T,Nt+1); 

% Initialising the vectors which will contain, respectively, the inertia 

% force, drag force, total force, inertia moment, drag moment and total 

% moment, acting on the buoy at each of the times within the vector t:  

F_inertia = zeros(1,Nt+1); 

F_drag = zeros(1,Nt+1); 

F_total = zeros(1,Nt+1); 

M_inertia = zeros(1,Nt+1); 

M_drag = zeros(1,Nt+1); 

M_total = zeros(1,Nt+1); 

% Loop for the different times: 

sinh_kh = sinh(k*h); 

for n1 = 1:Nt+1 

    % Calculating the horizontal fluid particle velocity at each of the z 

    % coordinates.  This comes from linear wave theory for finite-depth 

    % water (see page 27 of [1]): 

    u = omega*a*(cosh(k*(z+h))/sinh_kh)*sin(omega*t(n1)); 

    % Calculating the horizontal fluid particle acceleration at each of the 

    % z coordinates.  This comes from linear wave theory for finite-depth 

    % water (see page 27 of [1]): 
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    u_dot = (omega^2)*a*(cosh(k*(z+h))/sinh_kh)*cos(omega*t(n1)); 

    % Calculating the inertia force on each horizontal section of the 

    % cylindrical buoy: 

    delta_F_inertia = rho*C_m*delta_V*u_dot; 

    % Calculating the drag force on each horizontal section of the 

    % cylindrical buoy: 

    delta_F_drag = 0.5*rho*C_d*delta_A*(u.*abs(u)); 

    % Calculating the inertia moment on each horizontal section of the 

    % cylindrical buoy: 

    delta_M_inertia = delta_F_inertia.*(z-z_m); 

    % Calculating the drag moment on each horizontal section of the 

    % cylindrical buoy: 

    delta_M_drag = delta_F_drag.*(z-z_m); 

    % Calculating the total inertia force on the bouy at time t(n1): 

    F_inertia(n1) = sum(delta_F_inertia); 

    % Calculating the total drag force on the bouy at time t(n1): 

    F_drag(n1) = sum(delta_F_drag); 

    % Calculating the total force on the bouy at time t(n1): 

    F_total(n1) = F_inertia(n1)+F_drag(n1); 

    % Calculating the total inertia moment on the bouy at time t(n1): 

    M_inertia(n1) = sum(delta_M_inertia); 
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    % Calculating the total drag moment on the bouy at time t(n1): 

    M_drag(n1) = sum(delta_M_drag); 

    % Calculating the total moment on the bouy at time t(n1): 

    M_total(n1) = M_inertia(n1)+M_drag(n1); 

end 

% Calculating the maximum absolute force: 

max_F = max(abs(F_total)); 

% Calculating the maximum absolute moment: 

max_M = max(abs(M_total)); 

% Plotting the force results: 

figure(1) 

plot(t,F_inertia,'b',t,F_drag,'r',t,F_total,'k'); 

title('Horizontal Force on Cylinder'); 

xlabel('Time [s]'); 

ylabel('Force [N]'); 

legend('Inertia Force','Drag Force','Total Force','Location','SouthWest'); 

text(0.7*T,-max_F+0.1*max_F, ... 

     ['max(|Total Force|) = ' char(10) num2str(max_F) ' N']); 

 % Plotting the moment results: 

figure(2) 

plot(t,M_inertia,'b',t,M_drag,'r',t,M_total,'k'); 



Advancement of Direct Drive Generator Systems for Offshore Renewable Energy Production 

 

206                                       Appendix C: Matlab Source Code for Calculation of  

 Force and Moments about Heaving Buoy               

title('Moment about Point on Cylinder Centre Line with z = z_m'); 

xlabel('Time [s]'); 

ylabel('Moment [Nm]'); 

legend('Inertia Moment','Drag Moment','Total Moment','Location','SouthWest'); 

text(0.7*T,-max_M+0.1*max_M, ... 

     ['max(|Total Moment|) = ' char(10) num2str(max_M) ' Nm']); 
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Appendix D 

Wave Study Graphical Data of Horizontal 

Force and Moments about Heaving Buoy   

Wave Loading Case 1 Bottom of stroke.  A = 0.76 m   T = 5.20 s 

 

Figure D-1. Horizontal forces at bottom of stroke, wave loading case 1 

 

Figure D-2. Momentum about zm at bottom of stroke, wave loading stroke case 1 
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Wave Loading Case 1: Top of stroke.  A = 0.76 m   T = 5.20 s 

 

 

Figure D-3. Horizontal forces at top of stroke, wave loading data case 1 

 

Figure D-4. Momentum about zm at top of stroke, wave loading data case 1 
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Wave Loading Case 2: Bottom of stroke.   A = 0.86 m   T = 6.80 s 

 

 

Figure D-5. Horizontal forces at bottom of stroke, wave loading data case 2 

 

Figure D-6. Momentum about zm at bottom of stroke, wave loading data case 2 
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Wave Loading Case 2: Top of stroke.  A = 0.86 m      T = 6.80 s 

 

 

Figure D-7. Horizontal forces at top of stroke, wave loading data case 2 

 

Figure D-8. Momentum about zm at top of stroke, wave loading data case 2 
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Wave Loading Case 3: Bottom of stroke.       A = 1.55 m     T = 6.40 s 

 

 

Figure D-9. Horizontal forces at bottom of stroke, wave loading data case 3 

 

Figure D-10. Momentum about zm at bottom of stroke, wave loading data case 3 
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Wave Loading Case 3: Top of stroke. A = 1.55 m       T = 6.40 s 

 

 

Figure D-11. Horizontal force at top of stroke, wave loading data case 3 

 

Figure D-12. Momentum about zm at top of stroke, wave loading data case 3 
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Wave Loading Case 4: Bottom of stroke. A = 1.83 m       T = 7.70 s 

 

 

Figure D-13. Horizontal forces at bottom of stroke, wave loading data case 4 

 

Figure D-14. Momentum about zm at bottom of stroke, wave loading data case 4 
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Wave Loading Case 4: Top of stroke. A = 1.83 m       T = 7.70 s 

 

 

Figure D-15. Horizontal force at top of stroke, wave loading data case 4 

 

Figure D-16. Momentum about zm at bottom of stroke, wave loading data case 4 
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Wave Loading Case 5: Bottom of stroke. A = 2.59 m       T = 8.30 s 

 

 

Figure D-17. Horizontal forces at bottom of stroke, wave loading data case 5 

 

Figure D-18. Momentum about zm at bottom of stroke, wave loading data case 5 
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Wave Loading Case 5: Top of stroke. A = 2.59 m       T = 8.30 s 

 

 

Figure D-19. Horizontal force at top of stroke, wave loading data case 5 

 

Figure D-20. Momentum about zm at top of stroke, wave loading data case 5 
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Wave Loading Case 6: Bottom of stroke. A = 2.85 m       T = 9.60 s 

 

 

Figure D-21. Horizontal forces at bottom of stroke, wave loading data case 6 

 

Figure D-22. Momentum about zm at bottom of stroke, wave loading data case 6 
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Wave Loading Case 6: Top of stroke. A = 2.85 m       T = 9.60 s 

 

 

Figure D-23. Horizontal force at top of stroke, wave loading data case 6 

 

Figure D-24. Momentum about zm at top of stroke, wave loading data case 6
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Appendix E 

Additional Coil Experimental Data for Water-

Cooled Coil Testing   

 

Figure E-1. Enamelled coil translator, submerged in water, 4A per coil 

 

Figure E-2. Epoxy potted coil translator with gaps, submerged in water, 4A per coil 
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Figure E-3. Epoxy potted coil translator, submerged in water, 4A per coil 

 

Figure E-4. Enamelled coil translator, submerged in water, 6A per coil 

 

Figure E-5. Epoxy potted coil translator with gaps, submerged in water, 6A per coil 
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Figure E-6. Epoxy potted coil translator, submerged in water, 6A per coil 
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