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Abstract 
A large proportion of offshore wind turbine designs are now based on directly driven 

permanent magnet synchronous generators using rare earth materials. The objective of 

this study is to optimise permanent magnet synchronous generators for offshore direct 

drive wind turbines in order to reduce the cost of energy, reduce the use of rare earth 

materials and increase the machine efficiency. A 6MW wind turbine design is assumed 

and parametric electromagnetic and structural generator models are introduced for a 

surface-mounted magnet generator topology (using magnets with high BHmax) and a 

flux-concentrating variant (using magnets with both higher and lower BHmax). Finite 

element method models are used to check key dependent variables calculated by the 

analytical models. These are optimised using a hybrid Genetic Algorithm and Pattern 

Search process with four different objective functions. 

Further steps to improve the quality of the model include the effect of generator mass 

on the design, cost of the turbine tower and foundation and the impact of generator 

diameter limits have on the choice of optimum independent variables. Further 

optimizations are carried out for different power ratings (6 MW, 8 MW and 10 MW), 

choice of magnet grades, BHmax and working temperature. The effect of variable power 

factor and sensitivity to magnet specific cost, availability, operation and maintenance 

cost, wind conditions and rest of the turbine cost are also investigated in this study. 

A detailed thermal model is used to estimate the effect of temperature due to power 

losses, calculate the cooling airflow requirements to bring the magnet operating 

temperature from 120°C to 80°C and controlling the cooling air flow for variable 

losses. Allowing the use of cheaper temperature grades of magnets, the additional 

cooling reduces winding losses and improves the effective BHmax of the magnets. 

Discussions and conclusions highlights the impact of different investigations on the 

optimal generator design and find out the possible best way to optimise the generator 

for offshore wind energy application. 
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Chapter 1  

Introduction 

1.1 Research overview 

Offshore wind turbines are increasingly using synchronous generators with permanent 

magnets manufactured using rare earth materials. These generators – whether they are 

high or low speed – tend to be more efficient than competing generator technologies 

such as the doubly fed induction or the field-wound synchronous generator. The lack 

of rotor copper losses means that these generators have flat, relatively high efficiency 

curves. This leads to higher energy yields, albeit at usually a higher cost. The onshore 

cost of energy calculation tends to push wind turbine designers to choose a cheaper 

induction machine. Offshore – where the non-turbine costs are so high – the cost of 

energy calculation puts a greater emphasis on maximising annual energy yield through 

maximising efficiency and availability. For something like the generator, which makes 

up only part of the capital cost but which involves all of the power output, it makes 

sense to choose highly efficient, reliable generators such as those using permanent 

magnets.  

A number of researchers have started to explore alternative synchronous generator 

types, included structural materials along with active materials, different cooling 

method, different objective function to optimise, to achieve highly efficient, reliable 

and cost effective generators for offshore wind turbine. Eriksson and Bernhoff 

presented an interchangeable rotor design where two generators are designed with the 

same stator but interchangeable rotors with different PM material (Nd-Fe-B and 

ferrite) [1]. Polinder et al. show a comparison of different types of generator in terms 

of annual energy yield per cost, which is analogous to payback period [2]. Grauers 

optimized low speed permanent magnet machines using generator costs and losses, 

including an estimation of generator structural cost and also shows a method where 

the generator outer surface of the stator core is cooled by air forced through 

circumferential cooling channels [3]. Bazzo et al. outlined some objective functions to 
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minimize costs and maximize efficiency which included minimizing active and 

structural materials cost and minimizing cost of losses to get maximum return of 

investment [4]. Zavvos et al. offered an analytical tool that minimises the generators 

mass or cost by optimising both the electromagnetic and structural design at the same 

time [5]. McDonald showed the structural models with different types of rotor and 

stator structures for direct drive generators [6]. Polinder shows an objective function 

that minimises the cost of generator active materials (i.e. magnet, copper and iron) and 

the generator losses as well [7]. The generator system cost is minimized in [8].  

Although different researchers have used different methods, topologies and objective 

functions to optimise their machine, it is worth to know the best approach to optimise 

a generator for an offshore wind turbine. This study looks for the best approach to 

optimise a generator for an offshore wind turbine by using different generator 

topologies, objective functions and other factors that interest a typical machine 

designer. 

1.2 Research question 

What is the ‘best’ approach to optimise a generator for an offshore wind turbine? 

To answer this primary research question, a number of other smaller secondary 

research questions must be answered first. These secondary research questions are 

answered throughout each chapter of this thesis. The beginning of each chapter will 

set out the secondary research question to be answered in that chapter. The conclusion 

of each chapter will answer the secondary research questions and contribute towards 

answering the primary research question stated above. 

1.3 Secondary research questions 

Different designers optimise in different ways and come to different conclusions. They 

include different models, topologies, algorithm, objective functions to find the best 

possible solutions. The following secondary research questions will help to choose the 

best possible ways to optimise a generator for offshore wind turbines, hence answer 

the primary question. 
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Q1) Can different magnet materials and rotor topologies be used to reduce Nd-Fe-

B content in offshore wind turbines?  

The most common material used in permanent magnet electrical machines is 

Neodymium - Iron - Boron (Nd-Fe-B). This class of material has a high maximum 

energy product (BHmax = 30-50MGOe) leading to compact machines with light 

generator rotors. The remanent flux density of these magnets can lead to air gap flux 

densities of the order of ~1T when the magnets are mounted onto the rotor surface. 

While alternative technologies are under investigation or already exist, rare earth 

magnets (i.e., Nd-Fe-B) are unlikely to be replaced as an essential input for clean 

technologies and high efficiency consumer goods. The combination of rapid increase 

in the use of rare earth minerals, along with supply shortages caused rapid price 

increases and the threat of non-delivery [9].  

Wind turbines increasingly use permanent magnets in the electrical generators. The 

price level fluctuation and availability of these rare earth materials can contribute to a 

high cost of energy.  Largely as a result of the instability (price and availability) of the 

rare earth materials market, research into alternate materials and technologies has 

become very essential.  

This study investigates different generator rotor topologies using Nd-Fe-B magnet and 

ferrite magnet to reduce the use of rare earth permanent magnet for offshore wind 

turbine.  

Q2) Should the generators structural model, tower, substructure and foundation be 

included with active materials in optimisation of generators for offshore direct drive 

wind turbines? 

In order to design lightweight and cost effective direct drive generators, the designer 

could include a structural model of the generator along with the active material model. 

McDonald showed that the structural mass of a 5 MW permanent magnet direct drive 

generator can be more than 80% of its total mass [6]. The generator mass, which is 

part of turbine top head mass can affect the tower, substructure and foundation cost 

that goes into turbine capital cost and effect on cost of energy [10]. According to a 

NREL technical report, the substructure and foundation cost is 9% of the total offshore 

wind turbine cost [11]. It is a significant part of the total turbine cost. 
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In this study, models and results include generator active and structural materials and 

the effect of generator mass on turbine tower and foundations. 

Q3) Are these findings dependent on turbine power ratings? If so, to what degree? 

Wind turbines are getting larger. Their rated power capacities are moving from the 6 

MW range to 10 MW and beyond. As a result, their size and mass, which grow rapidly 

with power capacity, is becoming a problem in terms of capital cost, logistics and 

assembly. Moreover, there is a move to offshore installations. A large proportion of 

offshore wind turbine designs are now based on directly driven permanent magnet 

(PM) synchronous generators. It is particularly attractive to use direct-drive systems 

as they promise lower maintenance cost, high efficiency and longer life as gearboxes 

are considered to be less reliable and incur mechanical losses [12], [13]. However, the 

large size (due to the high torque rating), mass, the massive generator structures needed 

to maintain the small air-gap clearance against the large attraction forces between the 

rotor and the stator and the large quantities of rare earth permanent magnet materials 

are the main challenges for designers of direct drive permanent magnet generators 

[14].  

A number of different direct drive generator topologies with different rated power (6, 

8 and 10 MW) are used in this study to compare the differences in results for power 

ratings in terms of turbine cost of energy, capital cost, annual energy production, 

efficiency and other variables. 

Q4) How does the choice of magnet grade affect the resulting optimal design? 

Choosing magnet grade for Nd-Fe-B magnet is also important for generator design. 

Neodymium magnets are available in a variety of grades, typically extends from 35 

MGOe to 52 MGOe. The higher the grade number, the higher the energy 

density.  Usually the higher the energy density the stronger the magnet, but this is very 

much dependent upon the magnet’s operational environment. Cost of magnet also 

increases with higher grade magnets [15].  

This study estimates and compares the cost of energy, magnet mass, annual energy 

production and other variables for different magnet grades. 
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Q5) How does the thermal model, cooling circuit and machine temperature affect 

the optimal design? 

Nd-Fe-B is temperature sensitive and typically it operates best at lower temperature. 

So cooling the magnets improves the effective remanent flux density. The heat 

propagation from the stator windings and iron cores to the permanent magnets 

mounted in the rotor should be minimized because of the temperature sensitive 

properties of the magnets [16], [17]. In most direct drive generators, I2R losses 

dominate. As the electrical resistivity of most conductors is generally temperature 

dependent, cooling also helps machines operate at higher electrical loading or with 

smaller losses.  

A detailed thermal model is developed in this study to estimate the effect of 

temperature due to power losses and a cooling system is introduced to reduce the 

magnet temperature from 120oC to 80oC. 

Q6) How does the choice of objective function affect the resulting optimal design? 

The generator designer needs to deliver a number of performance characteristics 

including high efficiency, low power losses at part load, high availability, low machine 

mass, reduced volume and lower material and manufacturing costs. Normally the 

designers employ some element of optimisation to achieve the best balance of these 

aspects [18].  

This study optimises the generators with different objective functions to find the best 

objective function to optimise a generator for offshore direct drive wind turbine. 

1.4 Approach taken 

Figure 1.1 shows the steps taken in this thesis in order to answer the primary research 

question outlined in the previous Section 1.2. The following step numbers also match 

with each chapter number of this thesis. Each step also shows the secondary research 

questions that relates with the step. Further details on the methodology for each step 

can be found in each chapter. 
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Figure 1.1: Step taken to complete this thesis and related secondary question in each step 

 

1.5 Chapter structure 

Each of the chapters consists of a short introduction/background, section to the work 

carried out in that chapter and the purpose of that chapter to answer the research 

questions at the very beginning. Then an overview of the methodology used to obtain 

the results shown in that chapter and a results section. The end of each chapter will 

Step 1: Define the primary research question

Step 2: Literature review to find the 

previous work in the related field

Step 3: Electromagnetic model includes, modelling of different generator 

topologies, finite element verification, power output and losses, power factor, 

magnet grades and other related variables

Secondary research questions: Q1,Q4

Step 4: Structural model, thermal model and turbine to calculate structural 

masses, deflections, temperature effect, cooling and define turbine characteristics 

Secondary research questions: Q2, Q3, Q5

Step 5: Optimisation of generator models using different objective functions 

Secondary research questions: Q6

Step 6: Results and discussion of different investigations

Secondary research questions: Q1, Q2, Q3, Q4, Q5, Q6

Step 7: Make Conclusion of the findings in this thesis



7 

 

have a discussion and conclusion sub-section. The references for each chapter are 

provided at the end of that chapter.  

The next chapter will introduce the reader about wind energy, different types of 

generator, magnet materials and previous work related to this research area. Chapter 3 

describes the electromagnetic model of different generator topologies, finite element 

verification, power output and losses, magnet materials and other related variables. In 

Chapter 4, structural model, thermal model and turbine is defined to calculate 

structural masses, deflections, temperature effects, required cooling and turbine 

characteristics. Chapter 5 shows the optimisation of generator models using different 

objective functions. There will be a detailed investigation results and overall 

discussion in chapter 6 and conclusion at the end of the thesis. 

1.6 Novelty of the research 

The novelty of this study is the process of optimising large, low speed generators for 

offshore direct drive wind turbines, exploring the different objective functions that a 

machine designer could use. This is done for different generator topologies to test 

whether the recommendation of objective functions is independent of the machine 

type. The study also investigates the effect on the optimisation of a number of factors 

that interest a typical designer: the inclusion of structural generator material in the 

objective function, the inclusion of the impact of generator mass on the cost of the 

turbine tower and foundation, the bounds of generator diameter, variable power factor, 

energy consumption due to high inertia, different rated power, the inclusion of 

different magnet materials and magnet grades in the generator rotor, the inclusion of a 

generator thermal model and the cooling system and controlling the cooling air flow 

for variable losses. The sensitivity to magnet specific cost, availability, operation and 

maintenance cost, wind conditions and rest of the turbine cost are also investigated. 

1.7 Research output 

Peer Reviewed Journals published or submitted: 

[1] A. McDonald and N. A. Bhuiyan, “On the Optimization of Generators for 

Offshore Direct Drive Wind Turbines,” IEEE Trans. Energy Convers., vol. 32, no. 1, 

pp. 348-358, Mar. 2017. 
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[2] N. A. Bhuiyan and A. McDonald, “Optimization of offshore direct drive wind 

turbine generators with consideration of permanent magnet grade and temperature,” 

IEEE Trans. Energy Convers., vol. 34, no. 2, pp. 1105-1114, Nov. 2018. 

Peer Reviewed Conferences: 

[1] N. A. Bhuiyan and A. McDonald, “Assessment of the Suitability of Ferrite 

Magnet Excited Synchronous Generators for Offshore Wind Turbines,” at Eur. Wind 

Energy Assoc. Offshore Conf., Copenhagen, Denmark, Mar. 10-12, 2015. 

[2] N. A. Bhuiyan and A. McDonald, “Optimisation and comparison of generators 

with different magnet materials for a 6MW offshore direct drive wind turbine,” in 

Proc. 8th IET Int. Conf. Power Electron., Mach. Drives (PEMD), Glasgow, UK, 2016, 

pp. 1-6. 

[3]  N. A. Bhuiyan and A. McDonald, “Optimisation and comparison of flux-

concentrating Nd-Fe-B generator considering variable power factor and wind 

conditions for a 6MW offshore wind turbine,” at 53rd Int. Universities Power 

Engineering Conf. (UPEC), Glasgow, UK, Sept. 4-7, 2018. 
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Chapter 2               

Literature review 

2.1 Introduction 

Windmills have been used largely for grinding grain or pumping water for over 3000 

years. The wind has been an important source of power for even longer in sailing ships. 

Horizontal axis windmills were a vital part of the rural economy from medieval times 

and only fell into disuse with the initiation of low-cost fossil-fuelled static machines 

and the spread of electrification. The electricity generation from wind turbine can be 

found back to the late nineteenth century. However, for much of the 20th century the 

battery charging for remote dwellings was the main interest which was replaced once 

the electricity grid access became available [19], [20].  

The motivation behind the development of wind energy in 1973 was the increasing 

price of oil and concern over limited fossil-fuel resources. A significant number of 

government-funded programmes of research, development and demonstration were 

initiated. Now obviously, the main driver of using wind turbine is to generate electrical 

power with a very low CO2 emission (over the entire life cycle of manufacture, 

installation, operation and de-commissioning) and the potential of wind energy to help 

limit climate change [19], [21]. 

The development of wind energy is not similar in all countries. Some countries are 

flourishing while some others couldn’t not fulfil the expected potential of the wind 

resource, the reasons are complex. Some significant factors include the financial-

support mechanisms for wind-generated electricity, the process of local authority’s 

permission to construct the wind farms, and the perception of the general population 

particularly with respect to visual impact. In order to overcome the concerns of the 

rural population over the environmental impact of wind farms, the interest of 

developing offshore wind farms are increasing [19], [22]. 

Although the non-turbine costs are so high for the offshore wind turbine, maximising 

annual energy yield through maximising efficiency and availability puts a greater 
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emphasis on turbine cost of energy. The generator, which makes up only part of the 

capital cost but involves all of the power output should be highly efficient and reliable 

to achieve best possible power output with lowest cost of energy. 

The main purpose of this chapter is to investigate previous works related to research 

questions given in section 1.2 and 1.3 includes wind power resources and turbine, drive 

train, generator type, magnet materials, optimisation process through literature review.  

2.2 Wind resource 

The available energy from the wind varies as the cube of the wind speed as shown in 

equation (2.1). So it is critical to understand the characteristics of the wind resource to 

all aspects of wind energy exploitation, from the identification of suitable sites and 

predictions of the economic viability of wind farm projects through to the design of 

wind turbines themselves and understanding their effect on electricity distribution 

networks and consumers [19], [23]. 

From the point of view of wind energy, variability is the most striking characteristic 

of the wind resource. Both geographically and temporally the wind is highly variable 

and persists over a very wide range of scales, both in space and time. The importance 

of this is amplified by the cubic relationship to available energy [19], [24]. 

The winds are driven almost entirely by the sun’s energy, causing differential surface 

heating. The heating is most intense on land masses closer to the equator, and 

obviously the greatest heating occurs in the daytime, which means that the region of 

greatest heating moves around the earth’s surface as it spins on its axis. Warm air rises 

and circulates in the atmosphere to sink back to the surface in cooler areas [19].  

Different climatic regions can be described by the spatial variability, some much 

windier than others. The latitude is largely dictating these regions, which affects the 

amount of insulation. In a climatic region, the variation on a smaller scale, largely 

dictated by physical geography – the proportion of land and sea, the size of land 

masses, and the presence of mountains or plains for example. The type of vegetation 

may also have a significant influence through its effects on the absorption or reflection 

of solar radiation, affecting surface temperatures, and on humidity. The wind climate 

is greatly affected by the topography. The tops of the hills and mountains experience 

more wind than in the lee of high ground or in sheltered valleys, for instance. The wind 

velocities are significantly reduced by obstacles such as trees or buildings [19]. 
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2.3 Wind energy 

The kinetic energy of the wind is converted into mechanical power by using a wind 

turbine that drives an alternating current (AC) induction generator to produce 

electricity. Wind turbines produce electricity by using the power of the wind to drive 

an electrical generator. Wind passes over the blades, generating lift and exerting a 

turning force. Further rotation affects the direction and magnitude of the lift and drag 

which can be resolved into thrust (not useful for power generation) and torque (which 

is useful for power production). The rotating blades turn a shaft inside the nacelle, 

which typically goes into a gearbox. The gear box increases the rotational speed and 

steps down the torque to that which is appropriate for the generator. The generator 

converts the rotational power into electrical power by using magnetic fields. The 

power output goes to a transformer, which converts the electricity from the generator 

at around 690V to the suitable voltage for the power collection system, typically 33kV 

[25]. The power output P, from a wind turbine is given as, 

𝑃 =
1

2
𝐶P𝜌𝐴s𝑣3                                                  (2.1) 

where CP is the power coefficient, ρ is the density of air, As is the rotor swept area and 

v is the wind speed. The density of air is 800 times lower than water which powers 

hydro plants and tidal turbines, and this leads directly to the large size of a wind turbine 

rotor. The rotor of a1.5 MW wind turbine can be more than 60 m in diameter depending 

on the design wind speed chosen. The power coefficient describes that fraction of the 

power in the wind that may be converted by the turbine into mechanical work. It has a 

theoretical maximum value of 0.593 (the Betz limit) and rather lower peak values are 

achieved in practice. The power coefficient of a rotor varies with the tip speed ratio 

(the ratio of rotor tip speed to free wind speed) and is only a maximum for a unique 

tip speed ratio. Incremental developments in the power coefficient are continually 

being sought by detailed design changes of the rotor and, by operating at variable 

speed; it is possible to maintain the maximum power coefficient over a range of wind 

speeds. However, these measures will give only a modest increase in the power output. 

By increasing the swept area of the rotor or by locating the wind turbines at higher 

wind speeds, a major increase in the power output can be achieved [19], [26]. The 

power output increases four-times when doubling the rotor diameter. Hence over the 

last 10 years there has been a continuous increase in the rotor diameter of commercially 
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available wind turbines from around 40 m to more than 170 m. The impact of the wind 

speed is more noticeable with a doubling of wind speed leading to an eight-fold 

increase in power. Thus, there have been significant efforts to make sure that wind 

farms are developed in areas of the highest wind speeds and the turbines optimally 

located within wind farms. In certain countries very high towers are being used (more 

than 160–180 m) to take advantage of the increase of wind speed with height [19], 

[27]. 

In the past, a number of studies were undertaken to determine the optimum size of a 

wind turbine by balancing the complete costs of manufacture, installation and 

operation of various sizes of wind turbines against the revenue generated. The results 

indicated a minimum cost of energy would be obtained with wind turbine diameters in 

the range of 35–60 m, depending on the assumptions made [19]. However, these 

estimates would now appear to be rather low and there is no obvious limit for rotor 

diameters, and hence output power, particularly for offshore wind turbines. 

2.4 Types of wind turbine 

Modern wind turbines are classified into two configurations: horizontal-axis wind 

turbines (HAWT) and vertical-axis wind turbines (VAWT), depending on rotor 

operating principles. There are two other types based on rotor facing: Upwind or 

Downwind Turbine. 

2.4.1 Horizontal axis wind turbine (HAWT) 

HAWT turbines are widely used for commercial applications where the rotor blades 

are connected to a horizontal shaft. A horizontal-axis wind turbine may have a rotor 

with upwind design to face the wind or a rotor with downwind design to enable the 

wind to pass the tower and nacelle before it hits the rotor. 

Most modern wind turbines have upwind design configurations and range from 20 kW 

to 9 MW nominal power output capacities. Most of the design efforts are directed 

toward the major components such as rotor diameter, number and twist angle of rotor 

blades, tower height, rated electrical power, and control strategy [29]. Figure 2.1(left) 

shows a horizontal-axis wind turbine. 
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Figure 2.1: Horizontal-axis and vertical-axis wind turbine [28] 

The wind speed increases with the height above the ground, so the tower height for a 

HAWT is particularly important. Rotor diameter is equally important because it 

determines the area required to meet specific output power level. HAWT systems are 

best suited for electrical power generation and micro-turbines composed of two to six 

rotor blades are most attractive for battery charging applications. Since the 1980s, 

some versions employ grid-connected wind turbines consisting of two or three rotor 

blades, some with the downwind rotor and others with the upwind rotor configurations 

[29]. 

The most common wind turbine is HAWT with two or three blades. Wind blowing 

over the blades causes the blades to lift and rotate at low speeds. The three bladed wind 

turbines are operated upwind with rotor blades facing into the wind. The tapering of 

rotor blades is selected to maximise the kinetic energy from the wind. Optimum wind 

turbine performance is strictly dependent on blade taper angle and the installation 

height of the turbine on the tower. Some of the wind turbine manufacturing company 

initiated the development of wind turbine technology by exploiting its unique 

capabilities such as improved performance under variable wind environments, variable 

speed control under reduced load conditions, and cost-effective electronics for local 

grids [29].  
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2.4.2 Vertical axis wind turbine (VAWT) 

The main advantage of a VAWT is that it doesn’t need the yawing mechanisms, 

thereby easy to service and repair.  However, VAWTs in general, have lower tip speed 

ratios, hence they have lower rotor speeds and hence more challenging from the 

powertrain perspective. These turbines have small output capacities and hence are 

widely used for low-power applications such as battery charging in areas where power 

grids are not available, telecommunication masts and remote lighthouses [29]. Figure 

2.1 (right) shows a vertical-axis wind turbine. 

2.5 Drive train 

The drive train consists of all the elements from the rotor up to and including the 

generator. This section of the turbine is where the mechanical energy extracted from 

the wind is transferred, torque up as necessary for the generator, and then converted 

into electrical energy. The most important parts of a drive train are: 

1. Main shaft 

2. Couplings 

3. Gearbox 

4. Generator 

5. Brakes [30] 

The mechanical transmission that helps to transmit the rotational motion of the turbine 

rotor to the electrical generator is called drive train. Depending on the technology it 

has various types of structure. For example, a turbine using a directly driven 

synchronous generator doesn’t need a gearbox. The turbine using an induction 

machine generally requires gearbox to multiply speed for the generator. Therefore, an 

increased rotational speed of the electrical machine reduces electromagnetic torque 

[31]. The main advantage of the geared concept is that the generator has a smaller 

torque rating and as the volume and mass are generally proportional to torque, these 

generators are cheaper. Direct drive concept is often thought to be more reliable as it 

avoids a gearbox and lower losses in low wind speed [32]. A wind turbine drive train 

with gearbox is shown in Figure 2.2. 
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Until the late 1990s, the fixed speed wind turbines of below 1.5MW was built by most 

of the wind turbine manufacturers that using multistage gearbox and squirrel-cage 

induction generator directly connected to the grid. Since the late 1990s, 1.5 MW wind 

turbines with variable speed was the popular option for wind turbine manufacturer. 

 

Figure 2.2: Typical wind turbine drivetrain with gearbox [33] 

DFIG with multistage gearbox and partial rated power converter have used for this 

type of wind turbines. Since 1991, direct-drive generators have been proposed for 

gearless wind turbine generator to reduce failure rate and maintenance cost. A full-

rated power converter is required for the grid connection. Figure 2.3 shows different 

types of drivetrain choice for some large wind turbines. Some of the most commonly 

used wind turbines are: 

1. DFIG3G (Doubly-fed induction generator with three-stage gearbox) 

2. DDSG (Direct-drive synchronous generator with electrical excitation) 

3. DDPMG (Direct-drive permanent-magnet generator) 

4. PMG1G (Permanent-magnet generator with single stage gearbox) 

5. DFIG1G (Doubly-fed induction generator with single-stage gearbox) [2] 
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Figure 2.3: Different types of drivetrain choice for some large wind turbines 

2.6 Gearbox 

The gearbox changes the shaft speed up to a generator required operating speed in 

terms of revolutions per minute (rpm). The gearbox is one of the heaviest, most 

expensive parts of a turbine and usually made by a specialized gearbox manufacturer. 

All gearboxes contain some common parts for transmitting energy, like shafts and 

gears, bearings and seals, and casing. Most gearboxes have one input shaft (low-speed) 

and one output shaft (high speed). Gears can be made of many different materials, but 

the most common ones are made of extremely hard and strong steel, so the steel is 

usually carburized or heat-treated in some way [30]. 

There are different types of gearbox stages. The two most common ones in wind 

turbines are parallel-shaft and planetary gearboxes. Bearings in parallel-shaft 

gearboxes support two or more parallel shafts with gears on them.  Single-stage models 

contain one low-speed shaft connected to the rotor. They also contain one high-speed 

shaft connected to the generator. The low-speed shaft has a large gear that connects 

with the high-speed shaft’s smaller gear. The gear’s pitch diameter ratio is inversely 

proportional to the rotational speed ratio [30]. 
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Planetary gearboxes are different from parallel-shaft gearboxes in two main ways. 

First, the input and output shafts are coaxial. Second, they contain many gears meshing 

together at the same time, so the mechanical load on each gear is less than parallel-

shaft gearboxes. Thus, they are relatively small and light as well. 

 

Figure 2.4: Wind turbine gearbox [34] 

The low-speed (input) shaft enters the gearbox supported by bearings and is connected 

to a planetary carrier. The planetary carrier can rotate and carries three small identical 

gears called “planetary gears” which are able to rotate about their own axes. They are 

free to run, and they mesh with a large-diameter ring gear and a small “Sun” gear. 

When the low-speed shaft and carrier rotate, the meshing with the ring gear rotates the 

planet gears at a higher speed. They then rotate the sun gear at an even higher speed, 

and that drives the high-speed (output) shaft [30].  

One of the most troublesome parts of a wind turbine – from a reliability perspective –  

is the gearbox as the downtime for a failure of a gearbox is very high. The statistical 

analysis from the wind industry says that, the contribution of gearbox to the overall 

offshore failure rates is about 7.6% and it share about 20% of total downtime in wind 

turbines which is a large proportion among all the components [35] [36]. The failure 

of the gearbox takes a long time to repair or replacement which reduces the wind 

turbine availability. The cost of replacing gearboxes, especially offshore, can be very 

expensive. So, it is very important to detect gearbox faults at an early stage and repair 
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on time to reduce downtime and avoid damage of the wind turbines [35]. To avoid the 

gearbox failure, many offshore turbines are now designed without gearboxes, i.e., 

direct drive. 

2.7 Generator 

Generators are used in conversion of mechanical power to electrical power. 

Synchronous and asynchronous generators are both used but need different power 

conversion steps depending on electrical machine type and whether the turbine is fixed 

or variable speed [37]. Generally, generator designers and wind turbine designers are 

not same. They either specify the requirements of the generator to be specially 

designed or select commercially available generator with some minor change. The key 

considerations of the wind turbine designer to choose a generator are given below: 

 High efficiency 

 High availability 

 Low stable cost 

 Low mass 

 Compactness 

 Method of starting 

 Operating speed 

 Type of insulation 

 Operation with high electrical noise on conductors 

 Efficiency at full load and part load 

 Protection from environment 

 Heat removal 

 Ability to withstand fluctuating torques 

 Feasibility of using multiple generators [38] 

2.7.1 AC Generators 

The three-phase AC (alternating current) system supplies electricity at a sinusoidal 

waveform with a fixed frequency and amplitude. Most industrial and many domestic 

loads use sinusoidal AC voltage and current. As most existing generator technologies 

supply AC, it is convenient for wind turbine to produce AC voltage. AC generators 

are mainly two types in wind power system [39]. 
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1. Asynchronous or Induction Generator 

 Squirrel cage induction generator (SCIG) 

 Wound rotor induction generator (WRIG) 

 OptiSlip induction generator (OSIG) 

 Doubly-fed induction generator (DFIG) 

2. Synchronous Generator 

 Wound rotor synchronous generator (WRSG) 

 Permanent magnet synchronous generator (PMSG) 

2.7.2 Asynchronous or Induction Generator 

Induction generators are still the most popular in wind energy systems. The initial 

reasons of popularity are the simple, rugged structure and low cost of the squirrel cage 

induction machine and the ability to connect directly to the grid (for fixed speed 

turbines). The operating speed of an Induction machine is slightly greater than 

synchronous speed in generator mode and slightly less than synchronous speed in 

motor mode. This difference in speed is described as “slip” and gives the rise to the 

name asynchronous machine [40], [41]. 

The main drawback of the induction machine is the reactive magnetising current 

needed by stator. As the induction generator has no permanent magnet or separate 

excitation, its need excitation current from other sources and thus reactive power 

consumed. This reactive power can be delivered by the grid or by a power electronic 

system. After connecting to the grid, the generator’s magnetic field is produced. 

Squirrel cage and wound rotor are the types of rotors for an induction generator [42]. 

Figure 2.5 shows the image of these two types of rotor is an induction generator. 

 

Figure 2.5: Squirrel cage rotor and wound rotor for induction generator [43] 
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2.7.2.1 Squirrel cage induction generator (SCIG) 

The squirrel cage induction generator (SCIG) are widely used because of its 

mechanical simplicity, high efficiency and low maintenance requirements. The SCIG 

speed changes by only a few percent. The copper losses are proportional to the 

generator slip and machines designed to have higher slip could become very hot. 

Therefore, this generator is used for fixed-speed wind turbines. The generator and the 

wind turbine rotor are coupled through a gearbox, as the optimal rotor and generator 

speed ranges are different. It also used for full variable speed wind turbines where the 

variable frequency power of the machine is converted to fixed-frequency power by 

using a bidirectional full-load back to-back power converter [41], [44].  

SCIGs have a steep torque speed characteristic and therefore fluctuations in wind 

power are transmitted directly to the grid. These fluctuations are especially critical 

during the grid connection of the wind turbine, where the in-rush current can be up to 

7–8 times the rated current. In a weak grid, this high in-rush current can cause severe 

voltage disturbances. Therefore, the connection of the SCIG to the grid should be made 

gradually in order to limit the in-rush current [42]. 

During normal operation and direct connection to a stiff AC grid, the SCIG is very 

robust and stable. The slip varies and increases with increasing load. The major 

problem is that, because of the magnetising current supplied from the grid to the stator 

winding, the full load power factor is relatively low. This has to be put in relation to 

the fact that most power distribution utilities penalise industrial customers that load 

with low power factors. Clearly, generation at a low power factor cannot be permitted 

here either. Too low a power factor is compensated by connecting capacitors in parallel 

to the generator. There is a unique relation between active power, reactive power, 

terminal voltage and rotor speed in SCIGs. This means that in high winds the wind 

turbine can produce more active power only if the generator draws more reactive 

power. For a SCIG, the amount of consumed reactive power is uncontrollable because 

it varies with wind conditions. Without any electrical components to supply the 

reactive power, the reactive power for the generator must be taken directly from the 

grid. Reactive power supplied by the grid causes additional transmission losses and in 

certain situations, can make the grid unstable. Capacitor banks or modern power 

electronic converters can be used to reduce the reactive power consumption [41].  
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2.7.2.2 Wound rotor induction generator (WRIG) 

In the case of a WRIG, the electrical characteristics of the rotor can be controlled from 

the outside, and thereby a rotor voltage can be controlled. The windings of the wound 

rotor can be externally connected through slip rings and brushes or by means of power 

electronic equipment, which may or may not require slip rings and brushes. By using 

power electronics, the power can be extracted or impressed to the rotor circuit and the 

generator can be magnetised from either the stator circuit or the rotor circuit. It is thus 

also possible to recover slip energy from the rotor circuit and feed it into the output of 

the stator. The disadvantage of the WRIG is that it is more expensive and not as robust 

as the SCIG [41]. 

The most commonly used WRIGs in wind turbine industry are: 

 OptiSlip induction generator (OSIG) and 

 Doubly-fed induction generator (DFIG) concept 

2.7.2.3 OptiSlip induction generator (OSIG) 

The Danish manufacturer Vestas introduced the OptiSlip feature to minimise the load 

on the wind turbine during gusts. The OptiSlip feature allows the generator to have a 

variable slip (narrow range) and to choose the optimum slip, resulting in smaller 

fluctuations in the drive train torque and in the power output. The variable slip is a 

very simple, reliable and cost-effective way to achieve load reductions compared with 

more complex solutions such as full variable-speed wind turbines using full-scale 

converters. The slip of the generator is changed by modifying the total rotor resistance 

by means of a converter, mounted on the rotor shaft. No slip rings are necessary as the 

converter is optically controlled. The stator of the generator is connected directly to 

the grid [41]. 

The advantages of this generator concept are a simple circuit topology, no need for 

slip rings and an improved operating speed range compared with the SCIG. This 

concept can reduce the mechanical loads and power fluctuations caused by gusts to a 

certain extent. However, it still requires a reactive power compensation system. The 

disadvantages are: 

 The speed range is typically limited to 0–10 %, as it is dependent on the size of the 

variable rotor resistance 

 Only poor control of active and reactive power is achieved 
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 The slip power is dissipated in the variable resistance as losses and hence heat 

2.7.2.4 Doubly-fed induction generator (DFIG) 

The concept of the DFIG is the default option for onshore turbines today. The DFIG 

consists of a WRIG with the stator windings directly connected to the constant-

frequency three-phase grid and with the rotor windings mounted to a bidirectional 

back-to-back IGBT voltage source converter. The term ‘doubly fed’ refers to the fact 

that the voltage on the stator is applied from the grid and the voltage on the rotor is 

induced by the power converter. This system allows a variable-speed operation over a 

large but restricted range. The converter compensates the difference between the 

mechanical and electrical frequency by injecting a rotor current with a variable 

frequency. The behaviour of the generator is thus governed by the power converter 

and its controllers during both normal operation and faults. The power converter 

consists of two converters, the rotor-side converter and grid-side converter, which are 

controlled independently of each other [41], [45].  

The main idea is that the active and reactive power is controlled by the rotor-side 

converter by controlling the rotor current components, while the line-side converter 

controls the DC-link voltage and ensures a converter operation at unity power factor 

(i.e. zero reactive power). 

Power is fed into or out of the rotor depending on the operating condition of the drive. 

It flows from the rotor via the converter to the grid in super-synchronous situation, 

whereas in a sub-synchronous situation, it flows in the opposite direction. The stator 

feeds energy into the grid in both cases. The DFIG has several advantages. It has the 

ability to control reactive power and to decouple active and reactive power control by 

independently controlling the rotor excitation current. It is not necessary to magnetise 

the DFIG from the power grid, it can also be magnetised from the rotor circuit. It is 

also able to generate reactive power that can be delivered to the stator by the grid-side 

converter. However, the grid-side converter is not involved in the reactive power 

exchange between the turbine and the grid as it normally operates at unity power 

factor. In the case of a weak grid, where the voltage may fluctuate, the DFIG may be 

ordered to produce or absorb an amount of reactive power to or from the grid, with the 

purpose of voltage control [41]. 
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The size of the converter is not related to the total generator power but to the selected 

speed range and hence to the slip power. Thus, the cost of the converter increases when 

the speed range around the synchronous speed becomes wider. The selection of the 

speed range is therefore based on the economic optimisation of investment costs and 

on increased efficiency. A drawback of the conventional DFIG is the inevitable need 

for slip rings which wear out and need replacing [41]. Some authors have proposed 

brushless DFIGs which essentially use a secondary stator winding as a rotating 

transformer to manipulate the rotor currents. 

2.7.3 Synchronous generator 

Synchronous generators are used in large central station power plant. The synchronous 

generator is generally more expensive and mechanically more complicated than an 

induction generator of a similar size. However, it has one clear advantage over the 

induction generator, it does not need a reactive magnetising current [41]. 

The magnetic field in the synchronous generator can be created by using permanent 

magnets or with a conventional field winding. If the synchronous generator has a 

suitable number of poles (a multi pole WRSG or a multi pole PMSG), it can be used 

for direct-drive applications without any gearbox [41], [46]. 

As a synchronous machine, it is probably most suited for full power control as it is 

connected to the grid through a power electronic converter. The primary goals of the 

converter are: (1) to act as an energy buffer for the power fluctuations caused by an 

inherently gusting wind energy and for the transients coming from the net side, (2) to 

control the magnetisation and to avoid problems by remaining synchronous with the 

grid frequency and (3) to control the generator torque and speed. Applying such a 

generator allows a variable-speed operation of wind turbines [41], [46]. 

2.7.3.1 Wound rotor synchronous generator (WRSG) 

The WRSG is the workhorse of the electrical power industry. The rotational speed is 

strictly fixed by the frequency of the supply grid as the stator windings of WRSGs are 

directly connected to the grid. Slip rings and brushes or brushless exciter with a 

rotating rectifier is used for excitation in the rotor winding with direct current. 

Additional reactive power compensation system does not require for the synchronous 

generator. The rotor winding rotates with synchronous speed, generates the excitation 

field due to current in the field winding. The number of pole pairs of the rotor and the 



24 

 

frequency of the rotating field determine the speed of the synchronous generator. 

Enercon and Lagerwey are the top wind turbine manufacturers who use low speed 

multi-pole WRSG with no gearbox. The advantage of this machine is that it does not 

need a gearbox which can increase the reliability, but the generator is very costly as a 

large and heavy generator with full-scale power converter is required [41]. 

2.7.3.2 Permanent magnet synchronous generator (PMSG) 

The PMSGs in wind turbines allows an operation at high power factor and high 

efficiency because of its self-excitation property. The efficiency of the permanent 

magnet machine is higher than induction machine as the excitation requires no external 

energy supply. However, it is costly to produce permanent magnets and tough to work 

with them in a manufacturing time. The additional cost of this PM excitation is the 

requirement of full-scale power converter to adjust the frequency and voltage of 

generation with transmission system. However, the advantage is the generation of 

power at any speed to fit the current conditions. The stator of the PMSG is wound and 

the rotor may have salient poles or cylindrical with permanent magnet pole system. 

The salient poles are a good option for low-speed wind turbine generator. Actually, 

most machines are surface mounted – with no magnetic saliency [41], [42]. 

2.7.3.3 Direct-drive generator 

The drive connecting the main rotor shaft to the generators can either be routed through 

a gearbox system (to increase the rotor speed) or a direct-drive (gearless) system. 

Direct-drives do not have the mechanical noise associated with a gearbox. Direct-drive 

generators (using magnet in rotors) rotating at lower speeds can still produce the same 

required ‘grid compatible’ electric output as the generators with gearbox if the length 

or the diameter of the generator is increased. This is because the power output is not 

only proportional to the strength of the magnetic field and the rotor speed, but also to 

the length of the generators and the square of its diameter. As the diameter has more 

effect than the length it is the diameter that is usually increased. Direct-drive turbines 

are often seen to have wide nacelles. 

As lower rotor speeds require larger generators, they use more material and so are 

more expensive and heavier. However, the lower-speed designs increase simplicity 

and reliabilities, reduce the need for maintenance and extend the life of machine [47]. 

Figure 2.6 shows a typical direct-drive wind turbine. 
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Figure 2.6: Goldwind direct-drive permanent magnet wind turbine [48] 

2.7.4 Flux orientation 

2.7.4.1 Radial-flux machine 

The magnetic field can be given a radial direction by placing the stator around the 

rotor. A machine construction like this is called a radial-flux machine. Constructing a 

stator and rotor out of laminated steel is easier and cheaper for a radial-flux topology 

since laminations can be stacked.  

 

Figure 2.7: Radial-flux inner-rotor machine 
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A radial-flux machine can be outer-rotor or inner-rotor (Figure 2.7). An advantage of 

radial-flux outer-rotor permanent-magnet synchronous generator compared to inner-

rotor PMSG is that the magnets are more easily attached to the rotor surface [46]. 

2.7.4.2 Axial-flux machine 

The axial-flux PM machine is an alternative of the radial-flux machine. The main 

difference of this machine with radial-flux machine is the magnetic flux that passes 

axially rather than radially across the air gap. These machines are suitable for electrical 

vehicles, pumps, valve control, centrifuges, fans, machine tools, robots and industrial 

equipment. Axial-flux PM machines also named as disk type generator can be 

designed as single sided or double sided, slotted or slotless windings, with internal or 

external PM rotor (Figure: 2.8), iron-cored or ironless stator with surface mounted or 

interior type PM machine [6]. The contact surface between the rotor and shaft becomes 

shorter as output power of the axial-flux generator increases. A major cause of failure 

of axial-flux machine is the design of the rotor-shaft mechanical joint which must be 

given careful attention [46]. 

 

Figure 2.8: (a) Internal rotor axial-flux machine, (b) Torus axial-flux machine [49] 

2.7.4.3 Transverse- flux generator 

The transverse-flux generator (TFG) is a fairly new topology. However, to use for a 

wind turbine generator, more research on TFG machine is required. The transverse-

flux topology can be applied to a range of machine types. It could be used both in 
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permanent magnet and in reluctance machines, for instance. The high ratio of torque 

per kilogram of active material seems to be very attractive [42], [46]. 

A TFG utilises a magnetic circuit that is in a direction perpendicular (transverse) to 

the direction of motion and that of current flow. The geometrical layout of TFG have 

a homo polar flux in the stator cores. This allows an increase in the VA rating of the 

machine with an increase in the pole number for given geometrical dimensions (same 

external diameter and length), raw material and current loading [46], [50]. 

The advantage of independently setting the current and magnetic loading in the 

machine is another attracting aspect of a TFG over the radial-flux machine. In a TFG 

the peripheral length (air gap diameter) sets the magnetic loading whereas the axial 

length of the machine sets the current loading. As these are the most critical factors 

during a machine design phase, an absence of competition between the two is 

favourable for the designer. On the other hand, in a radial-flux machine both, the 

current as well as the magnetic loading is dependent upon the peripheral length of the 

machine, i.e. the air gap diameter. Hence, they compete for the same space, and cause 

design limitations [46], [50]. 

The nature of operation is same as a synchronous machine, and it will function in a 

way that is similar to any other PM machines. It can comprise a very large number of 

poles, which may make it suitable for direct gearless applications [46].  

A disadvantage of the TFG is the large number of individual parts is required and a 

lamination technology has to be used. It can be improved with the advance of powder 

technology. The high amount of flux leakage is another drawback of a TFG, which 

increases with the pole number and results in a poor power factor. This practically sets 

the limit upon the pole width, as otherwise one could go down to an infinite number 

of poles and obtain an infinite power from the machine. The power factor can be 

improved, but at the cost of decreasing the torque density of the machine [46]. 

Kumar et al. shows TFG for wind power applications with different topologies, their 

advantages and limitations [51]. Husain et al. presented a double-sided TFG for direct-

drive wind turbine applications. The proposed TFG has a modular structure with quasi 

U-core stators and toroidal ring windings. A flux-concentrating ferrite magnets setup 

in the rotor to achieve high air gap flux density [52]. Nasiri-Zarandi et al. proposed a 
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TFG using Halbach-array permanent magnet for direct-drive wind turbine applications 

to reduce cogging torque [53]. 

2.7.5 Properties of permanent magnets 

There are three classes of PMs currently used for electric generator: 

 Alnicos (Al, Ni, CO, Fe) 

 Ceramics (ferrites), e.g., barium ferrite BaO×6Fez03 and strontiumferrite 

SrO×6Fez03 

 Rare-earth materials, i.e., samarium-cobalt SmCo and neodymium-iron-boron 

Nd-Fe-B 

2.7.5.1 Alnico 

Alinco has an advantage of high magnetic remanent flux density and low temperature 

coefficients. The temperature coefficient of B, is -0.02%/oC and maximum service 

temperature is 520oC. These advantages allow a high air gap magnetic flux density at 

high magnet temperature. Unfortunately, coercive force is very low, and the 

demagnetization curve is extremely non-linear. Therefore, it is very easy not only to 

magnetize but also to demagnetize Alnico. Alnico has been used in PM DC 

commutator generator of disk type with relatively large air-gaps. This results in a 

negligible armature reaction magnetic flux acting on the PMs. Sometimes, Alnico PMs 

are protected from the armature flux, and consequently from demagnetization, using 

additional mild steel pole shoes. Alnicos dominated the PM generator market in the 

range from a few watts to 150 kW between the mid-1940s and the late 1960s when 

ferrites became the most widely used materials [46]. 

2.7.5.2 Ferrites 

In the 1950s Barium and strontium ferrite were developed. A ferrite has a higher 

coercive force than Alnico, but at the same time has a lower remanent magnetic flux 

density. Temperature coefficients are relatively high, i.e. the coefficient of B, is -

0.2%/OC and the coefficient of H, is -0.27%/oC. The maximum operating temperature 

is 400oC. Low cost and very high electric resistance are the major advantages of 

ferrites, which means no eddy-current losses in the PM volume. Ferrite magnets are 

most cost-effective in fractional horsepower generator and may show a financial 

advantage over Alnico up to about 7.5 kW [46]. Barium ferrite PMs are commonly 

used in small DC commutator motors for automobiles (blowers, fans, windscreen 
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wipers, pumps, etc.) and electric toys. Ferrites are produced by powder metallurgy. 

Their chemical formulation may be expressed as MO×G(Fe203), where M is Ba, Sr, 

or Pb. Strontium ferrite has a higher coercive force than barium ferrite. Lead ferrite 

has a production disadvantage from an environmental point of view. Ferrite magnets 

are available in isotropic and anisotropic grades [46]. 

2.7.5.3 Rare-earth permanent magnets 

In terms of energy density BHmax, there has been great progress in development of rare-

earth PMs during the last three decades. The rare-earth elements are in general not rare 

at all, but their natural minerals are widely mixed compounds. To produce one specific 

rare-earth metal, several others have to be refined, which has no commercial 

application. This limits the availability of these metals. The first generation of these 

new alloys based on the composition SmCo5 and developed in the 1960s has been 

commercially produced since the early 1970s. Now it is a well-established hard 

magnetic material. SmCo5 has the advantage of high remanent flux density, high 

coercive force, high energy product, linear demagnetization curve and low temperature 

coefficient. The temperature coefficient of Br is 0.03 to 0.045%/oC and the temperature 

coefficient of Hc is 0.14 to 0.40%/oC. Maximum operating temperature is 300 to 

350°C. It is suitable for generator with low volume, high power density and class of 

insulation F or H. The only disadvantage is, it is expensive due to supply restrictions 

of both Sm and Co [46]. 

A significant progress in terms of low raw material costs has been achieved after 

developing a second generation of rare earth magnets on the basis of cheap neodymium 

(Nd). The Nd is a much more abundant rare-earth element than Sm. Nd-Fe-B magnets 

give better magnetic properties than SmCo, which arc now produced in increasing 

quantities.  Nd-Fe-B magnets have great potential of improving the performance-to-

cost ratio for many applications. Because of this, they will have a major impact on the 

development and application of PM apparatus in the future [46]. 

2.7.6 Magnet Mounting 

2.7.6.1 Surface PM generators 

In a surface mounted generator (Figure 2.9), the magnet can be magnetized radially or 

sometimes circumferentially. To protect the PMs against demagnetisation and 

centrifugal forces, an external non-ferromagnetic cylinder is used. It can act as a 
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damper and provides an asynchronous starting torque. The synchronous reactance in 

the direct axis and quadrature axis are same in terms of rare earth permanent magnet 

[46]. 

 

Figure 2.9: Typical diagram of a surface mounted PM generator 

2.7.6.2 Buried PM generators 

In a buried magnet generator (Figure 2.10), the rotor is magnetized circumferentially 

and the PMs are embedded in between pole shoes. The height of the PM is in tangential 

direction, i.e., along the pole pitch due to circumferential magnetization. The effective 

pole arc coefficient αi is dependent on the slot width. The synchronous reactance in 

the quadrature axis is greater than the direct axis.  

 

Figure 2.10: Typical diagram of a buried PM generator 
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A starting asynchronous torque is produced with the help of both a cage winding 

integrated in slots in the rotor pole shoes (laminated core) and solid salient pole shoes 

made of mild steel. A non-ferromagnetic shaft is required in order to increase the air 

gap flux linkage.  Including ferromagnetic shaft, a large portion of produced magnetic 

flux goes through the shaft [46]. To increase the air gap flux linkage, another process 

is to equip a non-ferromagnetic sleeve between the ferromagnetic shaft and the rotor 

core. 

2.7.6.3 Shaping PMs 

Permanent magnets can show different characteristics depending on their shape. The 

cogging and commutation torque ripple can be reduced by shaping the PMs thinner at 

the edges than in the centre. A multilateral cross section of the rotor core is needed for 

magnet shapes. Decentred PMs together with split stator slots can suppress the cogging 

torque as effectively as skewed slots with much less reduction of the EMF [46]. By 

selecting proper magnet shape and dimension, it is possible to reduce the induced 

voltage harmonic.  

2.7.6.4 Halbach Arrays 

A Halbach array (Figure 2.11) is named for its inventor Klaus Halbach, which is a 

special arrangement to concentrate magnetic field of permanent magnet on one side of 

the array while cancelling the field to zero on the other side. This is achieved by having 

a spatially rotating pattern of magnetisation [54].  

 

Figure 2.11: Typical diagram of a Halbach Array machine 
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This type of electrical machine can be constructed using multipole fields. Therefore, 

for the high speed electrical machine manufacturer, dipole field has some advantages 

as it can be manufactured with only permanent magnets. No other magnetic materials, 

laminations or back iron needed. The main advantages of this concept are the 

conventional core loss and eddy current loss in the lamination or back iron does not 

exist. Another advantage is the lightweight of the machine because of no back iron or 

laminations required. It can extract a very high peak power over short time scales 

because of the field uniformity [55]. 

2.7.7 Stator/winding Design 

2.7.7.1 Slotted PM generators 

In a slotted stator, the core is carbon steel sheet or a lamination of silicon steel sheet. 

The armature winding is located in the stator slots. The conductors torque secured in 

the slots and reinforced by the slot insulation and epoxy resin. Therefore, a slotted 

stator is long-lasting and consistent than a slotless-stator. A core with large number of 

slots has less electromagnetic noise and cogging torque. To make the production easy, 

the generators manufactured by an automated mass production process must use even 

number of slots in the core. In terms of quality, odd number of slots are preferred with 

ferromagnetic cores due to low cogging torque [46]. The diagram of the slotted-stator 

and slotless-stator is shown in figure 2.12. 

2.7.7.2 Slotless PM generators 

It is possible to remove the cogging effect by designing PM generators without stator 

slots, i.e. the windings are fixed with the inner surface of the laminated stator yoke. 

Sometimes, coils wound around the cylindrical stator core are more convenient for 

small generator. Making zero cogging torque, slotless PM generator have some other 

advantages over slotted generators that given below: 

 Higher efficiency in the higher speed range  

 Lower winding cost in small sizes 

 Higher winding-to-frame thermal conductivity 

 Lower acoustic noise 

There are some disadvantages including the use of more PM material, lower efficiency 

in the lower speed range, lower torque density and higher armature current. The air 

gap flux density and electromagnetic torque decreases with the increase of total air gap 
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(mechanical clearance plus winding radial thickness). To keep the torque close to the 

equivalent slotted motor, then the height of PMs must significantly increase [46]. 

 

 

Figure 2.12: Slotted-stator (left) and slotless-stator (right) PM generator 

2.7.8 Applications 

There are various types of application for rare earth permanent magnets. Hard disk 

drives, CD’s and DVD’s are the largest sector of permanent magnet application. 

Motors are another largest sector as the conversion from induction to permanent 

magnet motor is growing for efficiency gain.  

 

Figure 2.13: Applications of rare earth permanent magnets [56] 
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Wind power generation and hybrid (and EV) drive system are in newest growth 

categories. In addition to wind power, other environmental friendly generators are 

being designed and installed such as tidal turbine, some using PM generators.  Some 

other applications of permanent magnets are electric bicycle, transducer, loudspeakers, 

torque-coupled drives, energy storage systems, hysteresis clutch, MRI, sensors, 

refrigeration, brushless DC machine, transport and many more. 

2.7.9 Magnetic grades 

The strength of a magnetic material is defined as its magnetic grade. It doesn’t depend 

on the physical properties of the magnet, but the maximum energy product BHmax. The 

higher grade denotes that the magnet is stronger. A grade forty (N40) means that the 

magnetic material has a maximum energy product of 40 MGOe [57].  

Table 2.1: Characteristics of some regular Neodymium-Iron-Boron magnet grades [58] 

Properties 

Residual 

Induction, 

Br 

Coercivity, 

HcB 

Intrinsic 

Coercivity, 

HcJ 

Maximum 

Energy 

Product, 

BHmax 

Temperature 

Grade 
Typical 

mT 

min 

kA/m 

min 

kA/m 

Typical 

MGOe 

Max 

oC 

N30 1105 796 955 30 80 

N33 1150 836 955 33 80 

N35 1210 860 955 35 80 

N38 1260 860 955 38 80 

N40 1285 923 955 40 80 

N42 1315 860 955 42 80 

N45 1350 860 955 44 80 

N48 1400 836 875 47 80 

N50 1425 836 875 49 80 

N52 1450 836 875 51 60 

N55 1490 716 876 54 60 
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The characteristics of regular Nd-Fe-B magnet are given in Table 2.1, the 

demagnetisation curve of Nd-Fe-B (N40) magnet also shown in figure 2.14. 

 

Figure 2.14: Demagnetisation curve of Neodymium-iron-Boron (N40) magnet [58] 

2.7.10 Other types of generators 

2.7.10.1 High voltage generator 

Wind turbine generators can be operated at high voltage by using transformer. The 

main objective of increasing the voltage of the generator is to reduce the current which 

reduces losses. This can help to increase the efficiency of wind turbine at higher load 

and reduce the size of the generator. The use of a transformer is not required, if the 

voltage of the machine and the grid voltage are same. HVGs are manufactured both as 

synchronous generators and as asynchronous generators [42]. 

For large wind turbines exceeding 3MW, HVGs are a potentially interesting 

alternative. The major drawbacks are the uncertainty regarding its long-term 

performance, the high cost of the entire system and the safety requirements, which are 

more complex than those for low-voltage machines. The cost of the HVG including, 

the power electronics and the auxiliary equipment, such as switchgears, increases 

significantly with the size of the generator. If the number of wind turbines with HVGs 

increases significantly, the price could decrease in the future [42]. 
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2.7.10.2 The switched reluctance generator 

The switched reluctance generator (SRG) has a robust and simple mechanical structure 

with reduced costs and the opportunity to eliminate the gearbox. For the aerospace 

applications, it is more interesting because of its ability to continue operating at 

reduced output in the presence of faults in the generator itself. In the case of wind 

turbines, the literature on SRGs is not substantial, and much research is required before 

adapting for wind turbine application [41], [42]. 

The SRG is a synchronous generator with a doubly salient construction, with salient 

poles on both the stator and the rotor. Excitation of the magnetic field is provided by 

the stator current in the same way as the induction generator. The SRG is considered 

inferior to the PMSG machine because of its lower power density. The SRG requires 

a full-scale power converter in order to operate as a grid-connected generator. 

Moreover, the SRG has a lower efficiency than a PMSG and a lower power factor than 

asynchronous generators [42], [59]. 

2.7.10.3 Synchronous reluctance generator 

The first SynRM was introduced by Kostko in 1923. The synchronous reluctance 

motor was developed particularly in the 1960’s as a line-start synchronous AC motor. 

A significant amount of work and research on the design and control of synchronous 

reluctance motors have been done during the 1990’s. Recently, the SynRM have been 

further improved [60]. Figure 2.15 shows the cross-section of a synchronous 

reluctance generator. 

 

Figure 2.15: Cross-section of the synchronous reluctance generator [60] 
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Even though most of the researchers have explored the application of the reluctance 

machine as a motor, the field of the synchronous reluctance generator (SynRG) has 

also been brought to attention. One of the interesting applications of the SynRG is for 

wind turbine generation systems, since SynRGs are robust, inexpensive and they have 

a simple rotor construction. Moreover, SynRGs have low noise emission and are 

suitable for variable speed operation. Although synchronous permanent magnet 

generators often are a very good choice for many variable-speed drive applications, 

the advantages of using synchronous reluctance generators is that, the very expensive 

permanent magnets are not needed [60]. 

2.8 Power converter 

Power converters are used to convert electrical power from one form to another, such 

as AC to DC, DC to AC, one voltage to another, or one frequency to another. There 

are various types of applications for power converter in wind energy system. Generator 

starters, variable speed wind turbines and isolated network are some example of the 

use of power converters. Power converters are also capable of adjusting the generator 

frequency and voltage to the grid [61, 62].  The penetration of power electronics in 

wind turbine systems has been continuously growing since the 1980’s, when it 

consisted of a thyristor-based soft-starter just for initially interconnecting the wind 

turbine and after that being bypassed. In the 1990’s, it was mainly the use of rotor 

resistance control with a diode bridge and a power electronic switch; finally, the back-

to-back power converter emerged, first in reduced power for DFIG, then in full power. 

The most adopted solution in power converters for wind turbine systems in the best 

seller range 1.5-3 MW is the use of two two-level voltage source converters in a back-

to-back configuration. At lower and higher powers, it is possible to find other solutions 

such as a diode-bridge for the generator in the case of a synchronous generator and the 

use of multilevel converters to enter medium voltage [63].  

2.8.1 Full power converter 

Full power converter in wind energy system increases the efficiency of wind power 

conversion compared to other converter types (partially rated converters) and 

improves the grid compatibility for high power wind turbines [63]. Permanent magnet 

synchronous generator using full scale converter in wind energy system needs less 

maintenance than other configuration. In a variable speed with full-scale power 
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converter wind turbine, the generator is connected to the grid through a power 

converter and it is fully variable speed controlled. 

For the whole speed range, the frequency converter performs a smooth grid connection 

and reactive power compensation. The generator types that can be used with full power 

converter are electrically excited (wound rotor synchronous generator WRSG), a 

permanent magnet excited (permanent magnet synchronous generator PMSG) or 

induction generator. The full-scale power converter is connected in between the stator 

windings and the grid. In the cases of gearless variable speed wind turbine system, a 

heavier direct drive multi-pole generator is used. Major wind turbine manufacturer 

who are using direct drive generator are Enercon and Siemens Wind Power [63]. 

Figure 2.16 is the diagram of variable speed wind turbine with full scale power 

converter. 

 

Figure 2.16: Variable speed wind turbine with full scale power converter 

2.8.2 Partial rated power converter 

The concept of partial scale-power converter (rated to approx. 30% of generator 

nominal power) used on the rotor circuit with a variable speed wind turbine with a 

wound rotor induction generator (WRIG) is known as Doubly-Fed Induction 

Generator (DFIG). The rotor speed and the rotor frequency are controlled by partial-

scale power converter and the stator is directly connected to the grid. The speed range 

(usually ±30% around synchronous speed) is defined by the power rating of this 

partial-scale frequency converter. The smooth grid interconnection and the reactive 

power compensation also performed by this converter. It is economically cheaper as 

the frequency converter is smaller. The wind turbine is acting as a dynamic power 

source to the grid in this case. However, the use of slip-rings and the protection 

schemes/controllability in grid fault time is the major disadvantages of this concept 

[63]. The variable speed wind turbine with partial-scale power converter is shown in 

Figure 2.17. 
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Figure 2.17: Variable speed wind turbine with partial scale power converter 

2.9 State of the art drivetrains 

The newest addition in Siemens Gamesa range is 8 MW turbine SG-8.0-167 DD which 

is the upgraded version of Siemens 7 MW turbine SWT-7.0-154 for offshore 

application. This is gearless direct drive technology with variable speed pitch regulated 

wind turbine. They also have onshore wind turbine from 2 MW to 4 MW range and 

offshore wind turbine from 6 MW to 8 MW range [64]. General Electric wind turbines 

feature rated capacities from 1.7 MW to 4.8 MW (Onshore) and 6 MW to 12 MW 

(Offshore), where Haliade-X 12 MW is their recently introduced turbine, which is the 

most powerful offshore wind turbine to date, featuring a 12 MW capacity with 220-

meter rotor for offshore operation [65]. The latest addition of Enercon is 3.5 MW EP 

3 series, which is a direct drive wind turbine. They also have gearless generator in kW 

and MW range [66]. It can be seen that, in terms of big turbines, most of the leading 

companies are using medium speed or direct drive technology. 

2.10 Drivetrains in this thesis 

In this study, direct drive permanent magnet generators with surface-mounted and 

flux-concentrating rotor configuration are chosen to perform optimisation. Two 

different magnet materials: Nd-Fe-B and ferrite are used in the generator rotor. The 

increased popularity of permanent magnet direct drive wind turbine in recent years as 

shown in section 2.9 encourages to work on this. The surface-mounted machine is one 

of the most popular rotor configuration in recent years. An alternative configuration 

using flux-concentrating topology with different magnet materials are used to compare 

the machine performance in terms of cost of energy, use of rare earth magnet, annual 

energy production, efficiency and other related variables. Radial-flux inner rotor 

topology is used for all the generators in this study with different power ratings (6, 8 

and 10 MW). Because of economic factors, radial-flux is the predominant machine 
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topology utilised in direct drive multi-megawatt wind turbines and the majority of 

them have conventional inner rotor. This technology has reached maturity in terms of 

its manufacturing processes. The Nd-Fe-B magnet was varied from N35 to N52 to 

estimate the effect of different magnet grade on turbine cost of energy. 

2.11 Previous research works in related area 

There is no established / recognised “best way” to optimise generators for offshore 

wind turbines. People optimise including different aspect of the machine and comes to 

different conclusion. Some of the previous research works related to research questions 

given in section 1.3 are as follow: 

Q1) Use of different magnet materials and rotor topologies 

A number of researchers have started to explore alternative synchronous generator 

types that can deliver most of the benefits of the rare earth based permanent magnets. 

Eriksson and Bernhoff presented an interchangeable rotor design where two suggested 

generators are designed with the same stator but interchangeable rotors with different 

PM material (Nd-Fe-B and ferrite) [1]. Polinder et al. show a comparison of different 

types of generator in terms of annual energy yield per cost, which is analogous to 

payback period [2]. Although these papers show the comparison of different generator 

topologies, these are not optimised. This study optimises the generator topologies and 

introduces new topology to compare with them. 

Q2) Generators structural model, tower, substructure and foundation for offshore 

wind turbine 

Grauers optimised low speed permanent magnet machines using generator costs and 

losses, including an estimation of generator structural cost in [3]. Bazzo et al. included 

active and structural materials for the machine optimisation [4]. Zavvos et al. offered 

an analytical tool that minimises the generators mass or cost by optimising both the 

electromagnetic and structural design at the same time [5]. Wu et al. also outlined the 

optimization of generator rotor structure for minimum generator mass where 

deflections were constrained [67]. McDonald showed the structural models with 

different types of rotor and stator structures for direct drive generators [6]. L. Fingersh 

et al. shows the turbine top head mass can affect the tower and foundation cost that 

goes into turbine capital cost and effect on cost of energy [10]. According to a NREL 

technical report, the substructure and foundation cost is 9% of the total offshore wind 
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turbine cost [11]. In all these papers, authors successfully achieved their aim for some 

specific area and other areas are simplified. This thesis includes all of them together 

in details to see the overall performance and how they change with different objective 

functions in optimisation.   

Q3) Turbine power ratings 

Duan and Ionel optimised permanent magnet synchronous machine for a wide range 

of power ratings from 1 kW to 1 MW [68]. Carroll et al. estimated cost of energy for 

different wind turbine ratings [69]. H. Li et at. compared one direct drive permanent 

magnet generator topology with different geared generator and power ratings [8]. 

Others have worked for one specific power rating, not for a range of power ratings. 

This study used the power rating up to 10 MW for different direct drive permanent 

magnet generator topologies to compare them. 

Q4) Choice of magnet grade 

Fasolo et al. shows some effect of different magnet grade on machine performance 

[70]. Galioto proposed some permanent magnet machine designs with various grades 

of expensive dysprosium (Dy)-free magnets to compare the machine performance with 

different magnet grade and to reduce the use of rare earth magnet [71]. Gutfleisch et 

al. shows the importance of choosing improved magnetic materials for high energy 

efficiency [72]. Although some of the researchers showed the performance using 

different magnet grades, they did not include the cost of different magnet grades. This 

thesis includes the cost of different magnet grades to find the cost effective machine 

with better performance. 

Q5) Thermal model, cooling circuit and machine temperature 

Grauers shows a method where the generator outer surface of the stator core is cooled 

by air forced through circumferential cooling channels [3]. Alexandrova et al. show 

internal direct liquid cooling of the stator winding to manage joule heating losses [73]. 

Others have looked at different cooling methods and coolants [17], [74,75]. This study 

optimised different generator topologies to find the lowest cooling cost with better 

performance. 
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Q6) Objective function 

Different authors have approached the problem of formulating the objective function 

of such optimizations in different ways. Polinder shows an objective function that 

minimizes the cost of generator active materials (i.e. magnet, copper and iron) and the 

generator losses as well [7]. The generator system cost is minimized in [8]. Bazzo et 

al. outlined some objective functions to minimize costs and maximize efficiency which 

included minimizing active and structural materials cost and minimizing cost of losses 

to get maximum return of investment [4]. Others have looked at different optimization 

methods with different objectives [3], [5], [67]. This study compares four different 

objective functions to find the best approach of optimising generator for offshore wind 

turbine. 

2.12 Discussions and conclusions 

This chapter shows the previous works related to research area/ research questions 

given in chapter 1. There are various types of wind turbine with high speed, medium 

speed and direct drive. In terms of failure rate, efficiency, operation and maintenance 

the direct drive option may become more popular in future. Permanent magnet 

excitation is the most popular option for wind turbine generator and increasing the use 

significantly. To achieve the best performance machine, designers need to look for 

alternative designs, magnetic materials, structural design, effective cooling and 

optimisation. Following chapter will describe the methodology, results and discussion 

to answer the research questions. 
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Chapter 3  

Electromagnetic Modelling 

3.1 Introduction 

In order to optimise a generator for a wind turbine, it is necessary to produce an 

electromagnetic model that links independent variables such as dimensions and 

machine parameters to output performance. Elements of this output performance can 

be used in the objective function. The main purposes of this chapter are: 

 To model electromagnetic design of different generator topologies analytically 

 To verify electromagnetic model using finite element software 

 To calculate power output, losses, masses and other variables for different 

generator topologies 

 To minimise the use of rare earth magnet 

 To estimate the effect of variable power factor 

 To estimate the effect of different magnet grades 

The baseline designs and related results are given in this chapter. The electromagnetic 

models of three different direct drive generator topologies for offshore wind turbine 

are described after that. The generator topologies studied are: (a) Surface mounted Nd-

Fe-B generator (SM Nd-Fe-B), (b) Flux-concentrating Nd-Fe-B generator (FC Nd-Fe-

B) and (c) Flux-concentrating ferrite generator (FC ferrite). SM Nd-Fe-B is one of the 

most cost effective, reliable, well performed generator found in previous researches 

and other topologies are used here as good alternative. These generator topologies are 

modelled analytically in MATLAB and verified with Finite element method magnetics 

(FEMM) software. The calculation of flux density, induced EMF, inductance, terminal 

voltage, power output and losses are also described in this chapter. The calculation of 

active materials masses, effect of variable power factor and different magnet grades 

comes after that.  
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This chapter is important step to answer secondary research questions Q1 and Q4, also 

supports answering Q2, Q3, Q5 and Q6 partially, that includes: electromagnetic 

modelling of different generator topology, different strategies to reduce rare earth 

permanent magnet, magnet grades, power factor, losses and active material mass for 

different generator topologies. The next chapter will describe the mechanical, thermal, 

turbine and cost modelling that helps to answer some of the secondary research 

questions, hence the primary research questions for overall optimisation. 

3.2 Baseline designs 

The generators with 6 MW power ratings are chosen as the base line design for all the 

generator types in this study. The magnet grade for Nd-Fe-B is 40H and ferrite is Y30. 

The properties of these baseline magnet materials are given in Table 3.1. Generator 

materials properties and cost modelling for the baseline design are given in Table 3.2. 

The distributed winding type is used for all the generator topologies. It is assumed that 

the machines are running at unity power factor at all the wind speeds. 

Table 3.1: Baseline magnet properties for rare earth Nd-Fe-B and ferrite magnet materials [76] 

Magnetic Materials 

Magnet material Nd-Fe-B Ferrite 

Grade N40H Y30 

Remanence, min (T) 1.25 0.4 

Normal Coercivity, min (kA/m) 923 240 

Intrinsic Coercivity, min (kA/m) 1355 245 

Density (kg/m3) 7600 5000 

 
Table 3.2: Generator materials and cost modelling [2] 

Generator Material Characteristics 

Slot filling factor 0.6 

Resistivity of copper at 120oC (µΩ·m) 0.024 

Eddy-current losses in laminations at 1.5 T, 50 Hz (W/kg) 0.5 

Hysteresis losses in laminations at 1.5 T, 50 Hz (W/kg) 2 
 

 

Results from baseline electromagnetic designs of different 6 MW generator topology 

are given in Table 3.3. 
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Table 3.3:  Some results from baseline electromagnetic designs of different 6 MW generator topology 

 SM Nd-Fe-B FC Nd-Fe-B FC ferrite 

              Generator Dimensions 

Stator radius, rs (m) 3.5 3.5 4 

Stack length, ls 1.53 1.5 1.5 

Number of pole pairs, p 100 100 100 

Air-gap g (mm) 7 7 8 

Stator slot width ws (mm) 18.3 18.3 20.8 

Stator tooth width wt (mm) 18.3 18.3 20.8 

Stator slot height hs (mm) 80 80 80 

Stator yoke height hsy (mm) 23.4 24.9 25.9 

Rotor yoke height hry (mm) 23.4 - - 

Magnet width/pole pitch, wm/τp 0.75 0.65 0.75 

Magnet height hm (mm) 20 50 400 

Al ring height hal (mm) - 50 50 

 Generator Parameters 

Direct axis inductance per phase Ld 

(mH) 

19.7 23 22.6 

Quadrature axis inductance per 

phase Lq (mH) 

19.7 30.9 25.3 

Stator resistance per phase Rs (mΩ) 152.8 150 134.3 

 Generator Material Mass (tonne) 

Iron 23.2 26.2 51.1 

Copper 8.3 8.1 9.4 

Magnet 3.84 4.4 42.7 

Total 35.34 38.7 103.2 

 Generator losses (MWh) 

Copper losses 1812.4 958.5 1541.1 

Iron losses 231 310.2 255.8 

 

For the baseline design, contour plots were used to reduce magnet mass and increase 

the air-gap flux density. Figure 3.1 and Figure 3.2 shows the contour plot of a 6 MW 

SM Nd-Fe-B and FC ferrite generator. It shows the effect of magnet height and magnet 

width on the air-gap flux density and magnet mass for the both generators.  
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Figure 3.1: Contour plot of fundamental air-gap flux density for a 6 MW  SM Nd-Fe-B rotor(purple, labelled in T) 

and magnet mass (multi-coloured, labelled in kg) 

 

Figure 3.2: Contour plot of fundamental air-gap flux density for a 6 MW FC ferrite rotor (purple, labelled in T) and 

magnet mass (multi-coloured, labelled in kg) 

As shown in Section 3.5, the flux concentrating buried magnet rotor can be further 

optimised by increasing the magnet width at inner radius and altering the magnet 

height to increase the air-gap flux density. Figure 3.3 shows that for a constant magnet 

mass (37,600kg in this example), higher air-gap flux densities can be achieved as the 

angle increases. The maximum value of the angle is 𝜃p,max=6.2° which occurs when 

𝑤m,i = 𝜏p.  
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Figure 3.3: Flux vs. θp for a ferrite magnet rotor with angular pole 

It also possible to keep same air-gap flux density at reduced mass by increasing the 

angle 𝜃p and decreasing magnet height. Figure 3.4 shows a line of constant air-gap 

flux density (𝐵ĝ=0.91T in this example) and how the magnet mass can be minimized. 

 

Figure 3.4: Magnet mass vs. angle θp. All points on the curve give the same fundamental air-gap flux density 

3.3 Magnetic circuit 

A magnetic circuit represents the flow of magnetic flux from a magnetic source that 

returns through a magnetic conducting path. It is a lumped parameter approximate 

method to find magnetic flux. The permanent magnet or electromagnet produces 

magnetomotive force which generates the flux that confined to the path by high 

permeability materials like iron, although there may be air gaps or other materials in 
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the path with low permeability. A magnetic circuit can be drawn as the equivalent of 

electric circuit where magnetomotive force F, flux φ and reluctance R is the analogous 

to voltage V, current I and resistance R as shown in Figure 3.5.  

 

Figure 3.5: Equivalent electric (left) and magnetic (right) circuit 

In this study, the magnetic circuit for different generator topologies are drawn to 

calculate magnetomotive force, reluctance, flux and flux density described in the 

following section 3.4. 

3.4 Generator electromagnetic models 

A radial flux inner rotor and outer stator permanent magnet direct drive generator type 

is chosen in this study. The generators are modelled analytically in the steady state. 

Lumped parameter magnetic circuit models are used to calculate flux per pole. The 

magnetic properties of the chosen magnet materials are given in Table 3.1. Flux 

density in the various parts of the system and the induced EMF can be calculated from 

these magnetic circuits. The magnetic circuit design variables, calculation of 

reluctances, MMF, air-gap flux, inductance, air-gap flux density and induced EMF for 

specific generator topology is described in the following sub-sections.  The distributed 

winding type is used for all the generator topologies. In the initial case, it is assumed 

that the machines run at unity power factor at all wind speeds. This simplification is 

applied to all the generator types and reduces the complexity of the optimisation. 

V=IR F  =φR

I φ 
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3.4.1 Surface mounted Nd-Fe-B generator 

3.4.1.1 Magnetic circuit and reluctances 

In a SM Nd-Fe-B generator, the Nd-Fe-B magnets are mounted in the rotor surface of 

the generator. The simplified (linearized) section of the SM Nd-Fe-B generators 

magnetic circuit models for one pole pair is shown in Figure 3.6. 

 
Figure 3.6: Magnetic circuit for modelling air-gap flux per pole for the SM Nd-Fe-B generators 

Assuming the leakage flux φL=0, the flux of the air-gap can be calculated from 

Ampere’s law, 

2Fm − 2Rg𝜑g − 2Rt𝜑g −Rsy𝜑sy −Rry𝜑ry = 0            (3.1) 

where Fm is the MMF of the magnet, Rg is the reluctance of air-gap, φg is the flux of 

the air-gap, Rt is the reluctance of the stator tooth, Rsy is the reluctance of stator yoke, 

φsy is the flux of the stator yoke, Rry is the reluctance of rotor yoke and φry is the flux 

of the rotor yoke. 

From Gauss’s law, 

𝜑g = 𝜑m = 2𝜑ry = 2𝜑sy                                        (3.2) 

where φm is the flux of the magnet, From the equation (3.1) and equation (3.2), it can 

be found that, 

𝜑g =
4Fm

4Rt+4Rg+Rry+Rsy
                                       (3.3) 

The magnetomotive force can be calculated as, 

Fm =
𝐵r

𝜇0𝜇r,m
ℎm = 𝐻cℎm                                      (3.4) 
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where Br is the remanence, µ0 is the permeability of air, µr,m is the relative permeability 

of the magnet, Hc is the coercivity of the magnet and hm is the height of the magnet in 

the direction of magnetization. 

The reluctance of the stator tooth can be given as, 

Rt =
ℎs

0.5𝜇0𝜇r,steel𝑙s𝑤m
                                            (3.5) 

where hs is the height of the tooth/slot, µr,steel is the relative permeability of the steel, ls 

is the stack length in axial direction and wm is the magnet width. 

The reluctance of the rotor yoke can be calculated as, 

Rry =
𝜏𝜌

𝜇0𝜇r,steel𝑙sℎry
                                             (3.6) 

where τp is the pole pitch and hry is the height of the rotor yoke. The pole pitch can be 

given as, 

𝜏𝑝 =
𝜋𝐷

2𝑝
                                                     (3.7) 

where D is the generator diameter and p is the pole pair. 

The reluctance of stator yoke can be calculated as, 

Rsy =
𝜏𝜌

𝜇0𝜇r,steel𝑙sℎsy
                                           (3.8) 

where hsy is the height of the stator yoke. 

The reluctance of air gap can be found as, 

Rg =
𝑔eff

𝜇0𝑤m𝑙s
                                               (3.9) 

where  𝑔eff is the effective air-gap for a surface mounted machine including extra 

length for flux to cross air-gap due to slotting and magnet. The effective air-gap for a 

surface mounted machine can be given as, 

𝑔eff = 𝑘c (𝑔 +
ℎm

𝜇r,m
)                                       (3.10) 

where kc is the Carter factor of the stator slot and  𝑔 is the mechanical air-gap. The 

mechanical air-gap is always kept as a fixed proportion of the air-gap diameter D, so 

that 𝑔 = D / 1000. The Carter factor can be found as, 
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 𝑘c =
𝜏s

𝜏s−𝑔1𝛾
                                              (3.11)                                          

 𝑔1 = 𝑔 +
ℎm

𝜇r,m
                                            (3.12) 

          𝛾 =
4

𝜋
(

𝑤s

2𝑔1
arctan (

𝑤s

2𝑔1
) − 𝑙𝑛√1 + (

𝑤s

2𝑔1
)

2

)                     (3.13) 

where τs is the slot pitch and ws is the width of the stator slot. 

𝑤s = 𝑤t =
𝜏𝑝

6
                                               (3.14) 

where wt is the width of the stator tooth. 

3.4.1.2 Air-gap flux density and induced EMF 

The flux density of the air-gap can be calculated as, 

𝐵g =
𝜑g

𝐴p
=

𝜑g

𝑤m𝑙s
                                            (3.15) 

where Ap is the area of magnetic pole at the air-gap.  

 

Figure 3.7: An example of the fundamental and quasi-square wave of air-gap flux density 

The fundamental flux density can be given as, 

𝐵ĝ = 𝐵g
4

𝜋
sin(

𝜋

2

𝑤m

𝜏ρ
)                                        (3.16) 

where Bg is the amplitude of the quasi square air-gap flux density. Figure 3.7 shows 

an example of the quasi-square wave from magnetic circuit and the fundamental used 

in EMF calculation for air-gap flux density. 
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The no-load voltage induced by the flux density in a stator winding can be given as, 

                                   𝐸 = √2𝑘w𝑁s𝜔𝑟s𝑙s𝐵ĝ                                     (3.17) 

Where kw is the winding factor, ω is the mechanical angular speed of the rotor, rs is 

the stator radius and Ns is the number of turns of the phase winding that can be given 

as, 

𝑁s = 𝑁slot 𝑝𝑞                                           (3.18) 

where Nslot is the number of conductor per slot and q is the number of slot per pole per 

phase which is one in this study. 

3.4.1.3 Inductance calculation 

The magnetizing inductance can be calculated as [77], 

𝐿m =
4𝜇0𝜏p𝑙s(𝑘w𝑁s)2

𝑝𝑔eff𝜋2                                          (3.19) 

The leakage inductance of the machine can be calculated as [77], 

𝐿leakage = 𝐿slot + 𝐿tooth + 𝐿air + 𝐿skew + 𝐿end                  (3.20) 

where Lslot is the slot leakage inductance, Ltooth is the tooth tip leakage inductance, Lair 

is the air-gap leakage inductance, Lskew is the skew leakage inductance and Lend is the 

end winding leakage inductance. 

The total inductance can be given as, 

𝐿 = 𝐿m + 𝐿m,u + 𝐿leakage                                  (3.21) 

where Lm,u is the mutual inductance which is one-third of the magnetizing inductance. 

3.4.1.4 Phasor diagrams and terminal voltage 

Assuming that the machines run at unity power factor at all the wind speeds. In the 

case of a machine having permanent magnets mounted on the rotor surface, the direct 

axis and quadrature axis inductance are equal, Ld = Lq and hence Xd = Xq. If stator 

resistance is neglected, the following phasor diagrams can be used. Figure 3.8 (a) 

shows the generator operating at low wind speed and current. At higher wind speeds 

(e.g. Figure 3.8 (b)) the induced EMF, E increases until pitch regulation starts and 

keeps the rotation speed constant. The current, I, is varied as shown in Figure 3.8, so 
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that the correct power is produced at each wind speed. This implies that the load angle, 

δ, varies with wind speed up to rated wind speed. 

 

Figure 3.8: Phasor diagram, when the generator operating at:(a,left) low wind speed and (b,right) high wind speeds 

The terminal voltage for a machine having PM mounted on the rotor surface can be 

calculated as [78], 

                    𝑉 = √𝐸2 − (𝐼𝑋s)2 = 𝐸 cos 𝛿                                (3.22) 

where Xs is the reactance. 

3.4.1.5 Verification using finite element software 

The analytical results of electromagnetic model are verified using Finite element 

method magnetics (FEMM) software [79]. FEMM is a set of programs for solving low 

frequency electromagnetic on two-dimensional planar and axisymmetric domains. The 

Lua scripting language is integrated into the interactive shell of FEMM. Lua is a 

complete, open-source scripting language. Because the scripting files are text, they can 

be edited with any text editor. Lua scripts facilitate the build and analysis of the 

electromagnetic model and evaluate the post-processing results in FEMM software 

without interacting with the model manually. In this research, Lua scripts are used to 

run the electromagnetic model from Excel directly to FEMM. With the help of Excel 

VBA, it can automate tasks in Excel by creating macros,  which can be executed after 

clicking on a command button[80]. This process can simplify producing and analysing 

of 2D Finite element model and save time. 

Figure 3.9 shows the magnetostatic finite element analysis results for two poles of a 6 

MW SM Nd-Fe-B generator. The analytical results of direct axis and quadrature axis 

inductance are also verified which shows agreement within about 1% difference in 

both axes. Table 3.4 shows some key dependent variables verified using FEMM for 

the baseline generator design. In the case of the inductance calculations the 2D results 
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do not include the end winding leakage inductance – these are calculated using 

analytical equation. For the sake of comparison, the analytical results presented in 

Table 3.4 also exclude the end winding leakage inductances. All the SM Nd-Fe-B 

generators used in this study are verified using same method. 

 

Figure 3.9: Magnetostatic finite element analysis of SM Nd-Fe-B generator,0T→1.5T. Software is FEMM [79] 

Table 3.4: Analytical results vs FEMM analysis results for a 6 MW SM Nd-Fe-B generator 

Variables SM Nd-Fe-B generator 

Analytical FEMM 

Fundamental air-gap flux density, 𝐵ĝ (T) 1 0.99 

Direct axis inductance, Ld (mH) 19.7 19.5 

Quadrature axis inductance, Lq (mH) 19.7 19.5 

 

The fundamental flux density from FEMM analysis result can be found by using Fast 

Fourier Transform (FFT) analysis and verified with analytical result as shown in Table 

3.4. Figure 3.10 shows the spatial FFT analysis of the air-gap flux density for a 6MW 

SM Nd-Fe-B generator. 
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Figure 3.10: FFT analysis of the air-gap flux density for a 6 MW SM Nd-Fe-B generator 

3.4.2 Flux-concentrating Nd-Fe-B generator 

3.4.2.1 Magnetic circuit and reluctances 

A more complicated rotor is required for flux concentration than for surface mounted 

magnets where magnets are placed between magnetically conducting pole shoes in 

order to reinforce the air-gap flux. As a result, the rotor of these machines would 

normally be heavier. Tangentially magnetized magnets are placed between pole shoes 

with every other magnet magnetized in the opposite direction, i.e. two north poles will 

face each other forcing the flux to travel through the pole shoe to the stator. The pole 

shoes are made of solid iron. Pole shoes and magnets are mounted on a solid ring made 

of nonmagnetic aluminium, in order to force the flux to travel through the stator. The 

aluminium ring is then mounted on a supporting structural steel ring connected to the 

shaft [1]. The simplified section of the FC Nd-Fe-B generators magnetic circuit models 

for one pole pair is shown in Figure 3.11. 

Assuming the leakage flux φL=0, The flux of the air-gap can be calculated from the 

Ampere’s law, 

Fm − 2Rp𝜑g − 2Rg𝜑g − 2Rt𝜑g −Rsy𝜑sy −Rm𝜑m = 0               (3.23) 

where Rp is the reluctance of the pole shoe. From the Gauss’s law, 

𝜑g = 2𝜑m = 2𝜑sy                                         (3.24) 
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Figure 3.11: Magnetic circuit for modelling air-gap flux per pole for the FC Nd-Fe-B generators 

The flux of the air-gap can be found from the equation (3.23) and equation (3.24), 

𝜑g =
2Fm

Rm+Rsy +4(Rt+Rg+Rp)
                                   (3.25) 

where Rm is the reluctance of the magnet. 

The magnetomotive force can be calculated as, 

Fm =
𝐵r

𝜇0𝜇r,m
𝑤m                                          (3.26) 

The reluctance of the stator tooth can be given as, 

Rt =
ℎs

0.5𝜇0𝜇r,steel𝑙s𝑤p
                              (3.27) 

where wp is the width of the pole shoe. 

The reluctance of the magnet can be calculated as, 

Rm =
𝑤m

𝜇0𝜇r,mℎm𝑙s
                                          (3.28) 

The reluctance of the pole shoe can be given as, 

Rp =
ℎp

𝜇0𝜇r,iron𝑙s𝑤p
                                            (3.29) 

where hp is the height of the pole shoe and µr,iron is the relative permeability of the iron. 

The reluctance of stator yoke can be calculated as equation 3.8. The reluctance of the 

air-gap can be given as, 
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Rg =
𝑔eff

𝜇0𝑤p𝑙s
                                     (3.30) 

where the effective air-gap of the FC Nd-Fe-B generator can be given as, 

𝑔eff = 𝑘c𝑔                                                 (3.31) 

Carter factor, kc can be found as equation 3.11. 

3.4.2.2 Air-gap flux density and induced EMF 

The flux density of the air-gap for a flux-concentrating generator can be calculated as, 

𝐵g =
𝜑g

𝐴p
=

𝜑g

𝑤p𝑙s
                                             (3.32) 

The fundamental flux density can be given as, 

𝐵ĝ = 𝐵g
4

𝜋
sin(

𝜋

2

𝑤p

𝜏ρ
)                                         (3.33) 

The induced EMF can be calculated by using the equation 3.17. 

3.4.2.3 Inductance calculation 

The FC Nd-Fe-B generator is a type of salient-pole machine and has different 

inductance on the pole (direct axis inductance, Ld) and between two poles (quadrature 

axis inductance, Lq). The direct axis and the quadrature axis inductance for a flux-

concentrating machine can be calculated from the magnetizing inductance (Equation 

3.19) where the effective air-gap is different.  

 

Figure 3.12: Flux-concentrating Nd-Fe-B generator (a) additional air-gap height used in direct axis magnetizing 

inductance formulation (b) stator field lines in the quadrature axis 
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The effective air-gap in the direct axis, 𝑔eff,d can be found by adding an additional air-

gap, 𝑔add shown in Figure 3.12 (a), where the magnet reluctance Rm is expressed in 

terms of air-gap reluctance. 

  Rm =
𝑤m

𝜇0𝜇r,mℎm𝑙s
=

𝑔add

𝜇0𝜏p𝑙s
                                  (3.34) 

  𝑔add =
𝑤m𝜏p

ℎm𝜇r,m
                                          (3.35) 

  𝑔eff,d = 𝑔eff + 𝑔add                                      (3.36) 

For the quadrature axis, the majority of the flux found by using finite element software 

crosses only pole (for the both FC Nd-Fe-B and FC ferrite generator) as shown in 

Figure 3.12 (b). The magnetic pole resembles a tooth surrounded by slots, and so the 

Carter factor can be applied to calculate the effective air-gap, 

 𝑔eff,q = 𝑘c,q𝑔eff                                         (3.37) 

where kc,q is the Carter factor from the rotor side in the quadrature axis, 

𝑘c,q =
𝜏p

𝜏p−𝑔𝛾q
                                          (3.38) 

𝛾q =
4

𝜋
(

𝑤m

2𝑔
arctan (

𝑤m

2𝑔
) − ln√1 + (

𝑤m

2𝑔
)

2

)                      (3.39) 

The direct axis and quadrature axis inductances can be found as 

𝐿d = 𝐿m,d + 𝐿m,u + 𝐿leakage                                   (3.40) 

𝐿q = 𝐿m,q + 𝐿m,u + 𝐿leakage                                   (3.41) 

where Lm,d is the d-axis magnetizing inductance, Lm,q is the q-axis magnetizing 

inductance, Lm,u is the mutual inductance which is one-third of the magnetizing 

inductance and Lleakage is the leakage inductance which can be calculated as [77]. 

3.4.2.4 Phasor diagrams and terminal voltage 

In the case of the machines with buried magnets, there is significant saliency, i.e. 

Ld≠Lq. In this case, the phasor diagram of a flux-concentrating machine with unity 

power factor is shown in Figure 3.13 and the terminal voltage can be found as [78], 

𝑉 = √(𝐸 − 𝐼d(𝑋d − 𝑋q))2 − (𝐼𝑋q)
2

= 𝐸 cos 𝛿 − 𝐼d(𝑋d − 𝑋q) cos 𝛿        (3.42) 

where Id is the direct axis current. 
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Figure 3.13: Phasor diagram of a flux-concentrating machine 

These equations can be solved iteratively to find the load angle for every wind speed 

if the relationship between wind speed and rotor speed and between wind speed and 

current are known. 

3.4.2.5 Verification using finite element software 

Figure 3.14 shows the magnetostatic finite element analysis results for two poles of a 

6 MW FC Nd-Fe-B generator. The analytical results of direct axis and quadrature axis 

inductance for FC Nd-Fe-B are also verified which shows agreement within about 1% 

difference in both axes. Table 3.5 shows some key dependent variables verified for the 

baseline generator design. The analytical results presented in Table 3.5 also exclude 

the end winding leakage inductances as the 2D FE results do not include the end 

winding leakage inductance. All the FC Nd-Fe-B generators used in this study are 

verified using same method. 

 

Figure 3.14: Magnetostatic finite element analysis of FC Nd-Fe-B generator,0T→1.5T. Software is FEMM [79] 
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Table 3.5: Analytical results vs FEMM analysis results for a 6 MW FC Nd-Fe-B generator 

Variables FC Nd-Fe-B generator 

Analytical FEMM 

Fundamental air-gap flux density, 𝐵ĝ (T) 1.04 1.02 

Direct axis inductance, Ld (mH) 23.0 22.8 

Quadrature axis inductance, Lq (mH) 30.9 30.6 

 

The fundamental flux density can be found by using Fast Fourier Transform (FFT) 

analysis. Figure 3.15 shows the FFT analysis of the air-gap flux density for a 6MW 

FC Nd-Fe-B generator. 

 

Figure 3.15: FFT analysis of the air-gap flux density for a 6MW FC Nd-Fe-B generator 

3.4.3 Flux-concentrating ferrite generator 

3.4.3.1 Electromagnetic model 

Flux concentration can be used to utilize cheap low-energy magnets and still obtain a 

high air-gap flux density. A common low-energy magnet material is ferrite which has 

a remanent flux density of about 0.4 T [3]. The required mass for ferrite magnets is 

much higher than that for Nd-Fe-B magnets. However, the cost for the PMs, when 

substituting Nd-Fe-B with ferrite, is only one fourth to one fifth; that is, if the larger 

mass can be accepted a large cost reduction can be expected [78]. The rotor of the FC 

ferrite generator has ferrite magnets buried between pole shoes in order to reinforce 

the air-gap flux. The simplified section of the FC ferrite generators magnetic circuit 

models for one pole pair is shown in Figure 3.16. 
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Figure 3.16: Magnetic circuit for modelling air-gap flux per pole for the FC ferrite generator 

 

Figure 3.17: Flux-concentrating ferrite magnet generator (a) additional air-gap height used in direct axis 

magnetizing inductance formulation (b) stator field lines in the quadrature axis 

Figure 3.17 shows that, in quadrature axis the majority of the flux found by using finite 

element software crosses only pole. The magnetic pole resembles a tooth surrounded 

by slots, and so the Carter factor can be applied to calculate the effective air-gap as 

shown in section 3.4.2.3. 

The reluctances, air-gap flux density, induced EMF, resistance, inductance, phasor 

diagram and terminal voltage of the FC ferrite generator can be found by using same 

procedure given for FC Nd-Fe-B generator in section 3.4.2.  

3.4.3.2 Verification using finite element software 

Figure 3.18 shows the magnetostatic finite element analysis results for two poles of a 

6 MW FC ferrite generator. The analytical results of direct axis and quadrature axis 

inductance for FC ferrite are also verified which shows agreement within about 1% 

difference in both axes. Table 3.6 shows some key dependent variables verified for the 

baseline generator design. The analytical results presented in Table 3.6 also exclude 
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the end winding leakage inductances as the 2D FE results do not include the end 

winding leakage inductance. All the FC ferrite generators used in this study are verified 

using same method. 

 

Figure 3.18: Magnetostatic finite element analysis of FC ferrite generator, 0T→1.5T. Software is FEMM [79] 

Table 3.6: Analytical results vs FEMM analysis results for a 6 MW FC ferrite generator 

Variables FC ferrite generator 

Analytical FEMM 

Fundamental air-gap flux density, 𝐵ĝ (T) 0.98 0.96 

Direct axis inductance, Ld (mH) 22.6 22.5 

Quadrature axis inductance, Lq (mH) 25.3 25.1 

 

The fundamental flux density can be found by using Fast Fourier Transform (FFT) 

analysis. Figure 3.19 shows the FFT analysis of the air-gap flux density for a 6MW 

FC ferrite generator. 

 

Figure 3.19: FFT analysis of the air-gap flux density for a 6 MW FC ferrite generator 
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3.5 Magnet mass minimisation 

With a fixed pole width and number of pole pairs, the flux-concentrating magnet 

geometry can be optimised to minimise magnet mass while achieving the same 

fundamental flux density as the surface mounted magnet machine. Increasing the 

magnet width at the inner radius, wm,i leads to the angle, θp increasing (Figure 3.20). 

This variation, accompanied with changing in the magnet height, hm allows the magnet 

mass to be minimised. 

 

Figure 3.20: Schematic diagram of ferrite magnet rotor with angular pole 

To further minimise the magnet mass, contour plots of magnet mass and air-gap flux 

density from SM Nd-Fe-B and FC ferrite rotors are plotted against different magnet 

widths and heights. 

3.6 Masses and inertia 

The Mass of materials within a generator can be calculated by multiplying the density 

of the material with its volume. Magnet mass can be calculated as, 

𝑚PM = 2𝑝𝜌m𝑤mℎm𝑙s                                    (3.43) 

where ρm is the density of magnet. To calculate the cost of the generator, the masses 

of iron and copper are also calculated and multiplied by the assumed cost per kilogram 

of the materials given later in Table 4.4. 

The total mass of active materials in the generator can be given as, 

𝑚act = 𝑚stat + 𝑚rot                                    (3.44) 

where mstat is the total active material masses in the stator and mrot is the total active 

material masses in the rotor. 
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Moment of inertia of rotating components with mass, 𝑚 at radius, 𝑟 on the rotor can 

be given as, 

                                𝐽 = ∑
1

2𝑖 𝑚𝑖𝑟𝑖
2                                           (3.45) 

Equation (3.45) can be used for the magnet, rotor iron and rotor structure (with correct 

masses and radii). The inertia of the rotating parts of the generator are used in Bladed 

model to compare the energy capture of generator with different inertia, as described 

in Section 4.4.3. 

3.7 Power output, losses and efficiency 

The electrical power output can be calculated as, 

 𝑃electrical = 3𝐼𝑉 cos 𝜃                                          (3.46) 

where θ is the angle between terminal voltage and current The copper losses can be 

calculated from currents and resistances as, 

𝑃cu = 3𝐼2𝑅s                                               (3.47) 

Phase resistance can be calculated as, 

𝑅s = 𝜌cu
𝑙cu

𝐴cu
                                                 (3.48) 

where ρcu is the resistivity of copper, lcu is the length of conductor in phase and Acu is 

the cross-section area of the conductor.  

The resistivity of the copper can be found as,   

𝜌cu = 𝜌20(1 + 𝛼t∆𝑇)                                           (3.49) 

where ρ20 is the resistivity of copper at 20oC which is the ambient temperature, αt is 

the temperature coefficient and ∆𝑇 is the difference of the temperature. 

The cross-section area of conductor can be given as, 

𝐴cu =
𝑘sfil𝐴slot

𝑁slot 
                                                    (3.50) 

where ksfil is the slot filling factor and Aslot is the area of a slot. 

𝐴slot = 𝑤sℎs                                                    (3.51) 

The length of conductor in phase can be given as, 
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𝑙cu = 𝑁s(2𝑙s + 4𝜏p)                                       (3.52) 

The specific iron losses (the iron losses per unit mass) for the stator yoke can be 

calculated as [2], [81], 

𝑃Fesy = 2𝑃Fe0h (
𝑓e

𝑓0
) (

�̂�sy

�̂�0
)

2

+ 2𝑃Fe0e (
𝑓e

𝑓0
)

2

(
�̂�sy

�̂�0
)

2

                   (3.53) 

Where fe is the frequency of the field in the iron, PFe0h is the hysteresis loss per unit 

mass at the given angular frequency, f0 and flux density B0, PFe0e is the eddy current 

loss per unit mass and Bsy is the stator yoke flux density.  

The stator yoke flux density can be given as, 

𝐵sy =
∅sy

ℎsy𝑙s
                                              (3.54) 

The specific iron losses for the stator teeth can be calculated as, 

𝑃Fest = 2𝑃Fe0h (
𝑓e

𝑓0
) (

�̂�t

�̂�0
)

2

+ 2𝑃Fe0e (
𝑓e

𝑓0
)

2

(
�̂�𝑡

�̂�0
)

2

                   (3.55) 

where Bt is the stator teeth flux density that can be given as, 

𝐵t =
∅g

1

2
𝑤𝑙s

                                                      (3.56) 

where w = wm for the SM Nd-Fe-B generator and w = wp for the flux-concentrating 

generators (where 𝑤s = 𝑤t). 

To calculate the total iron losses, the iron losses in teeth and yokes are evaluated and 

added. The total iron losses in the stator can be given as, 

𝑃Fe = 𝑃Fesy + 𝑃Fest                                  (3.57) 

The generator efficiency can be given as, 

𝜂 =
𝑃electrical

𝑃mechanical
× 100%                             (3.58) 

where Pmechanical is the mechanical power from the wind turbine rotor. 

3.8 Variable power factor 

It is assumed that the generators in this study run at unity power factor at all wind 

speeds. This simplification is applied to all the generator types and reduces the 

complexity of the optimization. This assumption tends to overestimate the generator 

losses and material costs and underestimate the power converter rating and cost than 
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for example varying the load angle so that the phase current is between the induced 

emf and terminal voltage [2]. 

To see the effect of variable power factor on turbine cost of energy, generator losses, 

materials cost, converter cost and other variables, the current is placed in the middle 

between the terminal voltage and induced EMF and the phasor diagram is shown in 

Figure 3.21.  

 

Figure 3.21: Phasor diagram of a surface-mounted machine with variable power factor (θ = 0.5δ) [82] 

Terminal voltage can be given as, 

𝑉 = √𝐸2 − (𝐼𝑋s cos 𝜃)2 + 𝐼𝑋s sin 𝜃                             (3.59) 

where power factor angle ϴ is half of the load angle δ, 

Load angle can be calculated as, 

𝛿 = sin−1 𝐼𝑋s cos 𝜃

𝐸
                                                (3.60) 

3.9 Magnet grades 

When choosing the type of Nd-Fe-B magnet, a generator designer can pick from a 

number of magnet grades. These grades are often expressed as NXY where ‘N’ 

indicates that this is an Nd-Fe-B magnet, X is the maximum energy product (BHmax) 

in MGOe and Y indicates the maximum working temperature. The maximum energy 

product of the magnet material is the product of magnet’s flux density and field (BmHm) 

which is maximum. BHmax is a volume independent magnetic characteristic, meaning a 

small and large magnet made from the same Nd-Fe-B magnet alloy will have the same 

BHmax, although they result in different magnetic fields or flux.  Although the actual 

BH of a magnet depends on the magnetic circuit design in which it is placed, BHmax is 

a good figure of merit and a higher number indicates a stronger magnet.  
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Table 3.7: Magnet properties for different magnet grades [58] 

Magnet grade 
Remanent flux density (T) 

Regular  “H” grade  

Operating Temperature 80°C 80°C 120°C 

N35 1.12 1.12 1.06 

N38 1.17 1.17 1.11 

N40 1.20 1.20 1.13 

N42 1.21 1.21 1.15 

N45 1.25 1.25 1.19 

N48 1.30 1.30 1.23 

N50 1.32 1.32 1.25 

N52 1.34 1.34 1.27 

 

The production of rare earth permanent magnets is based on the combination of 

intermetallic compounds of rare earth elements and the transition metals Fe or Co. The 

development in the last few decades has led to significant improvements in energy 

product BHmax and higher Curie temperatures (the temperature at which the magnet 

will become completely demagnetized) [83-84]. 

Gutfleisch [83] shows different manufacturing routes of magnets for high BHmax and 

high operating temperatures. Based on the proportion of intermetallic compounds of 

rare earths, transition metals, other impurities, structure, heat treatment and processing 

route, BHmax and the maximum operating temperature and the cost of a magnet will be 

different. Generally speaking, the higher BHmax and temperatures need progressively 

more substitution of Dysprosium for the Neodymium. For this to be effectively used, 

there are also additions of Cobalt and Gallium in the manufacturing process. 

Commercial magnetic characteristics are advertised with tolerance; this is why there 

is an effective range for the maximum energy product. 

A number of different Neodymium magnet grades (N35 to N52) are used in this study 

for a 6 MW SM Nd-Fe-B generator. The baseline neodymium magnet grade in this 

study is N40H. The optimization process is repeated for other magnet grades and the 

optimal designers are compared. Table 3.7 shows the magnetic properties, the 

maximum operating temperature of different Neodymium magnet grades and their 

actual operating temperatures. The cost of magnets is collected from [85] and [86]. 

After that collected data are normalised so that the magnet size is not so much an issue. 

The normalised current specific per unit cost of different magnet grades are shown in 

Fig. 3.22. The cost of different magnet grades, C(X) can be found from the baseline 
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magnet cost C(40H) given in Table 4.4, multiplied with unit price, U given in Figure 

3.18. 

 

Figure 3.22: Fitted trend lines of the per unit specific cost of Nd-Fe-B magnet grades (relative to N40H). X 

represents the maximum energy product and the graph shows ‘regular’ and high temperature magnets. [85-86] 

3.10 Discussions and Conclusions 

This chapter describes the method of electromagnetic modelling for different generator 

topologies. The generator designs are also optimised using contour plots. Analytical 

models are partially verified using finite element software. Baseline electromagnetic 

designs of different generator topologies are also shown in this chapter. Essentially 

this is a methodology chapter, but if someone wish to look at the baseline designs and 

where the designer might improve the design and what the relative pros and cons of 

each are. The air-gap flux density, generator dimensions and power losses are linked 

with mechanical and thermal models. The overall optimisation will be performed 

including electromagnetic design, mechanical and thermal design (given in next 

chapter), which will help to answer the primary research question. 
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Chapter 4  

Mechanical, Thermal 

Modelling and Turbine 

4.1 Introduction 

In order to have a full understanding of a generator design, it is important to be able to 

include structural and thermal elements alongside the magnetic and electrical circuits 

shown in Chapter 3. It is also important to include a representation of the wind turbine 

and how the generator design will affect the cost and performance of the turbine. The 

structural and thermal model in this Chapter are the extension of the electromagnetic 

model in Chapter 3, which will be optimised all together in Chapter 5. 

The main purposes of this chapter are: 

 To include the structural model of the generators along with the 

electromagnetic model given in chapter 3  

 To estimate the effect of generator structure on turbine top head mass, and 

subsequently on tower, foundation and lifting cost and overall turbine cost of 

energy.  

 To develop a thermal model to estimate the effect of temperature due to 

different losses and cooling cost to cool down the magnet and winding 

temperature.  

 To develop a cooling model, showing costs and losses for variable cooling 

requirements 

The generator structural models for both stator and rotor, linking deflections in the air-

gap to structural masses are described in this chapter. A simple thermal model is then 

introduced to estimate the thermal effect due to power losses (copper, iron and magnet 

losses) in the generator. This modelling is verified using the FEMM heat flow analysis 

module. Next, the required cooling air flow, additional cost and energy consumption 
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incurred to cool down the magnet and winding temperature by forced air flow using 

fan and heat exchanger is modelled. The air flow control is controlled so that the fan 

energy consumption varies with variable wind speed. Subsequently characteristics of 

the wind turbine and the site wind resources and calculation of annual energy 

production is shown for different power ratings. The influence of generator mass on 

inertia (and hence turbine performance) and the effect of turbine top head masses on 

tower, foundation and lifting cost are also modelled in this chapter. 

This chapter is an important step to answer secondary research questions Q2, Q3 and 

Q5, also supports answering Q4 and Q6 partially. The next chapter will describe the 

optimisation procedure that helps to answer some of the secondary research questions, 

hence the primary research questions for overall optimisation. 

4.2 Generator structural model 

In order to design lightweight and cost effective direct drive generators, the designer 

should include a structural model of the generator along with the active material model. 

McDonald [6] showed the structural models with different types of rotor and stator 

structures for direct drive generators. In this study a simple structure – where a cylinder 

is connected to the shaft by arms, in a so-called “spider” arrangement – has been used 

to represent both the generator rotor and stator. The work here in this chapter goes 

further than [6] as it finds minimum dimensions of the arms that will meet deflection 

requirements. 

An example rotor and stator structure and different types of deflection with 6 arms is 

shown in Figure 4.2 and Figure 4.3. The cylinder includes the ‘yoke’ or back iron. For 

the flux-concentrating generators there is no steel rotor yoke; instead of steel, pole 

pieces are mounted on an aluminium cylinder. The rotor deflection is allowed to 

deflect radially into air-gap by 5% of the air-gap length, the permitted tangential 

deflection is 0.5% of the air-gap and the structure is allowed to deflect axially by 0.02% 

of the air-gap.  

The electromagnetic and structural models are coupled and so if the air-gap flux 

density increases with a design change then the loads on the rotor and stator increase. 

This means that if the magnet MMF increases or if the air-gap clearance is reduced 

(and the air-gap reluctance drops) then the magnetic loading increases. In order to keep 
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the air-gap open, stiffer and heavier generator structures are needed, leading to a 

structural cost increase. 

The major force that the rotor and stator structures must face is the normal component 

of Maxwell’s stress. A mean normal radial stress, qr is applied to the outside surface 

of the rotor and inner part of the stator – for an inner rotor machine,  

 𝑞r =
𝐵g

2

2𝜇0

𝑤

𝜏p
                                               (4.1) 

where Bg is the air-gap flux density, w = wm for surface-mounted Nd-Fe-B generator 

and w = wp for flux-concentrating generators. In this study, the structural dimensions 

of the arms and yoke are varied to meet the deflection criteria. In the flux-concentrating 

generators case, additional aluminium cylinder thickness is added. Equation (4.1) 

shows that the loads on the structure are strongly dependent on the electromagnetic 

model.  

 

Figure 4.1: Rotor with arms 

The radial deflection at the mid-point of the back iron between two arms – see Figure 

4.1- is given in [6] and [12] as, 

 𝑢 =
𝑞r𝑅st

2

𝑌stℎy
(1 +

𝑅st
3

𝐼r
𝛼)                                      (4.2) 

Rst

hy
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where Rst is the radius of the structure, Yst is the Young’s Modulus of the structural 

material, hy is the height of yoke, Ir is the second moment of area of the cross-section 

of yoke and α is a function of the number of arms and the dimensions of the rotor or 

stator structure [87].  

In terms of the tangential or circumferential direction, the deflection z for the rotor or 

stator structure can be found as [87], 

 𝑧 =
𝑇max𝑙ar

3

12𝑌st𝐼z
                                             (4.3) 

where Tmax is the maximum torque of generator, lar is the radial length of the arms and 

Iz is the second moment of area of the structural arms in the circumferential direction. 

The axial deflection of the generator rotor or stator due to gravity, y is given in [6] and 

[87] as 

 𝑦 =
𝑊𝑙b

3

12𝑌st𝐼y
+

𝑤𝑙ar
4

24𝑌st𝐼y
                                         (4.4) 

where W is the weight component of the back iron (i.e. permanent magnet, copper, 

aluminium, iron or other materials in rotor or stator yoke), lb is the radial length of the 

beam, w is the weight component of the arms and Iy is the second moment of area of 

the structural arms in the axial direction.  

 

Figure 4.2: From left to right, (a) Structural model of rotor (b) Radial deflection (c) Axial deflection (d) Tangential 

deflection 

 

Figure 4.3: From left to right, (a) Structural model of stator (b) Radial deflection (c) Axial deflection (d) Tangential 

deflection 
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Figure 4.4: Rotor arms with dimensions 

The structural mass of a generator can be found by the summation of the structural 

mass of rotor and the structural mass of stator. The structural mass of rotor or stator, 

mstr can be calculated as 

𝑚str = 𝜌st[2𝜋𝑅stoℎy0𝑙s + 𝑛ar𝑙ar{𝑏𝑑 − (𝑏 − 2𝑡a)(𝑑 − 2𝑡a)}]        (4.5) 

where ρst is the density of the material, Rsto is the outer radius of the structure, hy0 is 

the extra yoke height due to deflection, nar is the number of arms, b is the average beam 

width (circumferential), d is the average beam width (axial) and ta is the wall thickness 

of beam. 

4.3 Thermal model/cooling 

It is important to understand the effect of operating temperature on Nd-Fe-B magnets. 

Typically, Nd-Fe-B magnets operate best at lower temperatures, i.e. their Br and Hc are 

larger. Regular Nd-Fe-B magnets can work safely up to 80oC temperature but after this 

point, they begin to irreversibly lose their magnetism. On the other hand, grades with 

an “H” rating can operate in temperatures up to 120°C.  

This study estimates the temperature effect due to power losses, the additional cost and 

energy consumption incurred to cool down the magnet temperature by forced air flow 

b d

ta
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using fan and heat exchanger. Different “H” grade Nd-Fe-B magnets (N35H –N52H) 

with operating temperature of 120°C are used in the rotor of 6 MW SM Nd-Fe-B 

generator to estimate the temperature rise due to losses. After that a cooling system is 

introduced to cool down the magnet temperature from 120°C to 80°C. Subsequent to 

that, different regular grade magnets (N35-N52) with maximum operating temperature 

of 80°C are used instead of “H” grade magnet to compare the effect of temperature and 

cost of energy. The process of controlling the cooling air flow for variable losses 

comes after that. 

4.3.1 Temperature Effect on Resistance and Br 

In the case of additional cooling, the winding temperature will be decreased. The 

resistivity of copper, ρcu depends on the winding temperature and so, 

𝜌cu(𝑇) = 𝜌0(1 + 𝛼t∆𝑇)                                       (4.6) 

where ρ0 is the resistivity at ambient temperature (20°C) and αt is the temperature 

coefficient of copper. This varying resistivity affects the winding resistance,  

𝑅s =
𝜌cu(𝑇)𝑙cu

𝐴cu
                                                     (4.7) 

where lcu is the length of a winding and Acu is the cross-section area of copper 

conductor. The copper losses of the generator vary due to temperature effect on 

resistance. 

The magnet’s remanence (Br) and coercivity vary with temperature as given in [58]. 

Indeed, changing the temperature of a N40H magnet from 120°C to 80°C will increase 

its effective BHmax by more than 12%. This in turn affects the magnetomotive force, 

hence the flux density and power production will vary with temperature. The magnetic 

properties in different operating temperature can be found from Table 3.7. 

4.3.2 Thermal Model 

A detailed thermal model based on the work of Grauers [3] is used in this study. A 

lumped-parameter thermal network model is used to define the 6 MW SM Nd-Fe-B 

generator. A simplified thermal model for the complete generator given in Figure 4.5. 

The simplified model reduces thermal resistance from the detailed model using 

symmetry by connecting Qs parallel models for a stator slot pitch, coil, 2 p parallel 

models for a rotor pole and the model for the internal air and the two end shields (where 

Qs is the number of slots and p is the pole pair). The reason behind the simplification 
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is to assess only essential nodes to calculate the winding and magnet temperatures, 

where the simplified thermal resistance are the replacement of the series and parallel 

connected thermal resistances. This simplified model consists of twelve nodes and 

eighteen thermal resistances as shown in Figure 4.6. 

 

Figure 4.5: A simple direct-drive generator for wind turbine with active materials, mechanical support and cooling 

system 

The temperature differences in the circumferential direction of the generator are 

neglected, i.e. losses are uniformly distributed from one tooth to the next, one slot to 

the next and one pole to the next. The two end windings of a coil are simplified as one 

because of symmetrical generator cooling in the axial direction. 

The losses are assumed to be dominated by the copper losses coming from the stator 

winding, iron losses come from the stator teeth and yoke, eddy current losses come 

from the magnets and additional stray losses (core losses at rated load assumed to be 

about 20 % of the core losses at no load) [3]. It is assumed that, friction and windage 

losses do not affect the temperature rise of the winding or magnets, hence it is 

neglected. The copper losses are divided into losses in the end windings and in the top 

and bottom coil sides in the slots. The losses in the magnets are assumed to be spread 

equally, while supplementary losses are expected to be in the tooth tip. 
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Figure 4.6: The simplified thermal model based on one slot pitch, one rotor pole, one coil, internal air and end 

shield [88] 

Cooling air is passed through circumferential cooling channels to cool down the 

generator outer surface of the stator core. An equivalent thermal resistance is added in 

the model to represent the temperature increase in the cooling air. A matrix equation 

is used to formulate the temperature rise problem.   The temperature difference, ∆T 

between the nodes across a given thermal resistance, Rth which results from power 

losses at specific node, Ploss (losses in different nodes and thermal resistance across the 

nodes can be calculated as Grauers [3]) can be given as, 

𝑃loss =
∆𝑇

𝑅th
= ∆𝑇𝐾th                                             (4.8) 

where Kth is the thermal conductance. The temperature rises vector is calculated by 

multiplying the loss vector by the inverse of the thermal conductance matrix. Figure 

4.7 shows the simplified thermal resistance network that has been developed in this 

thesis. 
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Figure 4.7: Simplified thermal resistance network of thermal model 

4.3.3 Verification using FEMM heat flow software 

The analytical results of thermal model are verified using 2D FEMM heat flow 

analysis [79].  Figure 4.8 shows the post processing of a thermal model of 6 MW SM 

Nd-Fe-B generator after FEMM heat flow analysis. The temperature of a node can be 

measured from this analysis. 

Different materials in the generator including insulations are defined as input with 

specific heat capacity and thermal conductivity. The heat sources produced by 

generator losses (copper losses, iron losses, magnet losses) are also defined as input 

with volume heat generation (W/m3). The convection boundary condition is applied 

on the regions having contact with ambient temperature. The convection boundary 

condition is also applied to the boundary between the stator yoke and cooling duct, 

rotor yoke and internal air. To achieve different node temperature near to analytical 

results, an iterative method is used in FEMM, where after every run the boundary 

properties between stator yoke and cooling duct, rotor yoke and internal air were 

varied.  
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The 3D components of the thermal model such as cooling channel are represented 

using equivalent conductivity. For the cooling channel, the equivalent conductivity can 

be calculated as, 

𝜆cool =
ℎFEMM

2𝑙s𝑅th,cool𝜋𝑟s,out
                                             (4.9) 

where hFEMM is the chosen height in FEMM for the cooling channel and rs,out is the 

outer radius of the stator. 

 

Figure 4.8: FEMM heat flow analysis 

Table 4.1 shows some nodes temperature verified using finite element software for a 

6 MW SM Nd-Fe-B optimised design. 

Table 4.1: Analytical results vs FEMM heat flow analysis results 

Nodes Analytical (°C) FEMM (°C) 

Yoke above a tooth 134.2 133.8 

Bottom coil side in a slot 145.2 144.9 

Top coil side in a slot 150.1 149.7 

Magnet 80.1 79.8 

 

4.3.4 Air Flow 

The volumetric cooling air flow is varied to determine the required air flow to cool 

down the magnet temperature from 120°C to 80°C. This varying cooling air flow, qvc 

varies the temperature rise of the cooling duct, which can be represented as equivalent 

thermal resistance, Rth,cool  given in [3],  
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𝑅th,cool =
1

𝑞vc𝜌𝑘thc
                                               (4.9) 

where ρ is the density and kthc is the specific heat capacity of the cooling air. Figure 

6.25(c) shows the trend line of required cooling air flow for a 6 MW Nd-Fe-B 

generator using N40H magnet, cool down to different magnet temperature. 

Typically, a wind turbine generator that is forced air-cooled has a closed loop system 

which transfers heat from the generator to heat exchangers mounted on the nacelle, 

where the heat is radiated to the outside air which is at ambient temperature. The flow 

rate in such a closed system is defined by the characteristics of the fan(s) and the 

characteristic of the loop. A given fan at a given speed and power input will produce 

a range of flow rates, depending resistance to flow. Its operating characteristic is given 

by a curve, showing that it has low flow rates when it works at higher pressure but 

higher flow rates when it works at lower pressures. The pressure that it has to work at 

is effectively determined by the “resistance” of the loop to air flow. The equation 

associates to pressure drop, Pd to volumetric cooling air flow and the system resistance 

to airflow, Rsys can be found by using the equation given as [89], 

𝑃d = 𝑅sys𝑞vc
2                                               (4.10) 

The flow path with all changes are presented by system flow resistance can be 

calculated as [89],  

𝑅sys =
𝑘f𝜌

2𝐴f
2                                                  (4.11) 

where kf is the coefficient of related fluid resistance that depends on the nature of flow 

(obstruction, expansion, contraction, and so on). The kf factors for all changes in the 

air flow path from fan to heat exchanger can be calculated from the formulation given 

in [89] and [90]. Af is the flow section area. 

4.3.5 Cooling Fan and Heat Exchanger  

A number of fans are used and their combined pressure-airflow characteristics [91] 

can be modelled as a quadratic curve as shown in Figure 4.9. This figure also shows 

the system flow resistance curve, the heat exchangers’ resistance curve [92] and the 

combination to give the total system resistance curve, also modelled as a quadratic 

function. The actual air flow (due to combination of fans and heat exchangers) can be 

found at the point where the fan curve and the system resistance curve cross. Table 4.2 
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gives the specification of a single fan at its maximum speed and the cost of fan and 

heat exchanger.  

A number of fans are needed for the required cooling and these can be used in series 

and parallel combination. For the case of identical fan units in parallel, the volumetric 

airflow (at a given pressure) of one fan is multiplied by the number of fans in parallel. 

Table 4. 2: Fan and heat exchanger specification [91], [92] 

Maximum fan power (W) 430 

Maximum fan current (A) 2 

Maximum fan speed (r/min) 1500 

Maximum fan pressure (Pa) 250 

Maximum fan airflow (m3/s) 0.53 

Cost of single fan (€) 180 

Cost of single heat exchanger (€) 673 

 

Figure 4.9: Fan, heat exchanger and system resistance curve 

For the case of series fans, the pressure (at a given airflow) of one fan is multiplied by 

the number of fans in series. It is important to note that if the fans in combination are 

not identical, the weaker fan becomes an additional resistance on the system [90]. The 

combination of series and parallel fan gives a combined characteristic curve which 

crosses the total system resistance curve and hence the resultant volumetric air flow, 

qvc at the intersecting point can be found as, 

𝑞vc =

−(
𝑏f𝐹s

𝐹P
−𝑏sr)−√(

𝑏f𝐹s

𝐹P
−𝑏sr)

2

−4(
𝑎f𝐹s

𝐹P
2 −𝑎sr)(𝑐f𝐹s−𝑐sr)

2(
𝑎f𝐹s

𝐹P
2 −𝑎sr)

                   (4.12) 
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where af, bf and cf represents the fan curve coefficients, asr, bsr and csr represents the 

total system resistance curve coefficients, Fs is the number of fans in series and Fp is 

the number of fans in parallel.  

Where fan curve can be found from Figure 4.9, 

𝑃f = 𝑎f𝑞
2 + 𝑏f𝑞 + 𝑐f                                    (4.13) 

And the total system resistance curve which is the combination of system flow 

resistance and heat exchanger resistance can be given as, 

𝑃sr = 𝑎sr𝑞2 + 𝑏sr𝑞                                     (4.14) 

There is a cost implication of this cooling system, both from the capital cost of the fans 

and heat exchangers and from the energy that is needed to power them. The total cost 

of fan, Cfan used for cooling can be calculated as, 

𝐶fan = 𝐶fmn + 𝐶fen                                     (4.15) 

where Cfmn is the manufacturing cost of the total number fan and Cfen is the cost of 

electricity consumed by those fans, which can be calculated by using data from Table 

4.2. The required heat exchangers are connected in parallel; hence the number of heat 

exchangers are proportional to the required cooling air flow. The cost of each heat 

exchanger can be found in Table 4.2. This would likely be fewer, when larger fans and 

heat exchangers are used. 

4.3.6 Air flow control at variable wind speed 

The wind turbine has variable power losses which depend on wind speed – that is until 

rated wind speed is reached. The required cooling air flow will also vary with wind 

speed and it is always less than the required cooling air flow at rated wind speed as 

shown in Fig. 4.10. After installation of fans (series and parallel) to achieve the 

maximum required cooling air flow at rated wind speed, the number of series fan can 

be varied by turning on/off (series fan multiply the pressure with the number of fans 

turning on) to control the air flow while the number of parallel fans remain fixed by 

using equation (4.12). 
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Figure 4.10: Fan curves for series fan (6 fan in series) intersects total system resistance curve where intersecting 

point is the achieved volumetric cooling air flow 

4.4 Turbine 

4.4.1 Turbine model and wind speed 

In this study, a generic 3-bladed, pitch regulated variable speed wind turbine is 

modelled for an offshore application.  The wind farm assumed in this study consist of 

100 wind turbines. The major ratings and assumptions for three different rated powers 

are given in Table 4.3.  

Table 4.3: Characteristics of the wind turbine and site wind resources 

Rated wind speed (m/s) 11 

Cut in wind speed (m/s) 3 

Cut out wind speed (m/s) 25 

Optimal tip speed ratio 8.3 

Coefficient of performance at optimal tip speed ratio 0.48 

Wind turbine availability (%) [93] 94 

Site wind speed shape parameter 2.3 

Site wind speed scale parameter (m/s) 10.8 

Mean wind speed (m/s) 9.6 

Turbine characteristics for different power ratings 

Rated grid power (MW) 6 8 10 

Rotor diameter (m) 145 166 185 

Rated rotational speed (rpm) 12 10.5 9.4 

Hub height (m) 90 100 110 

Fixed charge rate (FCR) 0.116 0.116 0.116 

Wind firm turbine capital cost (exc. Generator, tower and 

foundation) (k€) [69] 
16309 20564 24948 

Operation and maintenance cost (k€) [10] 628 816 1005 

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5

Volumetric air flow (m /s)3

500

1000

1500

P
re

ss
u
re

 (
P

a)
 

6
5
4
3
2
1

SR



83 

 

 

It is assumed that the turbine rotor operates at its maximum power coefficient below 

the rated wind speed and hence has a rotational speed that varies in proportion to the 

wind speed. The blades are pitched and the rotor speed is limited once the turbine 

reaches the rated wind speed and power. The probability of a wind speed can be 

defined by using a Weibull distribution with shape and scale parameters given in Table 

4.3, where the mean wind speed is 9.6m/s. 

4.4.2 Annual energy production 

The assumed wind turbine mechanical power curve for a 6 MW generator is shown in 

Figure 4.11. To calculate the baseline Annual Energy Production, first the Electrical 

Power, 𝑃electrical(𝑣) at each wind speed, 𝑣 is given by, 

                                𝑃electrical(𝑣) = 𝑃mechanical(𝑣)𝜂(𝑣)                     (4.16) 

where 𝜂(𝑣) is the electrical system efficiency. 

 

Figure 4.11: Mechanical power vs. wind speed for the assumed wind turbine 

The assumed wind speed Weibull probability distribution is shown in Figure 4.12 

(with an assumed shape parameter, k= 2.32 and a scale parameter, C = 10.8 m/s). 

Equation (4.17) gives the probability, pr of a given range of wind speeds(𝐴 < 𝑣 ≤ 𝐵), 

𝑝r(𝐴 < 𝑣 ≤ 𝐵) = 𝑄(𝑣 > 𝐴) − 𝑄(𝑣 > 𝐵) = 𝑒−(𝐴
𝐶⁄ )

𝑘

− 𝑒−(𝐵
𝐶⁄ )

𝑘

                (4.17) 
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Figure 4.12: Weibull probability distribution 

To calculate the Annual Energy Produced at each wind speed range in a year, equation 

(4.18) gives, 

𝐸y(𝐴 < 𝑣 ≤ 𝐵) ≅ 365 × 24 × 𝑝r(𝐴 < 𝑣 ≤ 𝐵)𝑃electrical(�̅� = 𝑥)       (4.18) 

where 𝐸𝑦 is the Annual Energy Production for the range of wind speed and 𝑥 is the 

average wind speed of that range. 

Repeating this for a number of wind speed ranges between cut in and cut out wind 

speeds gives the Annual Yield curves. The integral of such a curve will give the Annual 

Energy Production, with units of Wh. 

An availability of 94% is used, indicating that the wind project is ready to produce 

power between wind turbine cut-in and cut-out wind speeds 94% of the time [93]. The 

availability can be defined as [94], 

𝐴𝑣𝑎𝑖𝑙𝑎𝑏𝑖𝑙𝑖𝑡𝑦 =
𝑇𝑖𝑚𝑒 𝑡ℎ𝑎𝑡 𝑡ℎ𝑒 𝑡𝑢𝑟𝑏𝑖𝑛𝑒 𝑖𝑠 𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒 𝑎𝑛𝑑 𝑟𝑒𝑎𝑑𝑦 𝑡𝑜 𝑜𝑝𝑒𝑟𝑎𝑡𝑒 𝑖𝑛 𝑎 𝑔𝑖𝑣𝑒𝑛 𝑡𝑖𝑚𝑒 𝑝𝑒𝑟𝑖𝑜𝑑

𝑇𝑜𝑡𝑎𝑙 𝑡𝑖𝑚𝑒 𝑖𝑛 𝑡ℎ𝑎𝑡 𝑝𝑒𝑟𝑖𝑜𝑑
   

(4.19)  

4.4.3 Estimating the influence of varying inertia 

In order to assess the influence of varying generator rotor inertia, a number of power 

production simulations were carried out using Bladed [95]. Wind speed time series 

were created with turbulence at different average wind speeds. (Figure 4.13 shows one 

sample when the mean wind speed is 12m/s). 
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Figure 4.13: Sample wind speed time series, with �̅� = 12m/s  

Two wind turbine models were created, identical apart from the generator rotor inertia. 

Each wind speed time series was run to evaluate the different energy capture of these 

two turbine models. If the energy capture during the sample time series for the baseline 

wind turbine is 𝐸sample,1(�̅� = 𝑥), then the energy capture for the turbine with the 

modified generator rotor for the same wind speed time series is 𝐸sample,2(�̅� = 𝑥). This 

can be repeated for different average wind speeds. For this analysis, it is assumed that 

equation (4.20) holds and that, 

                            (
𝐸2

𝐸1
)

�̅�=𝑥
=

𝐸sample,2(�̅�=𝑥)

𝐸sample,1(�̅�=𝑥)
                                   (4.20) 

Equation (4.21) can be adapted for the new generator rotor inertia, 

𝐸y(𝐴 < 𝑣 ≤ 𝐵) ≅ 365 × 24 × 𝑝r(𝐴 < 𝑣 ≤ 𝐵)𝑃electrical(�̅� = 𝑥) (
𝐸2

𝐸1
)

�̅�=𝑥

 

 (4.21) 

and subsequently a new, modified Annual Energy Production can be calculated. 

4.4.4 Power ratings 

The rated power capacity of offshore wind turbines is increasing rapidly. In recent 

years, the turbine power generation capacities are moving from the 6 MW range to 10 

MW and beyond. As a result, their size and mass, which grow rapidly with power 

capacity, is becoming a problem in terms of capital cost, logistics and assembly. 

Moreover, offshore wind turbines demand higher reliability, encouraging wind turbine 

manufacturers to integrate into their new designs inherently more reliable direct drive 

0 100 200 300 400 500 600
Time (s)

11.2

11.4

11.6

11.8

12

12.2

12.4

W
in

d
 s

p
ee

d
 (

m
/s

)
 

 



86 

 

permanent magnet synchronous generators. However, today’s high-power direct drive 

generators are massive units that will need to become smaller to minimise costs. 

 

Figure 4.14: Mechanical power at each wind speed for the generators with different power ratings 

In order to estimate and compare the size, masses, cost of energy and other variables, 

the generators with different power ratings (6 MW, 8 MW and 10 MW) are designed 

and optimised in this study. Turbine characteristics and capital cost for different power 

ratings are given in Table 4.3. Figure 4.14 shows the assumed mechanical power at 

each wind speed from the wind turbine rotor. 

4.4.5 Tower and foundation 

Tower mass depends on the top head mass (the combined mass of the wind turbine 

rotor and the equipment in the nacelle, including the generator) is shown in [96]. The 

tower mass, mtower (kg) can also be estimated as [97], 

𝑚tower = 0.4𝜋 (
𝐷r

2
)

2

ℎhub − 1500                          (4.22) 

where Dr is the rotor diameter and hhub is the hub height. The tower cost can be 

calculated by multiplying the tower mass with the structural steel cost from Table 4.4. 

The foundation type is assumed to be a mono-pile in this study. For a water depth of 

30m, the mono-pile mass, mmp (kg) can be calculated for different turbine ratings and 

hub height (given in Table 4.3) as [97], 
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𝑚mp =
((1000𝑇r)1.5+

ℎhub
3.7

10
+2100𝑑w

2.25+(1000𝑚top)
1.13

)

10
               (4.23) 

where Tr is the turbine rating, dw is the water depth and mtop is the top head mass of the 

turbine.  

The top head mass is the sum of the generator mass and the rest of the turbine rotor 

and nacelle mass. This top head mass can be calculated as, 

 𝑚top = 𝑚rtop + 𝑚act + 𝑚str                          (4.24) 

where mrtop is the rest of the turbine top head mass excluding the generator mass mact 

is the generator active material mass and mstr is the generator structural mass. The rest 

of the turbine top head mass is based on [98]. 

The substructure and foundation mass, msf can be found as, 

𝑚sf = 𝑚mp + 𝑚tpos                                      (4.25) 

where mtpos is the mass of monopole transition piece. The mono-pile cost and the 

mono-pile transition piece cost (assuming 60% pile and 40% transition piece and 

outfitting steel) is calculated using the steel cost from the Table 4.4. 

 

Figure 4.15: Tower mass for different turbine top head mass 
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Figure 4.15, 4.16, 4.17 and 4.18 shows the trend lines of tower mass, tower cost, 

Substructure and foundation mass, Substructure and foundation cost for different top 

head mass of a 6 MW wind turbine generator. These trend lines are applicable for all 

the generator topologies as the hub height and water depth for a 6 MW generator are 

assumed same. 

 

 

Figure 4.16: Tower cost for different turbine top head mass 

 

Figure 4.17: Substructure and foundation mass for different turbine top head mass  
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Figure 4.18: Substructure and foundation cost for different turbine top head mass 

  

4.4.6 Lifting cost 

For offshore wind turbines it was found that the lifting costs are not really dependent 

on the top head mass. The reason for this is, the vessels needed for all offshore projects 

are large heavy lift vessels with cranes attached and most of these ships have large 

cranes with ample ranges and typical lifting capacities of more than 1,500 tonnes. Thus 

they are capable of installing the turbines in this study as the top head mass of surface 

mounted Nd-Fe-B turbine is 450 tonnes and the maximum increased mass in flux 

concentrating ferrite turbine is 126 tonnes.  

4.4.7 Turbine cost of energy 

Turbine cost of energy can be calculated as, 

 𝐶𝑜𝐸 =
(𝐹𝐶𝑅×𝐼𝐶𝐶)+𝐴𝑂𝑀

𝐸y
                                        (4.26) 

where FCR is the fixed charge rate given in Table 4.3, ICC is the initial capital cost of 

the turbine and AOM is the annual operation and maintenance cost.  

The initial capital cost can be calculated as, 

 𝐼𝐶𝐶 = 𝐶gact + 𝐶gstr + 𝐶tower + 𝐶sf + 𝐶fan + 𝐶hex + 𝐶rt       (4.27) 

where Cgact is the generator active materials cost, Cgstr is the generator structural 

materials cost, Ctower is the tower cost, Csf is the substructure and foundation cost, Chex 
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is the cost of heat exchanger and Crt is the rest of the turbine cost. The rest of the 

turbine cost for different rated power given in Table 4.3 are based on [69]. The annual 

operating and maintenance cost, AOM, is also given in Table 4.3. For the 6 MW 

turbine, the cost is taken from [99] and is scaled up for 8 MW and 10 MW according 

to [10], where costs are estimated on a $0.027/kWh basis, the Annual Energy 

Productions are 30 GWh, 39 GWh and 48 GWh for the baseline design of 6 MW, 8 

MW and 10 MW turbines respectively (assumed to be unaffected by the generator 

design) and $1.29 = €1.  

4.4.8 Cost modelling 

Table 4.4 shows the cost modelling of different active and structural materials of the 

generator for the offshore wind turbine application. Where the lamination cost and 

copper costs are taken from [2]. Permanent magnet, ferrite magnet, rotor iron, 

aluminium and structural steel cost including marginal cost increases in going from 

raw material costs to manufacturing costs is drawn from the authors’ experience.  

 

Table 4.4: Generator cost modelling [2] 

Cost Modeling 

Lamination cost (€/kg) 3 

Copper cost (€/kg) 15 

Permanent magnet cost (N40H magnet) (€/kg) 60 

Ferrite magnet cost (€/kg) 3 

Rotor iron cost (€/kg) 2 

Aluminum cost (€/kg) 10 

Structural steel cost (€/kg) 2 

Price of kWh energy (€/kWh) 0.19 

 

4.5 Baseline Design 

The baseline design of structural and thermal model is for 6 MW generator, which is 

the extended part of electromagnetic baseline design given in section 3.2. 

4.5.1 Structural model 

Table 4.5 gives some results of the structural model for a 6 MW generator with 

different generator topologies. Structural costs are calculated using the cost modelling 

given in Table 4.4. Generator structural cost includes structural material costs and 

manufacturing costs. The structural costs in flux-concentrating machines are higher 

while the structural masses are lower in comparison to SM Nd-Fe-B machine. This is 
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because the flux-concentrating machines uses lightweight – but relatively expensive – 

aluminium in the rotor structure, in order to avoid high permeability paths which can 

encourage leakage flux. 

Table 4.5: Baseline structural model results for different generator topologies 

 SM Nd-Fe-B FC Nd-Fe-B FC ferrite 

Generator structural mass (kg) 25352 20732 22084 

Generator structural cost (k€) 101.4 116.2 119 

 

4.5.2 Thermal model 

Table 4.6 shows the temperature of different nodes of the thermal model for a 6 MW 

SM Nd-Fe-B generator baseline design without cooling. The magnet temperature of 

the baseline design is very high due to high power losses (mainly copper losses). The 

required cooling air-flow is also high to cool down the magnet temperature from 

128.2oC to 80oC. The cooling requirements for the baseline design are given in Table 

4.7. These results show the necessity of cooling this machine. Without additional 

cooling, the coil insulation would be damaged and the magnets would be subject to 

irreversible demagnetisation. Table 4.7, shows the additional cooling requirements to 

bring the magnet temperature to 80oC. 

Table 4.6: Baseline nodes temperature of thermal model before cooling for a 6 MW SM Nd-Fe-B generator 

Nodes Analytical (°C) 

Yoke above a tooth 257.8 

Bottom coil side in a slot 266.5 

Top coil side in a slot 268.7 

Magnet 128.2 

 

Table 4.7: Cooling requirements for the baseline design of 6 MW SM Nd-Fe-B 

Required cooling airflow at rated speed (m3/s) 1.69 

Number of parallel fans 6 

Number of series fan 5 

Number of heat exchanger 6 

 

4.5.3 Tower and foundation 

Machine mass does affect tower and foundation costs. The tower and foundation costs 

of the baseline designs are given in Table 4.8. 
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Table 4.8: Tower and foundation costs of the baseline design 

 SM Nd-Fe-B FC Nd-Fe-B FC ferrite 

Tower cost (k€) 1219.5 1216.2 1433.4 

Foundation cost (k€) 3414.7 3413 3523.1 

 

4.5.4 Annual energy production and cost of energy 

The annual energy production 𝐸𝑦 and cost of energy (CoE) for the baseline design of 

different generator topologies are given in Table 4.9. 

Table 4.9: Annual energy production and cost of energy for baseline design 

 SM Nd-Fe-B FC Nd-Fe-B FC ferrite 

𝐸𝑦 (GWh) 28.8 29.5 29 

CoE (€/MWh) 108.3 105.8 108.9 

 

4.6 Discussions and conclusions 

This chapter describes the method of structural modelling, thermal modelling, cooling 

system, turbine, cost modelling, the calculation of tower, substructure and foundation 

costs, annual energy production and overall cost of energy for offshore wind turbine. 

The analytical thermal model is verified using finite element software. The influence 

of varying inertia and turbine with different power ratings are also described in this 

chapter. The results for baseline design of structural and thermal model, tower, 

substructure and foundation, annual energy production and overall cost of energy are 

also shown in this chapter. The next chapter will describe the optimisation process, 

which will help to answer the primary research question. 
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Chapter 5  

Optimisation  

5.1 Introduction 

The generator designer needs to deliver a number of performance characteristics 

including high efficiency, low power losses at part load, high availability, low machine 

mass, reduced volume and lower material and manufacturing costs. Normally the 

designers employ some element of optimisation to achieve the best balance of these 

aspects [18]. To achieve the best performance machine, the overall machine model 

(electromagnetic, structural and thermal model from chapter 3 and chapter 4) is 

optimised in this study. 

The main purpose of this chapter is: 

 To examine different objective functions for different generator topologies to 

test whether the recommendation of objective functions is independent of the 

machine type 

 To investigate the effect on the optimisation of a number of factors that interest 

a typical designer: the inclusion of structural and thermal model along with the 

electromagnetic model in the objective functions, the choice of magnet grade, 

the inclusion of a cooling system, the inclusion of the impact of generator mass 

on the cost of turbine tower and foundation, the upper limit of generator 

diameter, the sensitivity results to magnet specific cost, turbine cost, operation 

and maintenance cost and the wind conditions 

 To find the best way of optimisation and the factors or approaches that should 

be or shouldn’t be included in the optimisation process 

Design optimisation methods generally use an algorithm which takes independent 

variables as inputs and varies those inputs to evaluate modelled dependent variables 

and hence optimise an objective function (subject to predetermined constraints). In this 

chapter, the independent variables and constraints are described in the following 

section 5.2. The analytical models are used to evaluate a range of different dependent 
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variables, some of them contribute to the objective functions laid out in section 5.3. 

The process is driven by optimisation algorithm as described in section 5.4. The post 

processing and optimisation runs/investigations comes after that. 

This chapter is an important step to answer secondary research questions Q1, Q2, Q3, 

Q4, Q5 and Q6. The following chapter (chapter 6) gives the results and discussions for 

each of the optimisation run in this chapter to find the best performance machine. 

5.2 Independent variables and constraints 

The chosen independent variables are based on other research papers and their output. 

Table 5.1: Boundary limits for independent variables 

Surface mounted Nd-Fe-B generator 

 6 MW 8 MW 10 MW 

Independent variables LB UB LB UB LB UB 

Air-gap diameter, D (m) 6 15 6 16 6 17 

Axial length, ls (m) 0.7 1.8 0.7 2 0.7 2.2 

Magnet width/pole pitch, wm/τp 0.5 0.9 0.5 0.9 0.5 0.9 

Magnet height, hm  (m) 0.01 0.06 0.01 0.08 0.01 0.1 

Pole pairs, p (-) 60 100 60 100 60 100 

Height of tooth, ht (m) 0.04 0.09 0.04 0.1 0.04 0.11 

Flux concentrating Nd-Fe-B generator 

Air-gap diameter, D (m) 6 15 6 16 6 17 

Axial length, ls (m) 0.7 1.8 0.7 2 0.7 2.2 

Magnet width/pole pitch, wm/τp 0.5 0.9 0.5 0.9 0.5 0.9 

Magnet height, hm  (m) 0.01 0.08 0.01 0.12 0.01 0.15 

Pole pairs, p (-) 60 100 60 100 60 100 

Height of tooth, ht (m) 0.04 0.09 0.04 0.1 0.04 0.11 

Flux concentrating ferrite generator 

Air-gap diameter, D (m) 6 15 6 18 6 20 

Axial length, ls (m) 0.7 1.8 0.7 2.2 0.7 2.4 

Magnet width/pole pitch, wm/τp 0.6 0.9 0.6 0.9 0.6 0.9 

Magnet height, hm  (m) 0.1 0.8 0.1 0.9 0.1 1.2 

Pole pairs, p (-) 60 100 60 100 60 100 

Height of tooth, ht (m) 0.04 0.09 0.04 0.1 0.04 0.11 
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The independent variables used in this study are machine diameter, axial length, 

magnet height, the ratio of magnet width to pole pitch, number of pole pairs and tooth 

height.  

The optimisation algorithm chooses these independent variables randomly from a 

given boundary limit. Boundaries are used to limit search space, time and remove 

unfeasible combinations. The boundaries for independent variables are initially chosen 

from the contour plot of baseline design in section 3.2 and then modified after primary 

optimisation runs and investigations given in section 5.6.1. The lower boundaries (LB) 

and the upper boundaries (UB) of independent variables for different generators are 

given in Table 5.1. 

To simplify the optimisation, a number of assumptions and constraints are used, such 

as setting the air gap clearance to a fixed ratio of the machine diameter, maximum flux 

density (1.5 T) to avoid saturation in stator and rotor yoke and limiting rated electrical 

power to greater than or equal to 6, 8 or 10 MW depending on the required turbine 

ratings. 

5.3 Objective Functions 

The machine designer focuses on a number of performance characteristics including 

high efficiency, low power losses at part load, high availability, low machine mass, 

reduced volume and lower material and manufacturing costs. Normally the designers 

employ optimisation to achieve the best balance of these aspects. Different authors 

have approached the problem of formulating the objective function of such 

optimizations in different ways as shown in section 2.11. To achieve the best balance 

of machine performance, four different objective functions are used and compared for 

different performance characteristics in this study. The following subsections describe 

the objective functions. 

5.3.1 Objective function 1 

Reducing the use of rare-earth magnet is one of the most important issue for the 

machine designer. According to the aim of minimizing the use of rare-earth Nd-Fe-B 

magnets, the first objective function is rated generator torque T per magnet mass mPM. 

This tries to minimize the amount of magnet material. In this case the objective 

function is,  
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 𝐹1 =
𝑇

𝑚PM
                                                  (5.1) 

5.3.2 Objective function 2 

Potgieter and Kamper discussed the importance of reducing the mass and cost of 

generator active materials [100]. The second objective function, F2 seeks to minimize 

the cost of the electromagnetically active materials instead of only considering the 

magnet mass. The active materials cost includes the magnet cost CPM, copper cost CCu 

and active iron cost CFe. This objective function is 

 𝐹2 =
𝑇

𝐶PM+𝐶Cu+𝐶Fe
                                         (5.2) 

5.3.3 Objective function 3 

The third objective function, F3, presented in [7] seeks to minimise the cost of active 

material while maximizing the revenue produced from the wind turbine over a number 

of years, Py. In this paper this objective function is assessed with Py = 5, 10 and 15 

years. This time period is multiplied by CE, the revenue corresponding to 1 kWh of 

electrical energy and Ey, the annual energy yield of the turbine, 

 𝐹3 = 𝐶PM + 𝐶Cu + 𝐶Fe − 𝑃y𝐶E𝐸y                               (5.3) 

 

5.3.4 Objective function 4 

The ultimate customer of the wind turbine manufacturer wants the lowest cost of 

energy and so the final objective function calculates this [11],   

 𝐹4 = 𝐶𝑜𝐸 =
(𝐹𝐶𝑅×𝐼𝐶𝐶)+𝐴𝑂𝑀

𝐸y
                             (5.4) 

The cost of energy, CoE is described in section 4.4.7  

5.4 Optimisation process 

There is a range of different optimisation approaches that can be used by the designers 

to find the best value of an objective function from some set of available alternatives. 

The Genetic Algorithm (GA) and Particle Swarm Optimization (PSO) are the most 

commonly used optimisation algorithm [8], [18], [101-103].  

In this study, a hybrid Genetic and Pattern Search (PS) algorithm which has been 

developed in MATLAB is used as an optimisation procedure [104], [105]. Although 

GAs are good at searching global optima over an entire problem region, the speed of 
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convergence to the optimal point can be slow [106]. A GA can reach the region near 

an optimum point relatively quickly but it takes longer to achieve convergence.  On 

the other hand, deterministic optimisation methods like the PS are very efficient for 

local searching [107]. To compensate for the weaknesses of these two methods, a 

hybrid algorithm combining both methods was proposed in [108]. The Genetic 

Algorithm (GA), the Pattern Search (PS) and the optimisation process using hybrid 

algorithm are described in following subsection. 

5.4.1 Genetic Algorithm 

The GA have been proved to be good and reliable methods of solving such problems. 

They are suitable for both constrained and unconstrained optimisation problems based 

on a natural selection process that mimics biological evolution. The algorithm 

repeatedly modifies a population of individual solutions. At each step, the GA selects 

individuals randomly from the current population and uses them as parents to produce 

the children for the next generation. Over consecutive generations, the population 

advances towards an optimal solution. It can solve the problems that are not suitable 

for standard optimisation algorithms, including problems in which the objective 

function is discontinuous, non-differentiable, stochastic, or highly nonlinear [104], 

[109]. 

5.4.2 Pattern Search 

The PS is a direct search method for solving optimisation problems that does not 

require any information about the gradient of the objective function. The PS is good 

for local search which searches a set of points around the current point, looking for 

one where the value of the objective function is lower than the value at the current 

point. It can be used to solve problems for which the objective function is not 

differentiable, or is not even continuous. At each step, the algorithm searches a set of 

points around the current point (the point computed at the previous step of the 

algorithm), that called a mesh. The mesh is formed by adding the current point to a 

scalar multiple of a set of vectors called a pattern. If the PS finds a point in the mesh 

that improves the objective function at the current point, the new point becomes the 

current point for the next step of the algorithm [104]. In such method, the PS finds the 

local optimum result. 
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5.4.3 Optimisation process using hybrid algorithm 

In the hybrid algorithm technique, a global search is carried out first using the GA for 

a small number of generations to get near to an optimum point. Then the solution from 

the GA is used as an initial point for the PS that is faster and more efficient for a local 

search. The solution from this Pattern Search is considered as the global optimal 

solution. In this case, the GA developed by [110] was used in MATLAB. The hybrid 

optimisation algorithm [104] runs in a way that takes the results of the Genetic 

Algorithm as an initial guess for the Pattern Search to get the global minimum for each 

of the objective functions. 

Figure 5.1 shows the flow chart of the optimisation process. The GA starts by 

generating an initial population randomly from the boundary limit design space of 

independent variables given in Table 5.1. For this initial population, the GA evaluates 

the fitness of each candidate against a given objective function. The GA runs for a 

number of generations (until it reaches the maximum generation number set for this 

algorithm) and in each generation, a new population is created using selection, 

crossover and mutation. The best results after the maximum generations of GA (which 

are near to the global optimal result) are used as the initial point of the Pattern Search 

algorithm to make a further optimisation (local search near to global optimal point). 

At the next step, the PS constructs a pattern vector to create mesh point using the results 

of independent variables from the GA. After that, the PS evaluates the fitness of this 

initial mesh point for the given objective function. If there any improved results found 

at the mesh point, then the PS expands the mesh size and constructs a new pattern 

vector to create a new mesh point and evaluates the fitness of the new mesh point. If 

there is no improvement in results and no stopping criteria occurs, then the PS 

contracts the mesh size and evaluates the fitness of the new mesh point. If any stopping 

criteria occur, then the PS gives the final result of optimisation. Stopping criteria 

includes constraint, function and mesh tolerance. 

The number of generations used for the GA is 4 (after 4 generations the GA gives 

results near to the global optimal solution in this study), the population size is 100, the 

maximum stall generation is 10 and the function tolerance is 1×10-3. The mutation 

function chosen is adaptive feasible. For the Pattern Search algorithm, the mesh size 

expansion factor is 2 and the mesh size contraction factor is 0.5 [104].  
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Figure 5.1: Flow chart for optimisation process 

A typical optimisation run for a SM Nd-Fe-B generator takes 7 min in MATLAB 2014 

on a 64 bit Windows 7 operating system on a PC with an Intel core i7 3.4GHz 

processor.  
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After the optimisation process is complete, the equations (5.1) to (5.4) are applied to 

all the optimised designs to compare the results of objective functions in each 
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the left hand side of the table for each objective function (on the top of the table) after 

optimisation. The lowest value of each equation should be the result where the 

equation number and objective function is same. Dependent variables such as 

efficiency, annual energy production, losses, flux density, cost and masses of different 

active and structural materials are produced after optimisation. 

Table 5.2: Format of post processing results for different objective functions 

Equations 
Objective functions 

F1 F2 F3 F4 

F1 (N.m / kg)     

F2 (N.m / €)     

F3 (k€)     

F4 (€ / MWh)     

 

5.6 Runs/Investigations 

5.6.1 Choice of objective function 

Initially the optimisation program was run for two generator types (SM Nd-Fe-B, and 

FC ferrite generators) for each of the four objective functions. Optimisation program 

runs from the analytical model coded in MATLAB for all the four objective functions 

and the fitness function for each objective function was set accordingly.  

Table 5.3: Initial boundary limits for independent variables 

Independent Variables 

SM Nd-Fe-B FC ferrite 

LB UB LB UB 

Air gap diameter, D (m) 6 10 6 10 

Axial length, ls (m) 0.7 1.8 0.7 1.8 

Magnet width/pole pitch, wm/τp 0.5 0.9 0.6 0.9 

Magnet height, hm  (m) 0.01 0.04 0.1 0.45 

Pole pairs, p (-) 60 100 60 100 

Height of tooth, ht (m) 0.04 0.09 0.04 0.09 
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Independent variables and constraints are the same for all the objective functions. The 

boundaries for independent variables are initially chosen from the contour plot of 

baseline design. The rated power set for all the generator types was 6 MW. Table 5.3 

shows the initial boundary limits for independent variables chosen from the contour 

plot of baseline design given in section 3.2. 

Surface-mounted Nd-Fe-B Generator 

Figure 5.2 shows the efficiency curves for different designs with surface-mounted Nd-

Fe-B magnet. Table 5.4 gives the independent variables selected by the optimisation 

for the objective functions (where F3(i), F3(ii), F3(iii) represents the third objective 

function when Py is 5, 10 and 15 years respectively), some dependent variables, 

performance outputs and post-processed optimisation results using equations (5.1) - 

(5.4). The optimal result for each objective function is also highlighted in Table 5.4.  

 

Figure 5.2: Baseline and optimised efficiency curves for different objective functions with 6 MW SM Nd-Fe-B 

generators 

The objective function F3 (with Py=15 years) gives the highest efficiency at rated wind 

speed which is 98.0% and except the baseline, F1 and F2 give the lowest efficiency of 

92.9%. F3 and F4 give similar efficiency at rated wind speed where F3 is slightly higher 

than F4; efficiency in F3 increases with Py.  
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Table 5.4: Optimisation results for a 6 MW SM Nd-Fe-B generator with different objective functions, where F1, 

F2 and F4 represents first, second and fourth objective function and F3(i), F3(ii), F3(iii) represents the third 

objective function when number of years, Py is 5, 10 and 15 years respectively 

 F1 F2 F3(i) F3(ii) F3(iii) F4 

Air gap diameter, D (m) 9.03 8.36 9.99 9.99 9.99 9.92 

Axial length, L (m) 1.62 1.17 1.19 1.33 1.41 1.17 

Magnet width/pole pitch, 

wm/τp 

0.69 0.81 0.8 0.82 0.82 0.81 

Magnet height, hm  (m) 0.012 0.018 0.021 0.023 0.025 0.021 

Pole pairs, p (-) 100 100 98 79 72 100 

Height of tooth, ht (m) 0.053 0.045 0.09 0.09 0.09 0.09 

Airgap flux density, Bg (T) 0.71 0.927 0.93 0.95 0.97 0.92 

Height of rotor yoke, hry 

(m) 

0.02 0.027 0.033 0.042 0.048 0.03 

Height of stator yoke, hsy 

(m) 

0.02 0.027 0.033 0.042 0.048 0.03 

Mass of magnet, mPM (kg) 2980.8 3292.7 4807.5 6069.6 6966.6 4632.4 

Mass of copper, mCu (kg) 7636.5 4536.3 11469 13100 14027 11192 

Mass of active iron, mFe 

(kg) 

24577 18476 32633 42759 48968 31465 

Copper Losses (MWh) 1868.1 1969.7 529.6 437.12 392.95 556.36 

Iron Losses (MWh) 164.15 139.95 264.66 269.24 278.01 261.08 

AEP (GWh) 28.82 28.74 29.98 30.06 30.1 29.96 

Cost of generator active 

materials, Cgact (k€) 

367.1 321 558.4 688.9 775.3 540.2 

F1
-1 (Nm/kg) 1598.4 1446.9 1041.2 833.3 714.3 1079.6 

F2
-1 (Nm/€) 12.97 14.84 8.96 7.29 6.49 9.26 

F3(i) (m€) -26.9 -26.87 -27.79 -27.76 -27.71 -27.78 

F3(ii) (m€) -54.3 -54.18 -56.27 -56.31 -56.3 -56.25 

F3(iii) (m€) -81.66 -81.48 -84.75 -84.87 -84.89 -84.71 

F4(€/MWh) 108 108.1 104.9 105 105.2 104.8 
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Flux-concentrating ferrite generator 

Figure 5.3 shows the efficiency curves for different designs with FC ferrite magnet. 

Table 5.5 gives the independent variables selected by the optimisation for the objective 

functions, some dependent variables, performance outputs and post-processed 

optimisation results using equations (5.1) - (5.4). The optimal result for each objective 

function is also highlighted in the Table. 

 

Figure 5.3: Baseline and optimised efficiency curves for different objective functions with 6 MW FC ferrite 

generators 

The FC ferrite generators have similar efficiency to the SM Nd-Fe-B machines: F3 

gives maximum efficiency 97.8% at rated wind speed and F1 and F2 give a lower 

efficiency of 92.9%. F3 and F4 give similar efficiency where F3 is slightly higher.  
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Table 5.5: Optimisation results for a 6 MW FC ferrite generator with different objective functions, where F1, F2 

and F4 represents first, second and fourth objective function and F3(i), F3(ii), F3(iii) represents the third objective 

function when number of years, Py is 5, 10 and 15 years respectively 

 F1 F2 F3(i) F3(ii) F3(iii) F4 

Air gap diameter, D (m) 9.24 9.14 9.99 9.99 9.99 9.9 

Axial length, L (m) 1.64 1.51 1.45 1.48 1.63 1.29 

Magnet width/pole pitch, 

wm/τp 
0.69 0.6 0.75 0.76 0.82 0.78 

Magnet height, hm  (m) 0.23 0.28 0.38 0.45 0.45 0.39 

Pole pairs, p (-) 88 100 73 64 60 74 

Height of tooth, ht (m) 0.052 0.041 0.089 0.09 0.09 0.089 

Airgap flux density, Bg (T) 0.71 0.77 0.84 0.9 0.89 0.83 

Height of stator yoke, hsy 

(m) 
0.024 0.021 0.038 0.047 0.05 0.038 

Mass of magnet, mPM (kg) 33700 40592 49782 59377 65094 42828 

Mass of copper, mCu (kg) 7973.6 5671.1 14210 14978 16344 12825 

Mass of active iron, mFe 

(kg) 
54405 48302 89134 105480 118280 81260 

Copper Losses (MWh) 1826.5 1895.9 571.9 469.8 417 708.2 

Iron Losses (MWh) 209.8 215.7 307.9 324.7 343.1 264.9 

AEP (GWh) 28.81 28.74 29.9 29.98 30.01 29.81 

Cost of generator active 

materials, Cgact (k€) 
383.9 351.7 629.9 719.2 795.3 564.6 

F1
-1 (Nm/kg) 140.8 117.6 100 84 76.9 111.1 

F2
-1 (Nm/€) 12.4 13.6 7.9 6.9 6.3 8.4 

F3(i) (m€) -26.89 -26.78 -27.7 -27.6 -27.6 -27.6 

F3(ii) (m€) -54.26 -54.09 -56 -56.1 -56.09 -55.9 

F3(iii) (m€) -81.63 -81.39 -84.5 -84.57 -84.62 -84.3 

F4 (€/MWh) 108.4 108.8 105.9 106.1 106.2 105.8 
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Discussion on initial optimisation run 

A number of different objective functions have been used in this study. It can be seen 

that each objective function produces a final design that gives the optimal value of that 

objective function highlighted in the table. For both generators, the objective functions 

F1 and F2 tend to produce lower efficiency machines than when energy yield in taken 

into account (as for F3 and F4). This is unsurprising as the formulations for F3 and F4 

implicitly take losses into account.  

Optimisation results in 1st objective function show the lowest magnet mass which 

makes highest torque per magnet mass and the 2nd objective function gives the lowest 

cost of generator active materials. The major difference is that F1 achieves its goal at 

the expense of additional copper and iron mass. When the cost of energy is evaluated 

for the results of these optimisations, they give a high cost of energy. Even though the 

generator capital costs are the lowest, they sacrifice annual energy yield. This can be 

explained by the fact that the generator capital costs are a minority of the turbine capital 

costs, yet all of the turbine’s energy in converted by the generator. This implies that 

generator efficiency is a higher priority than generator cost. The first and second 

objective functions are a poor choice when optimising wind turbine generators. 

The major difference in losses between F1/F2 and F3/F4 is due to copper losses, with 

higher current density being used to reduce copper mass. More magnet is used in the 

3rd and 4th objective functions which generally produces better air-gap flux density 

and helps to increase energy production. The balance of copper and iron losses are 

slightly different, with F3/F4 having slightly higher iron losses. It is because of lower 

mass and active iron that used in first two objective functions. 

The resulting designs and cost of energy is very similar for F3 and F4. The third 

objective function does not include detailed turbine information and so is more general 

(Turbine cost of energy calculation is not the part of optimisation). The change in the 

number of years – for F3 – does not make significant difference to the results. It may 

be that different turbine costs and designs may lead to a larger difference between F3 

and F4. 

It can be seen that, a designer can either chose F3 or F4 to produce an efficient machine 

design. Perhaps a designer might want to bias the results towards designs with higher 

efficiency could go for F3 and lower cost of energy could go for F4. It can also be seen 
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that the air-gap diameter in 3rd objective function always picks the highest limit of the 

boundary. So the upper boundary limits are modified according to the following 

section 5.6.2 and the modified boundary limits for independent variables are shown in 

Table 5.1. 

5.6.2 Constraining diameter 

Optimised results in 3rd objective function always tend to pick the maximum allowed 

diameter. This means the search for the optimal generator diameter; a typical problem 

that a machine designer needs to find. To see the highest possible diameter, the 

maximum allowed diameter is varied from 6m to 16m in upper boundary limit while 

the lower boundary limit remains same and runs the optimisation program for each 

diameter change for 3rd objective function.  

5.6.3 Including structural materials 

The optimisation program was run with both fixed and variable generator structural 

costs to see the effect on the cost of energy. For the fixed generator structural material 

model, a fixed cost is included with turbine initial capital cost and the structural mass 

is also fixed. For the variable generator structural materials, when the generator 

dimensions vary, structural mass is calculated and cost also varies. To investigate the 

effect of structural materials on turbine cost of energy, the 4th objective function was 

used in this study. 

5.6.4 Variable generators top head mass 

Top head mass of the turbine was varied by varying the generator mass to see the effect 

on tower and foundation cost and the cost of energy of the wind turbine. The 4th 

objective function was used to estimate the effect so that, it can optimise for minimum 

turbine cost of energy. 

5.6.5 Variable power factor 

Variable power factor was used to estimate the effect on the annual energy production 

and the cost of energy for a 6 MW SM Nd-Fe-B generator (It is assumed that the 

generators in this study run at unity power factor at all wind speeds except this variable 

power factor investigation). The 4th objective function was also used to estimate the 

effect for minimum cost of energy. 
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5.6.6 Choice of turbine power ratings 

All the three generators are further optimised using different rated power (6, 8 and 10 

MW) to compare the effect on over all turbine cost of energy and other variables. This 

was investigated using both 3rd and 4th objective functions. 

5.6.7 Different magnet grade 

The Nd-Fe-B magnet was varied from N35 to N52 (regular magnets) and N35H to 

N52H (“H” grade magnets) for a 6 MW SM Nd-Fe-B generator (baseline magnet grade 

in this study is N40H) using the 4th objective function to estimate the effect of different 

magnet grade on turbine cost of energy. 

5.6.8 Including thermal model and cooling system 

The thermal model is included in the optimisation program (using F4) for a 6 MW Nd-

Fe-B generator to calculate required cooling air flow to cool down the magnets 

temperature of generator from 120oC to 80oC. The optimisation was run using both 

“H” grade magnet and regular magnet with different magnet grades (N35 to N52). The 

effect on resistance and Br is also included to calculate the cost of energy of the turbine 

with cooling. 

5.6.9 Sensitivity analysis 

Sensitivity analysis was performed for different magnet price, availability of the 

turbine, rest of the turbine cost, different wind condition and operation and 

maintenance cost to see the effect on cost of energy if each of these variables varies 

while other remains same. 

5.7 Discussions and conclusions 

In order to achieve best performance machine (best balance of performance 

characteristics including high efficiency, low power losses at part load, high 

availability, low machine mass, reduced volume and lower material and manufacturing 

costs, etc.), it is essential to optimise it. Optimisation result depends on the chosen 

objective function, constraints, independent variables and their limits. The selection of 

proper optimisation algorithm also important to achieve efficient optimised results in 

minimum time. 

This chapter shows the optimisation process of different generators using different 

objective functions for large offshore wind turbine. The investigation was carried out 

to compare the optimisation results for different objective functions, generator 
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topologies, power ratings, magnet, temperature, cost of energy, annual energy 

production, losses and other variables to find the best performance machine and the 

best way of optimisation. It is found that the air-gap diameter in 3rd objective function 

always picks the highest limit of the boundary. So the upper boundary limits are 

modified for all the objective functions. The next chapter will present the optimisation 

results and detailed discussion to answer the primary research question. 
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Chapter 6  

Results and Discussions 

6.1 Introduction 

A number of different optimisation runs and investigations are shown in previous 

chapter. This chapter presents the results of different optimisation runs and 

investigations given in section 5.6.  

The main purpose of this chapter is: 

 To present the results of different optimisation runs and investigations 

 To compare and discuss the results in details 

The performances of different generator topologies are presented in section 6.2.1. 

Next, the impact of generator air-gap diameter constraints, effect of generator and 

turbine structural models, effect of generator mass, effect of variable power factor, 

different turbine power ratings are presented in section 6.2.2 to 6.2.5. Effect of 

different magnet grades and effect of temperature and cooling cost are given in section 

6.2.6 and 6.2.7. The sensitivity analysis results for different magnet price, availability 

of the turbine, rest of the turbine cost, different wind condition and operation and 

maintenance cost comes after that. 

This chapter is an important step to answer secondary research questions Q1, Q2, Q3, 

Q4, Q5 and Q6 given in section 1.3. The following chapter (chapter 7) gives the overall 

conclusions for this study. 

6.2 Results 

6.2.1 Generator topologies 

A number of different generator rotor topologies (Surface-mounted Nd-Fe-B 

generator, flux-concentrating Nd-Fe-B generator and flux-concentrating ferrite 

generator) are examined using Nd-Fe-B magnet and ferrite magnet to reduce the use 

of rare earth permanent magnet for offshore wind turbine. Four different objective 
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functions (F1 to F4 given in section 5.3) are used for optimisation to examine the effect 

on different generator topologies for a 6 MW offshore wind turbine. 

6.2.1.1 Surface-mounted Nd-Fe-B generator 

Table 6.1 shows the independent variables selected by the optimisation from Table 5.1 

for the objective functions for a 6 MW SM Nd-Fe-B generator (where F3 (i), F3 (ii), F3 

(iii) represents the third objective function when Py is 5, 10 and 15 years respectively). 

Figure 6.1 shows the efficiency curves for these different designs and Figure 6.2 shows 

the post-processed optimisation results using equation (5.1-5.4). 

Table 6.1: Independent variables vs. objective functions, 6 MW SM Nd-Fe-B generators 

Independent variables F1 F2 F3(i) F3(ii) F3(iii) F4 

Air gap diameter, D (m) 8.4 8.4 10.3 11.4 11.9 10.2 

Axial length, ls (m) 1.27 1.29 1.24 1.45 1.38 1.2 

Magnet width/pole pitch, wm/τp 0.62 0.6 0.8 0.79 0.78 0.79 

Magnet height, hm  (m) 0.02 0.022 0.019 0.017 0.02 0.02 

Pole pairs, p (-) 100 100 99 89 82 100 

Height of tooth, ht (m) 0.059 0.048 0.089 0.089 0.089 0.083 

 

 

Figure 6.1: Baseline and optimised efficiency curves for different objective functions with 6 MW SM Nd-Fe-B 

generators 
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The objective function F3 (iii) (with Py=15 years) gives the highest efficiency at rated 

wind speed which is 98.15% and except the baseline, F1 and F2 give the lowest 

efficiency of 92.9%. F3 and F4 give similar efficiency at rated wind speed where F3 is 

slightly higher than F4; efficiency in F3 increases with Py.  

 

Figure 6.2: Optimisation results of different objective functions for the 6 MW SM Nd-Fe-B generators 

The y-axis of Figure 6.2(a) shows the evaluated results of F1 – equation (5.1) – for 

each of the different objective functions (as displayed on the x-axis) after post-

processing. Similarly Figures 6.2(b)-(f) show the results for F2-F4. Each sub-figure has 

the optimal result highlighted, these values are 1479.8 Nm/kg, 14.1 Nm/€, -€27795k, 

-€56346k, -€84952k and €104.9/MWh.  

F1 gives highest torque per PM mass, where F3 (iii) gives the lowest which is 43.7% 

less than F1. In terms of torque per cost of active materials, F2 gives the highest and 

F3 (iii) gives the lowest which is 53.5% less than F2. F3 (i) closely match with F4, 

moving from F3 (i) to F3 (iii) by increasing number of years Py, both the torque per 

PM mass and torque per active materials cost decreases.  

Table 6.2 shows some of the dependent variable results for different objective 

functions after optimisation. It can be seen that, F4 closely match with F3 (i) in terms 
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of turbine cost of energy. F3 (ii) and F3 (iii) produces better efficient machine design 

in terms of annual energy production and copper losses but gives higher turbine cost 

of energy. 

Table 6.2: Some dependent variable results after optimisation, 6MW SM Nd-Fe-B 

Dependent variables F1 F2 F3(i) F3(ii) F3(iii) F4 

Air-gap flux density, Bg (T) 0.84 0.85 0.88 0.79 0.82 0.89 

Mass of magnet, mPM (kg) 3219.7 3409.4 4724.3 5403.2 6124.8 4502.4 

Mass of copper, mCu (kg) 6409.5 5279.2 12280 16094 16516 10780 

Mass of active iron, mFe (kg) 19489 18246 34598 47281 51100 31287 

Structural mass, mstr (kg) 27770 28063 32560 28869 34490 32689 

Copper losses (MWh) 1874.7 1947.8 508.6 389.4 343.1 593.2 

Iron losses (MWh) 170.3 157.3 268.4 289.1 296.1 247.6 

Cost of generator active materials, Cgact 

(k€) 
347.8 338.5 571.4 707.4 768.5 525.7 

Cost of generator structural materials, 

Cgstr (k€) 
111.1 112.3 130.2 115.5 137.9 130.8 

Annual energy production (GWh) 28.8 28.75 30 30.09 30.13 29.94 

Cost of energy (€/MWh) 107.9 108.1 105 105.3 105.7 104.9 

 

6.2.1.2 Flux-concentrating Nd-Fe-B generator 

Table 6.3 shows the independent variables selected by the objective functions from 

Table 5.1 for the FC Nd-Fe-B generators. Figure 6.3 shows the efficiency curves for 

these different designs and Figure 6.4 shows the optimization results for the different 

objective functions after post-processing. 
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Table 6. 3: Independent variables vs. objective functions, 6 MW FC Nd-Fe-B generators 

Independent variables F1 F2 F3(i) F3(ii) F3(iii) F4 

Air gap diameter, D (m) 7.27 7.27 9.97 10.74 11.53 9.57 

Axial length, ls (m) 1.44 1.44 1.15 1.24 1.27 1.08 

Magnet width/pole pitch, wm/τp 0.79 0.79 0.76 0.78 0.79 0.75 

Magnet height, hm  (m) 0.065 0.068 0.074 0.079 0.08 0.074 

Pole pairs, p (-) 97 100 100 95 91 100 

Height of tooth, ht (m) 0.06 0.04 0.09 0.09 0.09 0.09 

 

 

Figure 6.3: Baseline and optimised efficiency curves for different objective functions with 6 MW FC Nd-Fe-B 

generators 

The FC Nd-Fe-B generators have similar efficiency to the SM Nd-Fe-B machines: F3 

(iii) gives maximum efficiency 98.1% at rated wind speed and F1 and F2 give a lower 

efficiency of 92.9%. F3 and F4 give similar efficiency where F3 is slightly higher.  

Figure 6.4 is laid out as Figure 6.2 is, with the evaluated results of F1–F4 for each of 

the different objective functions after post-processing. In each sub-figure the optimal 

result is highlighted, i.e. 1413.9 Nm/kg, 13.26 Nm/€, -€27813k, -€56345k, -€84932k 

and €104.8/MWh. 
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Figure 6.4: Optimisation results of different objective functions for the 6 MW FC Nd-Fe-B generators 

For the FC Nd-Fe-B generator optimisation, F1 gives highest torque per PM mass, 

where F3 (iii) gives the lowest which is 41.1% less than F1. In terms of torque per cost 

of active materials, F2 gives the highest and F3 (iii) gives the lowest which is 48.7% 

less than F2. F3 (i) closely match with F4, moving from F3 (i) to F3 (iii) by increasing 

number of years Py, both the torque per PM mass and torque per active materials cost 

decreases.  

Table 6.4 shows some of the dependent variable results for different objective 

functions after optimisation. It can be seen that, for FC Nd-Fe-B generator also F4 

closely match with F3 (i) in terms of turbine cost of energy. F3 (ii) and F3 (iii) produces 

better efficient machine design in terms of annual energy production and copper losses 

but gives higher turbine cost of energy. 
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Table 6.4: Some dependent variable results after optimisation, 6MW FC Nd-Fe-B 

Dependent variables F1 F2 F3(i) F3(ii) F3(iii) F4 

Air-gap flux density, Bg (T) 1 1.03 0.99 0.94 0.88 1.03 

Mass of magnet, mPM (kg) 3369.8 3544.8 4946 5544.4 5962.3 4469.5 

Mass of copper, mCu (kg) 5593.3 4393.4 10859 12962 14619 9494.9 

Mass of active iron, mFe (kg) 27813 26933 38986 47875 54367 34239 

Structural mass, mstr (kg) 19112 19037 26138 29254 34629 25847 

Copper losses (MWh) 1875.7 1953.5 487.9 392.6 349.1 582.1 

Iron losses (MWh) 171.7 159.6 290.1 304.9 307.2 269.5 

Cost of generator active materials, Cgact 

(k€) 

369.5 359.4 576.6 670.7 740.1 520.5 

Cost of generator structural materials, 

Cgstr (k€) 

77.8 77.5 106.1 118.8 140.5 104.8 

Annual energy production (GWh) 28.8 28.7 29.9 30.1 30.1 29.9 

Cost of energy (€/MWh) 107.9 108 104.9 105.2 105.7 104.8 

 

6.2.1.3 Flux-concentrating ferrite generator 

Table 6.5 shows the independent variables selected by the objective functions from 

Table 5.1 for the FC ferrite generators. Figure 6.5 shows the efficiency curves for these 

different designs and Figure 6.6 shows the optimisation results for the different 

objective functions after post-processing. 

 

 

 

 

 



116 

 

Table 6.5: Independent variables vs. objective functions, 6 MW FC ferrite generators 

 

Independent variables F1 F2 F3(i) F3(ii) F3(iii) F4 

Air gap diameter, D (m) 12.03 8.25 11.89 11.77 11.8 12.09 

Axial length, ls (m) 1.41 1.59 1.5 1.52 1.51 1.5 

Magnet width/pole pitch, wm/τp 0.77 0.6 0.75 0.77 0.77 0.69 

Magnet height, hm  (m) 0.2 0.33 0.28 0.33 0.38 0.23 

Pole pairs, p (-) 100 94 95 79 71 100 

Height of tooth, ht (m) 0.05 0.05 0.08 0.09 0.09 0.07 

 

 

Figure 6.5:Baseline and optimised efficiency curves for different objective functions with 6 MW FC ferrite 

generators 

The FC ferrite generators also have similar efficiency to the Nd-Fe-B machines: F3 

(iii) gives maximum efficiency 97.9% at rated wind speed and F1 and F2 give a lower 

efficiency of 92.9%. F3 and F4 give similar efficiency where F3 is slightly higher. 
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Figure 6.6: Optimisation results of different objective functions for the 6 MW FC ferrite generators 

Figure 6.6 is also laid out as Figure 6.2 is, with the evaluated results of F1–F4 for each 

of the different objective functions after post-processing. In each sub-figure the 

optimal result is highlighted, i.e. 161.3 Nm/kg, 12.6 Nm/€, -€27670k, -€56133k, -

€84648k and €106.5/MWh. 

For the FC ferrite generator optimisation, F1 gives highest torque per PM mass, where 

F3 (iii) gives the lowest which is 47% less than F1. In terms of torque per cost of active 

materials, F2 gives the highest and F3 (iii) gives the lowest which is 49.5% less than 

F2. F3 (i) closely match with F4, moving from F3 (i) to F3 (iii) by increasing number 

of years Py, both the torque per PM mass and torque per active materials cost decreases.  

Table 6.6 shows some of the dependent variable results for different objective 

functions after optimisation. It can be seen that, for FC ferrite generator also F4 closely 

match with F3 (i) in terms of turbine cost of energy. F3 (ii) and F3 (iii) produces better 

efficient machine design in terms of annual energy production and copper losses but 

gives higher turbine cost of energy. 
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Table 6.6: Some dependent variable results after optimisation, 6MW FC ferrite 

Dependent variables F1 F2 F3(i) F3(ii) F3(iii) F4 

Air-gap flux density, Bg (T) 0.56 0.84 0.67 0.72 0.76 0.62 

Mass of magnet, mPM (kg) 29411 44338 44326 52365 58851 38838 

Mass of copper, mCu (kg) 8436 5914.3 15289 17660 18176 13964 

Mass of active iron, mFe (kg) 56893 51818 83915 101380 112950 68818 

Structural mass, mstr (kg) 27422 27000 27319 28290 30002 27925 

Copper losses (MWh) 1826.4 1871.5 554.4 429.1 386.9 702.4 

Iron losses (MWh) 203.9 227.9 323.7 344.8 351 296.6 

Cost of generator active materials, Cgact 

(k€) 

385.5 377.2 614.1 726.1 788 532.4 

Cost of generator structural materials, 

Cgstr (k€) 

111.9 168.1 122.3 139.2 157.4 127.8 

Annual energy production (GWh) 28.8 28.8 29.9 30 30 29.8 

Cost of energy (€/MWh) 109 109.6 106.7 107.3 107.8 106.5 

 

6.2.1.4 Comparison of generator topologies 

Table 6.7 compares the 3 types of generators by best possible objective function F1, 

F2, F3, F4; independent variables (light grey); important dependent variables (dark 

grey). It shows the generator type and objective function that gives the best optimised 

result. Where 1, 2, 3 represents the SM Nd-Fe-b, FC Nd-Fe-B and FC ferrite generator 

respectively and L, H represents the lowest and the highest value after optimisation.  

In terms of objective functions, it can be seen that the SM Nd-Fe-B gives best results 

for F1, F2, F3 (ii), F3 (iii) and the FC Nd-Fe-B gives best results for F3 (i), F4. In terms 

of independent variables, The SM Nd-Fe-B gives the best result for magnet height with 

objective function F3 (ii), the FC Nd-Fe-B gives the best results for air-gap diameter 

with F1, axial length with F4 and the FC ferrite gives the best results for magnet 

width/pole pitch with F2, pole pairs with F3 (iii), height of tooth F2. The generator type 
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and objective function that gives the best optimised result of some important dependent 

variables are also shown in Table 6.7. 

Table 6.7: Generator type and objective function that gives the best optimised result (Where 1, 2, 3 represents the 

SM Nd-Fe-b, FC Nd-Fe-B and FC ferrite generator respectively and L, H represents the lowest and the highest 

value after optimisation) 

 F1 F2 F3(i) F3(ii) F3(iii) F4 

F1 1, H      

F2  1, H     

F3(i)   2, L    

F3(ii)    1, L   

F3(iii)     1, L  

F4      2, L 

Air-gap diameter, D (m) 2, L      

Axial length, ls (m)      2, L 

Magnet width/pole pitch, wm/τp  3, L     

Magnet height, hm  (m)    1, L   

Pole pairs, p (-)     3, L  

Height of tooth, ht (m)  3, L     

Air-gap flux density, Bg (T)      2, H 

Mass of magnet, mPM (kg) 1, L      

Mass of copper, mCu (kg)  2, L     

Mass of active iron, mFe (kg)  1, L     

Structural mass, mstr (kg)  2, L     

Copper losses (MWh)     1, L  

Iron losses (MWh)  1, L     

Cost of generator active materials, 

Cgact (k€) 

 1, L     

Cost of generator structural 

materials, Cgstr (k€) 

 2, L     

Annual energy production (GWh)     1, H  

 

The highest efficiency is at rated wind speed in the cases that the objective function F3 

(iii) is used. Figure 6.7 shows the comparison of highest efficiency curves for a 6 MW 

generator with different generator topologies. The SM Nd-Fe-B generator gives the 

highest efficiency which is 98.15%, the FC Nd-Fe-B generator gives 98.1% and the 

FC ferrite generator gives the lowest efficiency of 97.9%. 
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Figure 6.7: Efficiency of a 6 MW generator with different generator topologies after optimisation 

6.2.2 Impact of generator air-gap diameter constraints 

Figure 6.8 to Figure 6.13 shows the impact of the choice of upper limit of the generator 

air-gap diameter for a 6 MW SM Nd-Fe-B generator and a 6 MW FC ferrite generator. 

By varying the maximum allowed boundary for both generators diameter from 6m to 

16m, it can be seen that, the optimal value for the SM Nd-Fe-B generator is near to 

11.7m and for the FC ferrite generator, it is 12.6m. The optimised result for 3rd 

objective function varies from -€84004k to -€84952k for the SM Nd-Fe-B generator 

and -€83722k to -€84648k for the FC ferrite generator. The cost of energy in SM Nd-

Fe-B generator varies from €106.2/MWh to €105.2/MWh and the cost of energy in 

flux-concentrating ferrite magnet generator varies from €107.1/MWh to €106.2/MWh. 

The largest drop in cost of energy occurs when extending the upper limit from 6m to 

8m. 

The total generator mass for the SM Nd-Fe-B generator varies from 75.6 tonnes to 

105.5 tonnes and from 215.1 tonnes to 231.3 tonnes for the FC ferrite machine. To 

allow smooth optimisation, the upper boundary of FC ferrite generator is relaxed for 

magnet height with 6m and 8m air-gap diameter. This leads to the largest active 

material mass in the 8m air-gap diameter generator. 
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Active materials cost largely varies from 6m to 10m air-gap diameter for both type of 

generator, after that they are similar. The annual energy production (AEP) varies from 

29.8 GWh to 30.12 GWh for the SM Nd-Fe-B generator and from 29.7 GWh to 30.03 

GWh for the FC ferrite generator. The largest increase in AEP occurs when extending 

the upper limit from 6m to 8m. 

 

 

Figure 6.8: Impact of the choice of maximum allowed generator air-gap diameter: Maximum allowed generator 

diameter vs optimum diameter 

 

Figure 6.9: Impact of the choice of maximum allowed generator air-gap diameter: The optimised result for 3rd 

objective function 
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Figure 6.10: Impact of the choice of maximum allowed generator air-gap diameter: variation of cost of energy 

 

Figure 6.11: Impact of the choice of maximum allowed generator air-gap diameter: variation in generator masses 
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Figure 6.12: Impact of the choice of maximum allowed generator air-gap diameter: variation of generators active 

material cost 

 

Figure 6.13: Impact of the choice of maximum allowed generator air-gap diameter: variation of annual energy 

production 

6.2.3 Effect of generator and turbine structural models 

When the generator structural model is included in the optimisation process (using the 

F4 objective function to optimise the 6 MW SM Nd-Fe-B and FC ferrite generator) 

then the deflections are 0.5 mm in the radial direction, 0.44 mm in the tangential 

direction and 0.24 mm in the axial direction. Similar results are found for the flux-

concentrating machines. The cost of energy increased by 0.26% in SM Nd-Fe-B 

generator and by 0.29% in FC ferrite magnet generator when the structural model and 
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If the radial deflection limit for the 6 MW SM Nd-Fe-B generators is relaxed from 5% 

to 7% and 10% of the air-gap clearance, the optimal fundamental air-gap flux density 

increases from 0.89 T to 0.97 T and 0.98 T, the optimal air-gap diameter decreases 

from 10.16 m to 9.69 m and 9.7 m, the generator active materials mass decreases from 

46.6 tonne to 44.4 tonne and 44.2 tonne and the generator structural mass decreases 

from 32.7 tonne to 26.8 tonne and 26.4 tonne respectively. 

When the turbine structural model is included then the tower cost increased by €2.54k 

for the addition of one tonne of generator mass; this is about 0.012% of the total wind 

turbine cost. The offshore substructure and foundation cost increased by €1.5k for 

every additional one tonne of generator mass, which is about 0.007% of the total wind 

turbine cost. 

6.2.4 Effect of variable power factor 

Figure 6.14 shows the efficiency curve of a 6 MW SM Nd-Fe-B generator with unity 

power factor and leading power factor (when θ=0.5δ). The independent variables 

selected randomly from Table 5.1 by the optimisation.  It is found that, the power 

factor at rated wind speed is 0.94 for the SM Nd-Fe-B generator with variable power 

factor after optimization, where the power factor varies with load angle at below rated 

wind speed. The efficiency of SM Nd-Fe-B with variable power factor is slightly 

higher than the generator with unity power factor. Table 6.8 gives the comparison of 

some results after optimisation. 

 

Figure 6.14: Efficiency curve of unity and leading power factor for a 6 MW Nd-Fe-B generator 
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Figure 6.15 compares optimisation results for some important dependent variables of 

6 MW SM Nd-Fe-B, FC Nd-Fe-B and SM Nd-Fe-B generator with variable power 

factor. Where SM Nd-Fe-B generator with variable power factor gives minimum cost 

of energy of €104.6/MWh in Figure 6.15(a). Figure 6.15(b) shows the annual energy 

production of different generator design, where SM Nd-Fe-B generator with variable 

power factor gives maximum energy of 30 GWh. The FC Nd-fe-B generator gives 

minimum active material cost €520.5k, shown in Figure 6.15(c). Figure 6.15(d) shows 

the magnet mass of different generator designs, where SM Nd-Fe-B generator with 

variable power factor gives minimum magnet mass of 3.82 tonnes. 

Table 6.8: Comparison of some results after optimisation with different power factor 

Variables 
Unity power factor Leading power  

factor (θ=0.5δ) 

Air gap diameter, D (m) 10.2 10.58 

Axial length, ls (m) 1.2 1.28 

Magnet width/pole pitch, wm/τp 0.79 0.79 

Magnet height, hm  (m) 0.02 0.015 

Pole pairs, p (-) 100 100 

Height of tooth, ht (m) 0.083 0.09 

Air-gap flux density, Bg (T) 0.89 0.78 

Mass of magnet, mPM (kg) 4502.4 3820.2 

Mass of copper, mCu (kg) 10780 12837 

Mass of active iron, mFe (kg) 31287 33828 

Structural mass, mstr (kg) 32689 29848 

Copper losses (MWh) 593.2 547.8 

Iron Losses (MWh) 247.6 236.4 

Generator active materials cost (k€) 525.7 523.3 

Generator structural materials cost (k€) 130.8 119.4 

Converter cost (k€) 121.8 129.6 

Annual energy production (GWh) 29.94 30 

Cost of energy (€/MWh) 104.9 104.6 
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Figure 6.15: Comparison of optimisation results for some dependent variables, where in x-axis, 1,2 and 3 represents 

different generator type, FC Nd-Fe-B, SM Nd-Fe-B and SM Nd-Fe-B with variable power factor respectively 

6.2.5 Different turbine power ratings 

All the three generator topologies in this study are optimised for different power 

ratings (6 MW, 8 MW and 10 MW) using 3rd objective function, F3 (Py = 15 years) 

and 4th objective function, F4. Table 6.9 shows the independent variables selected by 

the optimization for the both objective functions with different generator topologies 

and power ratings. 

The highest efficiency is at rated wind speed in the cases that the objective function F3 

(iii) is used. This is the case across all power ratings, regardless of generator topology. 

Figure 6.16 shows the efficiency curves for the SM Nd-Fe-B generator with different 

power ratings. The generator with 10 MW power rating gives the highest efficiency 

which is 98.3%, 8 MW generator gives 98.2% and 6 MW generator gives the lowest 

efficiency of 98.15%. The FC Nd-Fe-B and FC ferrite generators also follow the same 

fashion where 10 MW generators give the highest efficiency and 6 MW generators 

give the lowest efficiency. Higher power means more expensive turbine, therefore 

need to try higher generator efficiency to minimise CoE. 
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Table 6.9: Independent variables vs. generator topology for different power ratings 

Surface mounted Nd-Fe-B generator 

 6 MW 8 MW 10 MW 

Independent variables F3 (iii) F4 F3 (iii) F4 F3 (iii) F4 

Air-gap diameter, D (m) 11.9 10.2 13.22 10.43 11.55 11.74 

Axial length, ls (m) 1.38 1.2 1.63 1.18 1.84 1.55 

Magnet width/pole pitch, wm/τp 0.78 0.79 0.8 0.67 0.86 0.77 

Magnet height, hm  (m) 0.02 0.02 0.02 0.04 0.038 0.025 

Pole pairs, p (-) 82 100 86 88 64 95 

Height of tooth, ht (m) 0.089 0.083 0.1 0.09 0.11 0.1 

Flux concentrating Nd-Fe-B generator 

Air-gap diameter, D (m) 11.5 9.57 12.5 10.64 13.5 10.2 

Axial length, ls (m) 1.27 1.08 1.5 1.22 1.65 1.45 

Magnet width/pole pitch, wm/τp 0.79 0.75 0.79 0.76 0.78 0.72 

Magnet height, hm  (m) 0.08 0.074 0.09 0.088 0.095 0.086 

Pole pairs, p (-) 91 100 91 100 94 99 

Height of tooth, ht (m) 0.09 0.085 0.1 0.094 0.11 0.105 

Flux concentrating ferrite generator 

Air-gap diameter, D (m) 11.8 12.09 13.2 13.78 15 14.13 

Axial length, ls (m) 1.51 1.5 1.7 1.74 2.09 1.85 

Magnet width/pole pitch, wm/τp 0.77 0.7 0.76 0.7 0.75 0.7 

Magnet height, hm  (m) 0.38 0.23 0.42 0.24 0.36 0.3 

Pole pairs, p (-) 71 100 74 100 73 100 

Height of tooth, ht (m) 0.089 0.073 0.1 0.076 0.11 0.09 

 

 

Figure 6.16: Efficiency curves for different power ratings 

Figure 6.17 shows the post-processed optimisation results using F3 (iii) with different 

generator topologies and power ratings. For all the power ratings, the SM Nd-Fe-B 

generator gives the highest revenue while minimizing active material costs with -

€84952k for 6 MW, -€111320k for 8 MW and -€138230k for 10 MW. 
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Figure 6.17: Optimisation results of F3 (iii) with different generator topologies and power ratings 

Figure 6.18 shows the post-processed optimisation results using F4 with different 

generator topologies and power ratings. For all the power ratings, the FC Nd-Fe-B 

generator gives the lowest cost of energy with €104.8/MWh for 6 MW, €102.9/MWh 

for 8 MW and €102.6/MWh for 10 MW. 

 

Figure 6.18: Optimisation results of F4 with different generator topologies and power ratings 
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relation with torque, it is €0.105/Nm for 6 MW, €0.106/Nm for 8 MW and €0.098/Nm 

for 10 MW generator. 

 

Figure 6.19: Cost of active materials for different generator topologies and power ratings 

Figure 6.20 shows the magnet mass for different generator topologies and power 

ratings after optimisation (using F4). The FC Nd-Fe-B generator gives the lowest 

magnet mass for all three types of generator and power ratings which is 4469.8 kg for 

6 MW, 6484.7 kg for 8 MW and 8352.4 kg for 10 MW generator. It can be expressed 

as 0.00075 kg/W for 6 MW, 0.0008 kg/W for 8 MW and 0.00084 kg/W for 10 MW 

generator. In relation with torque, it is 0.00092 kg/Nm for 6 MW, 0.00087 kg/Nm for 

8 MW and 0.0008 kg/Nm for 10 MW generator. 
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Figure 6.20: Magnet mass for different generator topologies and power ratings 

Figure 6.21 shows the structural materials cost for different generator topologies and 

power ratings after optimisation (using F4). The FC Nd-Fe-B generator gives the 

lowest structural materials cost for all three types of generator and power ratings which 

is €104.8k for 6 MW, €167.9k for 8 MW and €265.1k for 10 MW generator. 

 

Figure 6.21: Structural materials cost for different generator topologies and power ratings 

Figure 6.22 shows the annual energy production (AEP) for different generator 

topologies and power ratings after optimisation (using F4). In terms of AEP, different 

generator topologies with same power rating give similar results. The SM Nd-Fe-B 
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generator gives slightly better AEP for the 6 MW and 10 MW generator with 29.94 

GWh and 48.8 GWh respectively. The FC Nd-Fe-B gives highest AEP for 8 MW 

generator with 39.25 GWh. 

 

Figure 6.22: Annual energy production (AEP) for different generator topologies and power ratings 

Table 6.10 shows the difference of cost and energy production per MW for a SM Nd-

Fe-B generator, upgrading from 6 MW to 8 MW and 10 MW (using F4). It can be seen 

that, upgrading from 6 MW to 8 MW and 10 MW increase the active materials cost, 

structural material cost, substructure and foundation cost and decrease the tower cost 

wind farm rest of the turbine capital cost, AEP per MW. 

Table 6.10: Difference of cost and energy production per MW when upgrading from 6 MW to 8 MW and 10 MW 

 8 MW 10 MW 

Active materials cost  8.6% increased 12.2% increased 

Structural material cost 24.2% increased 26.6% increased 

Tower cost 2.2% decreased 3.2% decreased 

Substructure and foundation cost 2.1% increased 9.5% increased 

Wind farm rest of the turbine capital cost 5.4% decreased 8.2% decreased 

Annual energy production 1.8% decreased 2.2% decreased 

 

6.2.6 Effect of different magnet grades 

Figure 6.23 shows the effect of different magnet grades on the cost of energy for a 6 

MW SM Nd-Fe-B generator. The results are shown for “H” grade magnet at 120°C as 

well as regular and “H” grade magnet at 80°C (cooled down from 120°C).  
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By varying the magnet grade from N35 to N52, the cost of energy using “H” grade 

magnet decreases until N48 and then increases for N50 and N52; the cost of energy 

using regular magnets (at 80°C) decreases from N35 to N50 and then slightly increases 

for N52. 

Figure 6.24 shows the effect of different magnet grades on the magnet mass for a 6 

MW SM Nd-Fe-B generator. By varying the magnet grade from N35 to N52, the 

magnet mass using “H” grade magnet at 120°C varies from 5 tonnes to 3.4 tonnes. 

Others also follow the same decreasing trends. 

 

Figure 6.23: Effect of different magnet grade on cost of energy 

It is found that for a 6 MW SM Nd-Fe-B generator using N40H magnet, a +5% 

tolerance in magnet’s remanence, Br decrease the turbine cost of energy by 0.03% and 

a -5% tolerance increase the turbine cost of energy by 0.05%. Also +2 MGOe tolerance 

in maximum energy product reduce the cost of energy by 0.006% and -2 MGOe 

tolerance increase the cost of energy by 0.003%.  
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Figure 6.24: Effect of different magnet grade on magnet mass 

6.2.7 Effect of temperature and cooling cost 

Figure 6.25 shows the effect of temperature for a 6 MW SM Nd-Fe-B generator using 

N40H magnet: (a) shows the power losses at 80°C and 120°C temperatures, (b) shows 

the required volumetric cooling airflow to cool down the magnet temperature of the 

generator from 120°C to 80°C. It can be seen that the power losses below rated wind 

speed are variable and hence the required volumetric cooling airflow also varies, (c) 

shows the trend line of the required cooling air flow for different magnet temperature 

(d) shows the number of series fan required (5 series fan, where each of the fan curves 

denotes the number of series fan) the generator to achieve the required volumetric 

cooling airflow (1.38 m3/s in this case) to cool down the temperature from 120°C to 

80°C while the number of parallel fans are fixed (4 parallel fan). It can be seen that the 

maximum air flow at rated power can be achieved by using the maximum number of 

series fans and this is reduced by subsequently turning off some of the series fans. 

In order to reduce the magnet temperature from 120°C to 80°C for a 6 MW SM Nd-Fe-

B generator using N40 magnet, the required cooling airflow at rated speed is 1.38 m3/s, 

the number of parallel fans is 4, the number of series fans is 5 and the number of heat 

exchangers is 5.  
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Figure 6.25: Effect of Temperature and cooling (a) Power losses at 80°C and 120°C (b) Required volumetric cooling 

airflow to cool down the magnet temperature from 120°C to 80°C (c) Trend line of cooling air flow required for 

different magnet temperature (d) Fan curves for series fan intersects total system resistance curve (SR) where 

intersecting point is the volumetric cooling airflow achieved (4 parallel fan and 5 series fan) 

The cost of energy for a 6 MW SM Nd-Fe-B generator including cooling system is 

given in Figure 6.23, and this shows that the cost of energy using “H” grade magnet at 

80°C (using cooling system) is less than the cost of energy at 120°C without cooling 

system. The regular magnet at 80°C (using cooling system) gives the better cost of 

energy compared to the “H” grade magnet. 

6.2.8 Sensitivity analysis 

Figure 6.26 shows the sensitivity of turbine cost of energy for a 6 MW SM Nd-Fe-B 

generator when cost of Nd-Fe-B magnet per kg varies and other turbine parameters are 

assumed to be constant in the optimisation process. It can be seen that, if the Nd-Fe-B 

cost increase to €120/kg, the cost of energy would rise to €105.9/MWh. However, if 

the magnet costs fall to €40/kg, the cost of energy will fall back to €104.4/MWh.  
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Figure 6.26: Sensitivity of turbine cost of energy for cost of a kg Nd-Fe-B 

Figure 6.27 presents availability varying from 90% to 96% (other turbine parameters 

are assumed to be constant in the optimisation process) and the cost of energy in 6 

MW SM Nd-Fe-B generator varies from €109.4/MWh to €102.6/MWh, where the cost 

of energy in 6 MW FC ferrite generator varies from €110.5/MWh to €103.6/MWh. 

 

Figure 6.27: Sensitivity of turbine cost of energy for availability 

If the rest of the turbine cost for a 6 MW generator (except generator active materials 

cost, generator structural cost and foundation cost) varies from €16m to €18m as 

shown in Figure 6.28, the cost of energy of the SM Nd-Fe-B generator varies from 

€98.9/MWh to €106.6/MWh and the cost of energy of the FC ferrite magnet generator 

varies from €99.8/MWh to €107.6/MWh. 
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Figure 6.28: Sensitivity of turbine cost of energy for rest of the turbine capital cost 

If the annual operation and maintenance cost for a 6 MW generator varies from €500k 

to €700k as shown in Figure 6.29, the cost of energy of the SM Nd-Fe-B generator 

varies from €100.5/MWh to €107.2/MWh while the cost of energy of the FC ferrite 

magnet generator varies from €101.5/MWh to €108.2/MWh. 

 

Figure 6.29: Sensitivity of turbine cost of energy for annual operation and maintenance cost 

Figure 6.30(a) and Figure 6.30(c) shows the effect on cost of energy and annual energy 

production for a 6 MW SM Nd-Fe-B generator by varying the wind speed scale 

parameter from 9.5 m/s to 11.3 m/s with fixed shape parameter 2. Figure 6.30(b) and 

Figure 6.30(d) shows the effect on cost of energy and annual energy production for a 

6 MW SM Nd-Fe-B generator by varying the mean wind speed from 8.4 m/s to 10 
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m/s. The FC Nd-Fe-B and FC ferrite generator also gives the similar results when the 

wind speed scale parameter and the mean wind speed are varied. 

 

Figure 6.30: Effect of different wind condition 

6.3 Discussions 

This section gives an overall discussion on the investigations performed and the results 

achieved that will help to answer the secondary research questions given in section 1.3 

as well as primary research question given in section 1.2. A number of different 

investigations includes: different objective functions, different generator topologies, 

constraining generator diameter, including structural materials, different power factor, 

different power ratings, different magnet grades, thermal effects and cooling. The 

following sub-sections will give an overall discussion on the results that has been 

achieved after each investigation. 

6.3.1 On the choice of objective function 

Four different objective functions are used in this study to optimise different generator 

types for wind energy: (a) Torque per magnet mass (objective function 1, F1), (b) 

Torque per generator active material cost (objective function 2, F2), (c) the difference 

between generator active material costs and the wind turbine revenue for 5, 10 and 15 

years period of operation (objective function 3, F3) and (d) the wind turbine cost of 

energy (objective function 4, F4).It can be seen that, the objective functions F3 and F4 

produce higher efficiency designs for all the types of generators than the objective 

functions F1 and F2. This is unsurprising as the formulation for F3 and F4 explicitly 

includes annual energy yield. The major difference in losses between F1 & F2 and F3 
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& F4 is due to the copper losses. Higher current density is used to increase electrical 

loading in F1 & F2, which implies higher copper losses. For F1 this allows reduced 

magnetic loading and hence a reduction in magnet mass; for F2 the higher electrical 

loading leads to a reduction in both magnet and copper mass. The balance of copper 

and iron losses are slightly different with F3 & F4 having slightly higher iron losses. 

In machine design it is often the case that lower losses are found when contributions 

from copper and iron losses are more closely balanced.  

In terms of the application, a balance of high efficiency and low cost is attractive. The 

designs resulting from the 1st and 2nd objective functions give a high cost of energy 

when evaluated post-optimisation. F1 and F2 reduce the volume of active material 

(magnet mass in the case of F1 and all the active material, weighted by their specific 

costs in the case of F2) for the rated torque at the expense of higher losses. Although 

their generator capital costs are lowest, they achieve this by sacrificing annual energy 

yield. In reality, the generator capital cost is only a modest contributor to the total 

turbine capital cost and yet generator inefficiency affects all of the turbine power 

output. So, the 1st and 2nd objective functions are a poor choice in terms of cost of 

energy for the optimisation of wind turbine generators.  

The optimised design parameters and the ultimate cost of energy are very similar for 

F3 and F4.  Different turbine costs and parameters could lead to a larger difference 

between F3 and F4 (it can be seen that the difference of cost of energy between F3 (i) 

and F4 is 3.6% for a 6 MW turbine whereas 9.7% for a 10 MW turbine), however it 

appears that F3 is quite a good proxy for F4. The change in the number of years for F3 

makes a slight difference in the cost of energy. The higher the number of years used 

(i.e. 10 and 15 years rather than 5 years) produces more efficient designs, but also 

increases the cost of energy for this case study. For larger, more capitally expensive 

offshore wind turbines (e.g. those in deeper waters) it may be useful to opt for 10 or 

15 years when using F3. One of the benefits of the 3rd objective function is that it does 

not need detailed turbine information and so is more general in comparison to 4th 

objective function. 

6.3.2 On the choice of generator topology 

The optimal surface-mounted Nd-Fe-B (SM Nd-Fe-B) and the flux-concentrating Nd-

Fe-B (FC Nd-Fe-B) designs give similar efficiency and slightly better efficiency than 

the optimal flux-concentrating ferrite (FC ferrite) generator. The efficiency is the 
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primary driver for differences in the cost of energy: both the Nd-Fe-B designs are 

better than the FC ferrite generator. Of secondary importance is the active material 

cost: the FC Nd-Fe-B generator gives slightly better cost of energy than the SM Nd-

Fe-B generator; but the lower active material cost of the FC ferrite generator does not 

make up for its lower efficiency. 

The SM Nd-Fe-B generator uses slightly less magnet than the FC Nd-Fe-B generator 

(in most of the optimisation except F3 (iii) and F4).  That shows the flux-concentrating 

nature of FC Nd-Fe-B doesn’t help that much to increase air-gap flux density and the 

FC ferrite generator needs a very large amount of magnet and iron which makes a large 

difference in generator mass in comparison to the other generators.  

In this study, the FC Nd-Fe-B always gives lowest structural mass. It generally has a 

similar generator diameter to the SM Nd-Fe-B generator, but the additional radial 

height of flux-concentrating poles effectively fulfils a structural role meaning the rotor 

structure has a smaller radius than that for the SM Nd-Fe-B machine. The FC ferrite 

generator also gives lower structural mass in comparison to the SM Nd-Fe-B generator 

but the structural cost in the FC ferrite generator is higher (in most of the 

optimisations). This higher cost is due to the amount of aluminium in the rotor 

structure of flux-concentrating machine in order to avoid high permeability paths 

which can encourage leakage flux, which is significant in the ferrite machine (as it has 

a large diameter). Also note, industrial experience has shown that mixing steel and 

aluminium structures can be challenging. ABB made a prototype for 

Zephyros/Harakosan which had air-gap closure problems due to different coefficients 

of thermal expansion. So there may be more cost involved in dealing with different 

coefficients of thermal expansion, but this is not captured in the model. 

The active material cost in the flux-concentrating ferrite magnet generators is slightly 

higher and the generator mass is higher because of a large difference in magnet mass 

and rotor iron mass (the mass of pole pieces exceeds that of the rotor yoke in the other 

machine). Torque per magnet mass in the Nd-Fe-B machines are unsurprisingly very 

high because of the magnet mass difference.  

6.3.3 On the impact of air-gap diameter constraints 

Constraining the diameter of the generator is often necessary for onshore wind turbines 

as there are limits to what can be transported by road; for offshore turbines this is not 
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necessarily the case. Allowing the upper limit of diameter to increase to 10m reduces 

the turbine cost of energy by about 1%; further increases in air-gap diameter yields 

only small marginal gains and these are unlikely to be worth the extra effort involved 

in the manufacturing processes and cost of larger manufacturing tooling and facilities. 

The cost and mass of the generator structure increases with increasing the diameter for 

all the generator types. In smaller diameter generators, the cost of generator active 

materials is slightly higher in the Nd-Fe-B generators. Annual energy production 

generated by lower diameter generators is slightly lower for all the generator types. It 

is known that, smaller air-gap diameter produces higher shear stress which means 

higher electrical loading also high copper losses. This high loss needs more cooling 

requirement and cost which increase the overall turbine cost of energy.  

6.3.4 On the effect of including structural materials 

Including generator structural materials can affect the generator mass and hence the 

tower and foundation cost. It is found that when the generator structural materials were 

included in the optimisation model, the cost of energy increased by 0.26% for the SM 

Nd-Fe-B generators and by 0.29% for the FC ferrite magnet generators. While they 

have similar structural masses, the increase in cost of energy is higher for the ferrite 

magnet machine because aluminium – which is relatively expensive – is used in its 

rotor structure. It is also found that, the structural materials cost increases when the 

air-gap diameter increase and the structural materials cost decreases when the air-gap 

flux density increase. The cooling requirement increases when the structural cost 

decreases. 

6.3.5 On the impact of generator mass 

The active material mass in the ferrite magnet generator is about 200% more than for 

the Nd-Fe-B generators. More inertia (due to the extra mass on the generator rotor) 

might affect energy capture, as the optimal tip speed ratio implies changing wind speed 

should be matched by changing rotational speed. More inertia means slower dΩ/dt and 

hence less time at optimal tip speed ratio and hence Cpmax. The additional rotational 

inertia does not make a significant change to the energy capture of the turbine.  

Although the rotational inertia of the generator rotor increases a lot, the total rotational 

inertia i.e. including the turbine rotor, only changes by a small fraction. The bigger the 

turbine, the smaller is the change in overall inertia. There may be some impacts for 

smaller turbines (e.g. less than 1MW) and/or multi-rotor turbines. 
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The increased top head mass – due to a heavier generator – can affect the tower costs 

and foundation costs. Typically for the 6 MW turbine, the ferrite magnet generators 

are about 100 tonnes heavier (including structural mass), implying that the tower costs 

would be €254k more expensive and the substructure and foundation costs would be 

€150k more expensive than the equivalent Nd-Fe-B generator. It can be seen that, the 

tower cost increased by €2.54k for the addition of one tonne of generator mass; this is 

about 0.012% of the total wind turbine cost. The offshore substructure and foundation 

cost increased by €1.5k for every additional one tonne of generator mass, which is 

about 0.007% of the total wind turbine cost.  These figures can be higher depending 

on the water depth. In terms of different power ratings, the cost ratio will be different 

due to different rotor diameter and hub height. 

6.3.6 On the effect of variable power factor 

Assuming unity power factor at all wind speed instead of variable power factor tends 

to overestimate the generator losses and material costs and underestimate the power 

converter rating and cost. Varying the load angle so that the phase current is between 

the induced emf and terminal voltage produces better annual energy and lower cost of 

energy. It is found that, for a 6 MW SM Nd-Fe-B generator, the optimal design with 

leading power factor gives 0.002% better efficiency than unity power factor. It can be 

seen that, the peak torque is achieved with 0.15% less generator active material cost, 

at a power factor of 0.94, but that means that the power converter cost is increased by 

0.06% (because of the higher apparent power). 

6.3.7 On the choice of turbine power ratings 

The cost of energy marginally decreases when moving from 6 to 8 to 10 MW rated 

power. Although the per MW cost of the generator’s active and structural materials, 

substructure and foundation cost are increasing with turbine size, this is mitigated by 

the rest of the turbine cost. The 6 MW turbine gives slightly better revenue per MW 

over the first 15 years of life than the turbines with higher rated power turbine, but the 

difference is small. It is found that, the efficiency of the machine increases with the 

power ratings.  

6.3.8 On the effect of magnet grade 

The cost of energy of the turbine and the magnet mass slightly decreases by using 

magnet grades with higher maximum energy product, BHmax. Although the magnet 

price increases for the higher magnet grade, the higher BHmax produces higher air-gap 
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flux density and ultimately improves the energy conversion efficiency with lower 

magnet mass. That implies, moving to higher grade magnet, meaning Br increases, 

magnet specific cost increases, flux density increases (for same dimensions), shear 

stress increases, so either dimensions can be reduced or electrical loading can be 

reduced. As long as the relative improvement in flux density per increase in cost is 

better, then it makes sense to move to a higher magnet grade. However, when selecting 

an Nd-Fe-B grade, the designer should keep in mind that the higher grade magnets can 

be more brittle. 

6.3.9 On the effect of temperature and including cooling system  

The generators that use regular temperature grade Nd-Fe-B magnets generally give 

lower cost of energy but with slightly higher magnet mass than using “H” grade Nd-

Fe-B magnets. The main downside of the regular magnet is the maximum operating 

temperature which is 80°C whereas for the “H” grade magnet it is 120°C. When 

selecting the working temperature, one needs to make sure that the maximum 

operating temperature of the magnet is not exceeded, otherwise the magnet can be 

irreversibly demagnetized. If the rated power and losses of a machine leads to a magnet 

temperature of 120°C, then an additional cooling system (or additional levels of 

cooling) can be implemented to bring it down to 80°C, allowing the regular 

temperature grade magnets to be used. This additional cooling system cost and energy 

consumption accounts for about 0.3% of cost of energy.  

In variable wind speeds at below rated power, the generator losses also vary. The 

required cooling air flow is variable – this can be controlled by varying the number of 

series fan while number of parallel fans are fixed. The cooling regime can be optimised 

for minimizing the cost of energy.    

As well as facilitating the use of the cheaper, regular temperature grade of magnets, 

the additional cooling gives two benefits regardless of the temperature grade used in 

the generators.  The cooling helps to reduce the stator winding temperatures, the 

resistance and hence the copper losses. The lower magnet temperatures also increase 

the effective remanent flux density due to the negative temperature coefficient of 

remanence.  

When comparing the magnet temperature grades, the regular magnets provide lowest 

cost of energy. Using the high temperature magnets near to their maximum working 
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temperature (120°C) leads to higher copper losses and a reduction in remanent flux 

density. This can be reduced by cooling these machines down to 80°C. The difference 

between regular and high temperature magnets at 80°C is small, and the use of high 

temperature magnets may be safer as the magnets will not demagnetize if the cooling 

system fails. 

6.3.10 Sensitivity  

If the specific cost of Nd-Fe-B magnets were to increase by a large enough margin 

(while the ferrite magnet material cost remained constant) then the FC ferrite machine 

would become more attractive from a cost of energy perspective. However, in this 

study even if the specific magnet cost doubled (from €60/kg to €120/kg) the cost of 

energy is still lower for the generator using Nd-Fe-B magnets than for the FC ferrite 

machine. The cost of energy sensitivity to specific magnet cost might be more 

significant for onshore turbines, as the rest of the turbine has lower capital costs. 

However, when varying the rest of the turbine cost, the gap between the cost of energy 

for the two generators did not change significantly.  

The availability results show that a generator’s availability is a very important factor 

to minimize the cost of energy; however, there is not likely to be a large availability 

differential in the generator types considered here. The generator types are unlikely to 

have different effects on the annual operation and maintenance costs. The important 

factor could be differences in failure rates, corrosion of different magnet types 

(probably climate controlled), demagnetisation likelihood and any other in terms of 

failure rates probably not going to make a big difference. The cooling system size and 

converter size, perhaps, more parts the bigger they get, hence bigger failure rate. If 

there anything going to change are repair costs and repair rates. Bigger generator will 

be heavier and larger – will probably need same type of repair vessel type/capability 

but may need more people or take longer to replace. 

It can be seen that higher wind speed scale parameter tries to make a more efficient 

generator which is less expensive. The higher mean wind speed also parameter tries to 

make a more efficient generator which is less expensive. 

6.4 Summary discussion 

The results of different investigations and discussions on that are presented in this 

chapter. A number of different investigations includes: different objective functions, 
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different generator topologies, constraining generator diameter, including structural 

materials, different power factor, different power ratings, different magnet grades, 

thermal effects and cooling. It has been shown that, choice of objective function is 

very important to get an efficient optimal machine design. Generator topologies, air-

gap diameter, including structural materials along with generator active materials also 

has impact on turbine cost of energy and efficient machine design. A designer can 

further improve their design by choosing a magnet grade that could survive at higher 

working temperature (for safety) but operate it at lower temperature (using cooling 

system) to improve magnetic loading, efficiency and energy yield. The next chapter 

gives the overall conclusion of this study. 
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Chapter 7  

Conclusion and future work 
This thesis focuses on the optimisation of the generator and the important factors that 

can affect the optimisation process for offshore wind energy application. This chapter 

gives a summary of all the chapters in this study and the overall conclusion. Some 

potential future research is also given.  

7.1 Chapter summaries 

Chapter 2 investigate the previous works related to research questions given in section 

1.2 and 1.3, that includes: wind energy, drivetrain, different generator topologies, 

magnet, power converter, optimisation process and real time wind turbine.  

The electromagnetic models of three different direct drive generator topologies for 

offshore wind turbine are described in chapter 3, that includes: electromagnetic 

modelling of different generator topology, verification of electromagnetic model using 

finite element software FEMM, different strategies to reduce rare earth permanent 

magnet, magnet grades, power factor, losses and active material mass for different 

generator topologies. 

The generator structural models for both stator and rotor, linking deflections in the air-

gap to structural masses are described in chapter 4. A thermal model is then introduced 

to estimate the thermal effect due to power losses in the generator and verified using 

the FEMM heat flow analysis module. The required cooling air flow, additional cost 

and energy consumption incurred to cool down the magnet and winding temperature 

by forced air flow using fan and heat exchanger is also modelled in this chapter. 

Subsequently characteristics of the wind turbine and the site wind resources and 

calculation of annual energy production is shown for different power ratings. The 

influence of generator mass on inertia (and hence turbine performance) and the effect 

of turbine top head masses on tower, foundation and lifting cost are also modelled in 

chapter 4. 
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Chapter 5 describe the optimisation process, different objective functions for different 

generator topologies and investigate the effect on the optimisation of a number of 

factors that interest a typical designer: the inclusion of structural and thermal model 

along with the electromagnetic model in the objective functions, the choice of magnet 

grade, the inclusion of a cooling system, the inclusion of the impact of generator mass 

on the cost of turbine tower and foundation, the upper limit of generator diameter, the 

sensitivity results to magnet specific cost, turbine cost, operation and maintenance cost 

and the wind conditions. 

Chapter 6 present the results of different optimisation run and investigations and also 

gives a detailed discussion on that. 

7.2 Key findings 

1) The first and second objective functions are a poor choice when optimising 

wind turbine generators. The major difference in losses between F1/F2 and 

F3/F4 is due to copper losses, with higher current density being used to reduce 

copper mass. More magnet is used in the 3rd and 4th objective functions which 

generally produces better air-gap flux density and helps to increase energy 

production. The balance of copper and iron losses are slightly different, with 

F3/F4 having slightly higher iron losses. It is because of lower mass and active 

iron that used in first two objective functions. a designer can either chose F3 or 

F4 to produce an efficient machine design. Perhaps a designer might want to 

bias the results towards designs with higher efficiency could go for F3 and 

lower cost of energy could go for F4. 

2) It is found that the air-gap diameter in 3rd objective function always picks the 

highest limit of the boundary. After varying the upper boundary limits the 

optimum diameter for a 6 MW generator found is close to 12 m. 

3) Out of three generator rotor topologies, FC Nd-Fe-B is the best in terms of cost 

of energy. 

4) Out of two magnet materials, neodymium is optimum in terms of cost of energy 

and efficiency. 

5) Rotor Inertia is not important. The additional rotational inertia does not make 

a significant change to the energy capture of the turbine.   

6) The cost of energy of the turbine and the magnet mass decreases by using 

higher magnet grades. Although the magnet price increases for the higher 
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magnet grade, the higher BHmax produces higher air-gap flux density and 

ultimately improves the energy conversion efficiency with lower magnet mass. 

7) The difference between regular and high temperature magnets at 80°C is small, 

and the use of high temperature magnets may be safer as the magnets will not 

demagnetize if the cooling system fails. 

8) The cost of energy marginally decreases when moving from 6 to 8 to 10 MW 

rated power. The efficiency of the machine also increases with the power 

ratings. 

7.3 Answer to research question 

The primary research question given in section 1.2 is: 

“What is the best approach to optimise a generator for offshore wind turbine?” 

From this study it can be seen that, the best approach to optimise a generator for 

offshore wind turbine is to link the electromagnetic, thermal and mechanical model, 

using either F3 or F4 as an objective function and including magnet specification, cost 

and temperature effects in the model. To answer this primary research question, a 

number of other smaller secondary research questions given in section 1.3 are 

answered throughout each chapter of this thesis. The answers found for each of the 

research question are concluded here: 

Q1) Can different magnet materials and rotor topologies be used to reduce Nd-Fe-

B content in offshore wind turbines? 

Three different rotor topologies and two magnet types are used in this study. It is found 

that, the optimal SM Nd-Fe-B generator uses slightly less magnet than the FC Nd-Fe-

B generator (in most of the optimisation except F3 (iii) and F4).  That shows the flux-

concentrating nature of FC Nd-Fe-B doesn’t help that much to increase air-gap flux 

density but depending on objective function the result can vary. The FC ferrite 

generator needs a very large amount of magnet which makes a large difference in 

generator mass in comparison to the other generators. If the specific cost of Nd-Fe-B 

magnets were to increase by a large enough margin (while the ferrite magnet material 

cost remained constant) then the FC ferrite machine would become more attractive 

from a cost of energy perspective. 
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Q2) Should the generators structural model, tower, substructure and foundation be 

included with active materials in optimisation of generators for offshore direct drive 

wind turbines? 

It has been demonstrated that it is important to include structural modelling and 

materials when optimizing direct drive wind turbine generators for three reasons: (a) 

it impacts on the generator cost estimation by more than 0.26%, which is €0.28/MWh 

for 6 MW SM Nd-Fe-B generator (b) the added top head mass affects the tower and 

foundation costs estimation by about €0.4m and (c) it allows the maximum allowed 

diameter to be varied. In the latter case, the largest drop in cost of energy is when the 

air-gap diameter upper limit is increased from 6m to 8m. The drop in cost of energy is 

about 0.9% for both generator types which is about €0.7/MWh for 6 MW SM Nd-Fe-

B generator.   

Typically for the 6 MW turbine, the ferrite magnet generators are about 100 tonnes 

heavier (including structural mass), implying that the tower cost increased by €2.54k 

for the addition of one tonne of generator mass; this is about 0.012% of the total wind 

turbine cost. The offshore substructure and foundation cost increased by €1.5k for 

every additional one tonne of generator mass, which is about 0.007% of the total wind 

turbine cost.  These figures can be higher depending on the water depth. In terms of 

different power ratings, the cost ratio will be different due to different rotor diameter 

and hub height. 

Q3) Are these findings dependent on turbine power ratings? If so, to what degree? 

In this study, the findings for 6 MW generators are also valid for other power ratings 

and the variation of overall cost per MW is small. The cost of energy marginally 

decreases when moving for higher rated power. Although the increase of per MW cost 

of the generator’s active and structural materials are high, this is mitigated by the rest 

of the turbine cost. Although the cost of energy of 6 MW turbine is similar for F3 (i) 

and F4, the difference between these objective functions increases by increasing the 

turbine power rating. It is found that, the efficiency of the machine increases with the 

power ratings but the difference is small. 
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Q4) How does the choice of magnet grade affect the resulting optimal design? 

The choice of magnet grade affects the resulting optimal design. The cost of energy of 

the turbine and the magnet mass slightly decreases by using magnet grades with higher 

maximum energy product, BHmax. That implies, moving to higher grade magnet, 

meaning Br increases, magnet specific cost increases, flux density increases (for same 

dimensions), shear stress increases, so either dimensions can be reduced or electrical 

loading can be reduced. A higher grade magnet can be chosen, as long as the relative 

improvement in flux density per increase in cost is better than the lower grade magnet.  

Q5) How does the thermal model, cooling circuit and machine temperature affect 

the optimal design? 

Thermal model is important to measure the machine temperature due to losses. If the 

working temperature exceed the maximum operating temperature, the magnet can be 

irreversibly demagnetized. For safety, it can be operated at lower temperature by using 

cooling system to improve magnetic loading, efficiency and energy yield. 

As well as facilitating the use of the cheaper, lower temperature grade of magnets, the 

additional cooling gives two benefits regardless of the temperature grade used in the 

generators.  The cooling helps to reduce the stator winding temperatures, the resistance 

and hence the copper losses. The lower magnet temperatures also increase the effective 

remanent flux density due to the negative temperature coefficient of remanence.  

In variable wind speeds at below rated power, the generator losses also vary. The 

required cooling air flow is variable – this can be controlled by varying the number of 

series fan while number of parallel fans are fixed. The cooling regime can be optimised 

for minimizing the cost of energy.    

Q6) How does the choice of objective function affect the resulting optimal design? 

The optimal design varies depending on objective function. In this study, four different 

objective functions (F1-F4) are used to optimise different generator types for wind 

energy. It is found that, the objective functions F3 and F4 produce higher efficiency 

designs with lower cost of energy for all the types of generators than the objective 

functions F1 and F2. This is due to objective function. The designs resulting from the 

F1 and F2 objective functions give a high cost of energy although reduces the volume 

of active material (magnet mass in the case of F1 and all the active material, weighted 
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by their specific costs in the case of F2) for the rated torque at the expense of higher 

losses. In terms of the application, a balance of high efficiency and low cost is 

attractive. So, the 1st and 2nd objective functions are a poor choice in terms of cost of 

energy and efficiency for the optimisation of wind turbine generators. Despite being 

quicker to formulate and needing only limited information about the turbine, F3 is a 

close proxy for F4; the latter explicitly models the cost of energy and so it is able to 

find a marginally better cost of energy.  

7.4 Future work 

A number of areas have been stated throughout this thesis in which improvement could 

be made with further work. The following paragraphs will outline the further work that 

could be carried out to improve the work on this thesis. 

In this thesis three different type of generator topologies are used for optimisation runs 

and investigations. Other generator topology such as synchronous reluctance machine, 

permanent magnet assisted synchronous reluctance machine, Halbach array machine, 

hybrid excited machine and other generator topology could be used to optimise and 

compare with the generator topologies that is used in this study to achieve the best 

performance machine topology. 

This research could be further extended with different objective function, different 

magnet material, cost vs temperature and BHmax for other magnet materials, different 

cooling system, different cooling fluid such as liquid, hybrid rotor using different 

magnet materials, different structural design and different tower and foundation types. 

The things neglected in this study but should look at: other loss mechanisms, power 

converter interface losses might vary with turbine design, voltage level and hence 

insulation, reliability for different generator topologies studied here, demagnetisation, 

corrosion and reliability of cooling systems. 
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