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Abstract

Abstract'

This thesis focuses on electrical generators ‘directly driven’ by the
mechanical output of renewable energy converters such as wind turbines.
Renewable energy and the different ways of converting it into electricity are

reviewed.

Direct drive renewable energy converters provide a low speed, high torque
input to the electrical generator. As a result these generators must be larger
than their high speed counterparts. Because of this size and the large airgap-
closing force, the structural design must be stiff and robust. This typically
results in heavy generators, with structural (‘inactive’) material dominating

the electromagnetically ‘active” material.

Design tools are set out, validated and used to model the inactive material in
~ high torque axial-flux and radial-flux type machines. Simple optimisations
on generator aspect ratios are carried out to find lighter designs. Axial-flux
and radial-flux permanent magnet synchronous machines for wind turbines
are compared in terms of mass and a cost criterion, with and without the

inactive mass.

Some machines are designed in such a way that the normal force is
nonexistent or significantly smaller than in conventional electrical
generators. The design and modelling of a special air-cored permanent
magnet machine is described. Discussions and conclusions highlight impacts

on direct drive design philosophy.
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Chapter 1 . Introduction

Chapter 1

Introduction

1.1 Introduction
HERE is a pressing need for renewable energy: to reduce carbon
dioxide (and other) emissions, to exploit native energy resources, to
avoid long term storage of hazardous wastes and to reduce the consumption
of finite foséil fuel resources [36]. The UK government is aiming for a varied
portfolio of different energy types, of which renewable energy will make .up

a significant proportion.

Wind and wave resources tend to be greatest offshore and so large scale
renewable energy developments will increasingly be placed further away
from land. Lifting operations offshore cost in the orders of £10k-100k a day,
so lightweight generator design - which can be lifted with smaller, cheaper
vessels - along with maintenance and robustness of design will become more
and more important. Maintaining and replacing gearboxes (or other
intermediate power take off equipment) offshore is costly, so direct drive
systems - where the electrical generator is directly Coﬁpled to the slow
moving prime mover and where there are the least possible mechanical
moving parts and no electrical slip rings or brushes - are attractive. The
problems with wind turbine gearboxes can be readily seen at Scroby Sands,
one of the UK’s first offshore wind farms. Between ]énuary and December
- 2005, 27 intermediate speed and 12 high speed gearbox bearings of the
Vestas V-80 wind turbines had to be replaced [35]. In 2003 Vestas took over
NEG Micon - another large wind turbine manufacturing company - after the

latter had to replace and refurbish 1250 wind turbine gearboxes [85].
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Figure 1.1. Vestas V-80 at Scroby Sands

These are some wind turbine design considerations taken from another

manufacturer’s website [57]:

= Low-maintenance requirements

= Easy access to key components, particularly in extreme weather
conditions

= Excellent power quality characteristics

= Erection with a relatively light, inexpensive crane
The company in question - Harakosan - decided that direct drive machines
are better placed to meet most of these requirements than the most popular
current gearbox/induction machine systems. However, most direct drive

designs and machines have been heavy so far [44].

A typical approach to reducing the weight of direct drive designs is to
compare competing machine types based on optimised torque density

(torque per unit mass). The problem with these comparisons is that they are
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normally based only on electromagnetically active mass (such as the copper
in the windings, the iron in the rotor and stator and the permanent magnets).
However inactive material makes up the majority of mass in these (low
speed, high torque) direct drive machines. Hartkopf et al. note that for radial-
flux machines about two thirds of the mass is made up of supporting
structure [59].

1.2 Thesis statement

“If there is to be a fair comparison to find the best topology for direct drive
generators and if each topology is to be optimised for minimum mass and

cost, then the inactive mass must be included.”

1.3 Aims of thesis

The main aim of this thesis is to advance the understanding of low speed,
high torque/force electrical machines for direct drive renewable energy
converters, with particular reference to structural aspects of these machines.

Objectives include:

= To prodﬁce design tools which can be used early on in the design
process to quickly model forces and machine structures

= To demonstrate the importance of structural design in low speed,
high torque permanent magnet machines

= To optimise both the active and inactive (structural) parts of these
machines with a view to reduce mass

= To compare different machine topologies when inactive material is
included in the analysis

*» To explore the structural and mechanical aspects of an
unconventional permanent magnet machine topology
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1.4 Layout of thesis
The next chapter will introduce the reader to renewable energy and
renewable energy converters, review power take off and electrical machines

and include a review of the literature in these fields.

Chapter 3 introduces design tools for modelling the inactive part of axial-flux
permanent magnet synchronous machines. These will be used to carry out
some simple optimisations of the active and inactive mass of slotless TORUS

machines.

In chapter 4, mechanical finite element analysis is used to predict deflections
in simple structures of radial-flux permanent magnet machines. These results
are then modelled with a polynomial method, so that the inactive mass can

be quickly estimated for design purposes.

Instead of using finite element techniques for radial-flux in chapter 4, the
work in chapter 5 returns to the use of analytic expressions to model the

inactive part of radial-flux machines.

Chapter 6 lays out some modifications and improvements to the structural
modelling in cﬁapters 3, 4 and 5. This includes accounting for secondary
deflection and relating tﬁe simple structural models to commercial designs.
Also in chapter 6, axial-flux and radial-flux PM machines for wind turbines
will be compared in terms of mass and a cost criterion with and without the

inactive mass.

Some machines are designed in such a way that the normal force is
" nonexistent. In Chapter 7, other mechanical design considerations will be

examined for such an ‘air-cored’ machine.

Chapter 8 will further discuss the work in this thesis, draw some conclusions

and highlight impacts on design philosophy.
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_ Chapter 2

Literature review

ONVENTIONAL electrical generation has been provided in the past by
C large  synchronous generators in thermal (coal, oil, gas or nﬁclear)
power stations located centrally on a national or international electrical grid.
These generating units produce electrical ‘power at specified voltage and
frequency - they are 'synchronised'. Synchronous machines in these power
plants are normally run at 1500rpm (2-pole pair machines on a 50Hz grid),
that is a constant, high speed.

The introduction of renewable energy brings with it two challenges.
Generation is decentralised and spread out (where the wind, tide, wave and
other resources are to be found) and the input power is variable. Integration
of renewable energy must not produce any discernible difference (in terms of
voltage and frequency) to the electricity delivered to the consurer. This
means that renewable generation must make use of different electrical

machines and power converter topologies.

This chapter also describes the efforts - present and future - to produce
lightweight direct drive electrical generators for wind, wave and tidal energy
converters. Because low mass is one of the fundamental aims of this work,
the research must plant a foot firmly in both electrical and mechanical
engineering disciplines. At the same time, the specified applications are
quickly developing in a context where there is much debate about energy
and renewable energy in particular. A wide range of literature has been

produced, some of which is detailed below.
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2.1 Renewable energy

Boyle et al. define renewable energy sources as those that are “continuously
replenished by natural processes... [they are] essentially flows of energy”.
Fossil and nuclear fuels in contrast are finite “stocks of energy” [11]. On its
website, the UK Department for Trade and Industry describes it as “energy
flows that occur naturally and continuously in the environment, such as
energy from the wind, waves or tides. The origin of the majority of these'
sources can be traced back to either the sun (energy from the sun helps to
drive the earth’s weather patterns) or the gravitational effects of the sun and
the moon. This means that these sources are essentially inexhaustible” [37].
Renewable energy sources include: hydroelectricity, solar thermal and
phbtovoltaics, wind, wave, tidal, geothermal, and combustible fuels

including wood, biomass and biogas.

According to the International Energy Agency, Renewable Energy accounted
for 17.9% of the world’s Electricity Production and 13.1% of the world’s Total
Primary Energy Supply in 2004 (see Fig. 2.1) [61]. The Renewable Electricity
is dominated by hydroelectric generation, but the Primary Energy Supply is
dominated by combustible renewables and renewable waste. Between 1971
and 2004, the annual growth in all renewables (2.3%) slightly outpaced that
of the global Total Primary Energy Supply. ;New’ renewables (classed by the.
IEA as solar, wind, ocean and geothermal) had a combined annual growth of
82% (with wind and solar growing annually by 48.1% and 28.1%
respectively). Two-thirds of these ‘new’ renewable sources are located in

OECD nations.
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20.9% 0.5% . Tide 0.0004%
: Wind 0.0657%
Salar 0,039
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3837 Geothermal
0.414%
Non=-renew, Waste Coal

0.2% 25.7%

Figure 2.1. 2004 Fuel share of world’s total primary energy supply [61]

The UK government signed the Kyoto Protocol in 1997 and committed itself
to a 12.5% reduction in greenhouse gas emissions in the period 2008-12 and it
seeks to reduce emissions further to 20% below 1990 levels by 2010 [37]. In
the 2003 Energy White Paper the government pledged to cut CO: in the UK
by 60% by 2050 [36]. To help achieve these aims, the government set a target
of 10% renewable electricity production by 2010 along with an aspiration of
20% by 2020. In March 2003, the Scottish Executive aspired to the target of
producing 40% of Scotland’s electricity from renewable sources by 2020
[106].

Of the renewable energy types outlined above, it is wind, wave and tidal
energy sources (and the energy converters that harness them) that interest
the designer of new electrical machines. Hydroelectric schemes, solar
thermal, geothermal and combustion plant can employ traditional
synchronous machines; solar photovoltaic panels do not require electrical
machines. In contrast, wind and ocean energy sources are movements of
fluid (air, water) normally at low speed (in comparison to the normal speeds
that are typically used in conventional electrical machines). Some thought
has to be put into the ‘power take off’, the apparatus or method used to

convert the kinetic energy of these fluid movements into electricity. The
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remainder of this section will dwell on these three renewable energy sources
- and some of the energy converters that have been designed to harness them.

The next section will look at power take off strategies in greater detail.

2.1.1 Wind energy

The winds above the surface of the Earth are caused by differences in the
amount of heat that is absorbed by the Earth in different regions. At the
equator (which is nearer to the Sun) the mean temperature is higher than at
the poles. Warm air rises in the atmosphere over hot land masses and sinks
back to the Earth’s surface in colder areas. Different local terrain influences

these air movements to produce what we call ‘wind’.

The global wind industry has an estimated annual turnover of £5.5 billion,
84% of which is based in Europe [47]. According to SRF (the Scottish
Renewables Forum) wind energy is the second most popular renewable
energy (after hydroelectricity) in Scotland in 2006 [108]. The Sustainable
Development Commission noted that “onshore wihd poWer is already one of
the cheapest forms of renewable energy per kWh” .in their Wind Power in the
UK report. They then went on to state ”currént predictions are that electricity
supply companies will meet their Renewable Obligation to 2010 from wind
power”. An addition of 9.5 GW (at a 30% capacity factor) of new wind
turbines to existing renewable plant would provide 10% of the UK’s
electricity supply [120]. In a more detailed examination (but for Scotland
only) Boehme et al. found that 6 GW of onshore wind could, on average,
make up 40% of Scotland’s electricity supply in 2020 [107]. In an alternative
scenario they found that 3 GW of offshore wind could provide 23% of
Scotland’s electricity supply by the same year. It is for this reason that the
emphasis of the research in this thesié will be on electrical machines for wind

turbines.
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Although there are many different possible wind turbine designs, there has
been a convergence on a design with three pitchable blades, placed upwind
of the tower on a horizontal axis, such as the Vestas turbines shown in Fig.
1.1. In 2004 the average global installed wind turbine was 1.3 MW [42]. Fig.
2.2 shows how typical wind turbine designs have grown in the last 25 years
[47]. In 2006 a European Union funded project called UpWind was launched
to investigate future turbine designs up to 20 MW [123].

i = Rotor Digmater - 5,000 ki

Figure 2.2. Growth in scale of commercial wind turbines [47]

2.1.2 Wave energy

The action of the wind on the sea surface produces waves: the initial
tangential stress on the water surface causes waves to form and grow; then
turbulence causes variations in shear stress and pressure fluctuations; as the
waves grow further the wind can exert more and more force on the upwind
side of the wave. The power of the waves (and their ability to destroy mighty
cliffs and sweep away manmade structures) has captured the imagination of
many inventors over the last few centuries, and hence there are a plethora of
different designs to harness the waves. The reader is referred to [122] to
explore some of these. Because of its location on the edge of the Atlantic
Ocean, the UK and the West coast of Scotland in particular enjoys one of the

most energetic wave climates in the world.
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Boehme et al. predicted that 3‘GW of electricity (20.4% of the overall Scottish
electricity demand) could be generated from waves in Scotland in 2020 [107].
The wave energy industry is made up of lots of small companies all at the
research, development and pre-commercial demonstration phases. In May
2005, a Portuguese consortium led by Enersis (a renewable electricity
company) placed an order for three Pelamis wave energy converters,
heralding the start of the first significant grid connected wave farm in the
world [88].

2.1.3 Tidal energy
The movement of the earth and the moon produce the twice daily high and

low tides. Between these times there are significant flows of sea water,
particularly where there are natural constrictions (narrow straits, éea lochs
and estuaries). Tidal mills (where a pool is topped up and closed off at high'
tide and then at low tide the head of water is used to drive a water mill) have
been used for centuries. An extension of this simple principle is the tidal
barrage at La Rance near St Malo in France (see Fig. 2.3). This scheme was
built between 1961 and 1967 and includes a 740 m long barrage with 24
turbines, each rated at 10 MW. The tidal range is up to 12 m, with typical 5m
head [11]. Because of the large civil engineering costs and environmental
impact of large dam works, newer tidal energy developments are turning to
‘tidal current’ devices. Most of these designs are similar to a typical wind
turbine design (horizontal axis with 3 blades), although open-centered
ducted machines [87], oscillating hydroplanes [45] aﬁd vertical axis machines
[96] have been tested.

In Scotland the potential for exploiting tidal energy is less than that of either
wind or wave. Boehme et al. estimated that 750 MW of tidal-current plant
could supply about 5% of Scotland’s electricity demand. The advantage of

tidal energy (over say wind or wave) is that the tidal flow is entirely

10
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predictable and that the best sites concentrate the energy close to land

masses.

Figure 2.3. La Rance tidal barrage

2.2 Power take off

It is generally assumed in this thesis that these renewable energy devices will
be used to produce electricity and not pump or desalinate water or produce
liquid fuels. “‘Power take off’ describes the method of converting the kinetic

energy of the primary displacing element into electricity.

The fluid movements in wind, waves and tides are slow (in the order of 10
m/s for wind, 2 m/s for tidal flows and 1 m/s for waves). Conventional
electrical machines - such as synchronous and induction machines - run at
high speeds. For example a 4 pole induction machine with a 1m airgap
diameter (with 50 Hz) rotates at approximately 1500 rpm - in this case, a
tangential speed of 79m/s. Either the designer can bridge this gap by using
an intermediate step (through mechanical, hydraulic or pneumatic means) or
else a novel electrical machine (designed to run at low speed) can be

employed. This section outlines the most important power take off methods.

11
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2.2.1 Mechanical

Gearboxes are widely used in wind turbines to step up speed from the

slowly rotating rotor blades (=30 rpm for a 1.5 MW turbine) to the high speed
electric machine. At the same time, the torque is stepped down by the same
ratio. About 85% of the wind turbines installed in the world in 2005 used
multistage gearboxes [35]. Figure 2.4 shows a typical wind turbine with gear
drivetrain.

& ultrasonic wind sensor 3 Gl and water B glade bearing @& srechanical disc
cooters brake

& sepvice gane D siade

. ® system B vaw gear
B s Top controlier with oon- ke -

verter €3 ssain shatr Sy
& nydraudic unit @ composive disc

& optispeed® Cemerator & pitch systern @ Torpemm eoupling
€ pitch cylinder & slade bub i asackine foundation

Figure 2.4. Typical wind turbine with drivetrain (Vestas V52) [127]

A number of different combinations of gear systems are used in modern

wind turbines, including;:

e 1 planetary step/ 2-step parallel axle gears (Vestas V52 - 850 kW)

12
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e 2 planetary and 1 helical stage (Vestas V90 - 3 MW)

o 2 helical stages and a double helical spur gear stage (REPower 5 MW)
o 3 stage planetary helical design (Siemens SWT-3.6 MW-107)

e 3 stage planetary spur gear system (GE 2.X MW)

e 1 planetary stage / 2 helical stages (Gamesa G90 - 2.0 MW)

A smaller generator can be used when a gearbox is utilised (as the speed is
stepped up, the torque is stepped down, and as the size of electrical
machines is proportional to the torque developed smaller and cheaper
electrical machines can be used). It is interesting to see how the mass of the
gearbox dwarfs the mass of the induction generator in the REPower 5M wind
turbine [97]: the gearbox is 63 tonnes whilst the 6 pole doubly-fed induction |

generator is only 17 tonnes.

The gearbox is widely acknowledged as a problem in the wind turbine
industry - it has been a major cause of failures and has in the past led one
manufacturer - NEG Micon, subsequently bought by the Vestas group - to
carry out lérge scale gearbox replacement schemes, incurring multi-million

pound costs [85].

Table 2.1 shows estimated gearbox replacement and repair costs for 650-900
kW class turbines [20]. These costs increase as turbines grow and are
installed offshore. The WindPACT study - funded by the US Department of
Energy through the National Renewable Energy Lab - also states that the
predicted mean time between failures is 12-15 years for a well maiintained
gearbox. Gearboxes must be well lubricated, requiring an 8-12 month
lubrication interval [8]. Some wind. turbine manufacturers have opted for
'heavy duty' (large mass, expensive but robust) to avoid some of the costs of
failures. With high fluctuations of rotor torque due to wind gusts, gearboxes
must be designed for at least twice the rated torque [61].

13
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Costs (US$) Comments

Developer X |~$50,000-$60,000 replacement | ~$10,000 minimum to

~$30,000 minimum repair transport crane to site

Manufacturer |$50,000-$70,000 replacement

R $10,000-$20,000 repair

Manufacturer | ~$60,000
W

| Consultant U $75,000 replacement ' . Additional $35,000 for crane

Table 2.1. Estimated gearbox costs for 650 to 900 kW onshore turbines [20]

Jockel points out that with a constant blade tip speed (around 70m/s, speeds
much higher lead to noisy operation which cannot be permitted onshore), as
rotor diameters increase, rotational speed must decrease. This leads to more
unfavourable (i.e. greater) transmission ratios [61]. Each gearbox stage is
limited to i=5 or 6 [68], so that greater transmission ratios lead to more stages
and thus reduced efficiency. Gear losses are 3-5% depending on the number

of stages [61].

The operation and maintenance costs of gearboxes led the WindPACT team
to choose a direct drive wind turbine design [20]. In a recent Renewable
Energy World article, a wind turbine gearbox expert, Jan van Egmond
(Managing Director of Quality in Wind), was asked about his experience of
gearbox failures [35]. These included:

e Insufficient rigidity of the machine chassis, resulting in rmsahgnment
of gearbox and generator shafts leading to failure.

14
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e Substantial knowledge gaps with regard to determination of real
turbine design loads, combined with a structural demand for top head
mass reduction and system compactness.

e Under-dimensioning of specific components leading to insufficient
gearbox housing rigidity properties.

e Problems with lubrication and oil filtration.

e Excessive heating in gearbox hot spots (often the fast-speed output-
shaft-bearing located on the gearbox rear side). Cyclic loading during
gusty weather leads to frequent axial load changes on the third high-
speed parallel stage helical gears. The combined effect of rapid load
variation and misalignment can result in excessive loads and high
bearing temperatures.

Others argue that it is the high speed stages of the gearbox that are most
prone to failure, thus they propose a single stage gearbox and a medium
speed generator, the so-called 'Multibrid' concept [109]. This has been
adopted by WinWinD (see Fig. 2.5 [137]) of Finland for their 1 MW turbines
and PROKON Nord Group for their Multibrid M5000 5 MW machine [84]. It
must be noted that the WindPACT study considered this concept but found
that it gave a higher cost of energy than a true direct drive system.

Figure 2.5. Multibrid concept, WinWind .
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2.2.2 Hydraulic

Hydraulics have been proposed in power take-off, mostly for wave energy

converters. A few companies have suggested using hydraulic gearboxes in
wind turbines such as that in [6] and [131] to turn a slow, reciprocating
motion into a high speed rotary motion suitable for a DFIG. The added
benefit of such a hydraulic gearbox is that some energy can be stored in

accumulators and then the hydraulic output can be smoothed.

There are two main ways that hydraulic power take off can be used in
marine energy: the use of the sea water in an overtopping device to act on a
turbine [133], [135] which is coupled to a generator; and the conversion of
wave or tidal current energy into hydraulic oil pressure that is used to drive

a generator [45], [88], [104].

Figure 2.6. Wavedragon wave energy converter [133]

Figure 2.7. Pelamis wave energy converter [88]
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The advantage of using seawater is that it is abundant, there is no need for a
return pipe and any leakages will not cause any environmental problems
[104]. There are disadvantages: sea water may contain abrasive particles
which can damage seals and valves, and sediment can clog ducts. High
pressure is suitable for Pelton turbines which are used in hose-pump devices
[3]. Lower pressure designs make use of Kaplan turbines [133] (see Fig. 2.6).
Reference [63] identifies a number of different options for turbine type,
number and control strategies for water turbines in an over topping wave

energy device.
The general features of hydraulic oil systems relevant to wave power
applications include [117]:

= High specific force

= The finite life of seals and the consequent need for periodic service

= The inclusion of oil which is a potential pollutant to the sea

= Energy storage possibility

» Cannot transmit over a long distance

* Low velocity

= Compactness

= Established technology
A typical hydraulic system for a reciprocating wave energy converter will

consist of:

= speed reducing linkage

hydraulic ram/cylinder

= ]ow pressure accumulator

high pressure accumulator

hydraulic motor

17
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» hydraulic lines and valves
Such a system, outlined in [79] is shown in Fig. 2.8.

Figure 2.8. Hydraulic system in a wave energy converter [79]

A link from the buoy to the hydraulic ram is used to reduce the speed to 0.1
m/s or less, thereby prolonging the life of the seals. The hydraulic cylinder
pumps oil from the low-pressure to the high-pressure accumulator which
returns via the motor. This drives an electrical generator. The accumulators
allow some energy storage and smooth the power output. Valves can be

switched on and off to keep the motor speed constant.

It is likely that any configuration of a hydraulic power system would have
the electrical plant close to the device, the advantage of remote shore based
conversion being offset by the disadvantage of long, costly and inefficient
pipework [7].

The following is a list of disadvantages of a hydraulic system [7]:

= Hydraulic systems are expensive and designed to operate at speeds
lower than those of a typical wave energy converter (WEC).
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» If oil is to be used then the marine environment strictly enforces its
containment to prevent contamination, thus it recuires a stringent
limit on maintenance interval.

= The alternative to oil is to use fresh water, but as this is 1000th less
viscous, the likelihood of leaks increases by 1000.

= Moving seals applications are limited to 0.5m/s; as the life of the seal
is inversely proportional to speed and distance of application, most
devices are limited to 0.1m/s [88].

» The requirement for non-return valves (for using accumulators)
detracts from hydraulic efficiency.

2.2.3 Pneumatic

In some wave energy systems, such as the WaveGen Limpet oscillating wave
column, the kinetic energy of the relatively slowly moving water surface is
converted into kinetic energy of the air above the water surface. A change in
- duct area can increase the speed of the air flow and this drives a Wells
turbine (which in turn is coupled to an induction generator through a

gearbox) [134]. |

Although all wind turbines could be classed as ‘pneumatic’, it is rare for
pneumatics to be used in the power take off between the rotor blades and the
electrical machine. One exception was the Andrea Enfield 100 kW wind
turbine constructed in the early 1950s. This used 24m hollow blades, open at
the tip, which as they rotated drew air up through the tower where another

turbine drove a generator [19].

2.2.4 Direct drive

An alternative to complex fnechanical, hydraulic and pneumatic power take
off systems is to couple the primary displacing element directly to the
electrical generator. Although this leads to a simple system with few
| components, it calls for the design of an unconventional electrical generator
that must be capable of producing electricity efficiently with a low speea,

high force input.
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In terms of broad philosophy, engineers are taught that each stage of energy
conversion usually introduces further inefficiencies. The direct drive option
attempts to reduce the number of energy conversion steps and therefore
increase the overall efficiency. Direct drive systems can be characterised as
having a smaller part count than their equivalent hydraulic or mechanical
systems [7] and hence increased reliability. This is best summarised by

Spooner and Mueller (in a paper addressing wave energy devices):

“Each stage of power conversion incurs capital cost and power loss, is a
potential source of failure and may require periodic servicing. There is a
strong motive therefore to eliminate intermediate stages of power
conversion.” [117]

In a paper on the Danish wave energy programme Meyer et al. outlined some
typical efficiencies of wave power conversion systems, direct drive systems

coming out at the top [75]:

= direct drive generators 85%
= water turbines 81%
= oil hydraulic systems 72%

= air turbines 54%
Direct drive generators for wind turbines (such as the Enercon machine in
Fig. 2.9) are normally large and heavy, require a frequency converter, are
more efficient than doubly-fed induction generators (DFIGs) over the whole

operating range and are reliable [54].
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Figure 2.9. Enercon direct drive wind turbine [44]

Only one of the top ten wind turbine manufacturers - Enercon of Germany -
uses direct drive technology. Grauers identified market barriers to generator
development and the disinclination of wind turbine manufacturers to get
involved in generator development as the reason that direct drive systems
are not more widespread in the wind industry. The last few years has seen
some of the lafge electrical machines companies providing direct drive
generators for Zephyros/Harakosan (a 1.5-20 MW ABB machine) and
Scanwind (a 3 MW Siemens generator), perhaps heralding a shift in interest.

2.3 Electrical machine types for renewable energy

As the most mature of the three renewable industries in section 2.1, the wind
turbine market has seen an evolution in the power take off and type of
electrical generators used, from the fixed speed Danish concept, through to
variable speed with DFIGs and direct drive synchronous machines. At the
same time, conventional synchronous and induction generators have been
used in variable speed mode with the use of fully rated power converters. In
this section each power take off and electrical machine combination will be

reviewed and examples will be given.

21



Chapter 2 Literature review

After surveying these configurations, the focus will turn to permanpent
magnet topologies and other non-standard machines which can be used for
direct drive such as variable reluctance machines. The arguments over
generator topologies for wind turbines apply for most of the promising tidal
current devices. Several wave energy devices call for the use of linear
generators. Suitable machine types will be brought to the attention of the

reader where appropriate.

2.3.1 Danish concept

The so-called 'Danish concept' makes use of a constant speed wind turbine
with a squirrel cage induction (asynchrondus) generator. This type of
electrical machine is well known for being simple, rugged and cheap (25%
cheaper than a doubly-fed induction generator [92]). A fixed ratio gearbox
steps up the rotor speed to approximately 1500rpm for a 4 pole machine (on
a 50Hz grid). This generator could be directly connected to the grid, although
capacitors are normally used to provide some of the reactive power. The

fixed speed approach has some drawbacks [92]:

* Wind gusts lead to torque fluctuations - thus heavy mechanical
loading and increased maintenance and falling reliability.

= ‘Flicker’ is caused by variations in Windyspeed and tower shadow
effect (Fig. 2.10). The turbine requires a stiff power grid to enable
stable operation.

» Noise is generated by the wind turbine blades as tip speed does not
match wind speed in fixed speed operation.

= The turbine is normally disconnected when there is a fault. This can
lead to torque excursions, possibly damaging the gearbox on
reconnection.

= Part load efficiencies of gearboxes and induction machines are poor.

Some variations of this configuration are used by wind turbine
manufacturers. Bonus (now-owned by Siemens) use stall regulated, constant

rotor speed wind turbines with a pole convertible generator connected to the
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grid in most of their turbines. At low winds (two-thirds of nominal speed) a
small 6 pole generator winding is used for power production which is
switched to 4 pole main winding at nominal speed [10]. This compensates
some of the poor part load efficiencies. A cluster of other manufacturers have

similar models:

REPower 48/600 1523/1010 rpm 4/6 pole [97]

Ecotecnia 62 1300 kW 1518/1012 rpm 4/6 pole [43]

MADE AE-61 1320 kW 4/6 pole 1519/1010 rpm [50]

Nordex N62/1300 kW 1500/1000 rpm 4/6 pole [86]

These turbines still produce flicker and suffer from challenging mechanical
loadings. Vestas provide semi-variable operation with an electronically
variable rotor resistance (this system is known as 'OptiSlip'). This allows the
V80 turbine (for the US, 60 Hz market) a 10% speed variation from 1800 to
1980 rpm [127]. '

1,1 po——— i i——

3
Tira {43
Figure 2.10 Torque flicker [92]

2.3.2 Variable speed wind turbine with doubly-fed induction
generator

As turbine sizes have moved beyond the 1 MW mark, variable speed

operation has become more and more popular and important. The most
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popular approach has been with wound rotor induction machines in a
doubly-fed configuration. A gearbox is used so that the generator rotor
rotates at high speed (about 85% of nominal speed) [92]. Instead of a squirrel
cage, the rotor winding is fed through a power converter (rated at about 35%
of the turbine power) and brushes. The rotor currents can be used to control
the speed of the rotor blades, preferably so that the optimum tip speed ratio A
is achieved, producing the maximum energy capture. A quick comparison of
the Vestas 'OptiSpeed' DFIG system with the 'OptiSlip' semi-variable speed
system shows that the V80 has a much greater speed variation: 1090 to 2300
rpm (60Hz). In most designs the blades are pitched to reduce the power

captured at wind speeds above the rated wind speed.

The largest current DFIG turbine is the REPower 5M [97]. This 5 MW
machine has a variable rotor blade speed of 6.9 to 12.1 rpm. A 63 tonne
Winergy gearbox - with a total ratio of i = 97 - steps this up to 670 to 1170

rpm for the 4 m long, 2.2 m diameter induction machine.

Gearboxes have limited part load efficiency and high maintenance costs,
especially when they are so large (much larger than the generator). The use
of electrical brushes imposes further inspection and maintenance costs.

Furthermore, power electronics produce harmonics that need to be filtered.

A paper-by Polinder et al. suggests that a single stage gearbox and a larger
doubly-fed induction generator will lead to a very high annual energy yield
per total cost. This is mainly due to the lower rating of the converter and a

subsequent reduction in converter cost and losses [93].

2.3.3 Variable speed with squirrel cage induction generator

A squirrel cage induction machine can be used for variable speed operation
with a power converter. The new Bonus (now owned by Siemens) 3.6 MW
wind turbine uses a 4-pole induction generator combined with a full

converter [34]. This avoids the slip rings that must be used in wound rotor
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machines, but still requires a gearbox. Although the squirrel cage machine is
cheaper to manufacture, the wound rotor machine will give a higher energy
yield and has a cheaper converter; on balance the DFIG is more economic

[31].

2.3.4 Variable speed wind turbine with direct drive
synchronous generator

In this system the rotor shaft directly drives the synchronous machine rotor.
This avoids the problems posed by the gearbox (so that there is better part
load efficiency, lower noise and better reliability). At wind speeds above the
rated wind speéd, the power is reduced by pitching the blades in most
designs.

These generators tend to be large in order to produce a very large torque.
The air gap force density of conventional machines is in the order of Fq =25 -

50 kN/m?. The rotor volume can be estimated using eqn. 2.1 [92]:

V. =nrll = 2.1)

200,
For a given power rating P, the rotor volume increases as the rotor speed
faHs. As machine size is proportional to torque, a low speed machine must be
larger than a high speed equivalent. Large generator size leads to large mass
adding to tower and foundation structural costs and lifting costs and extra

transportation difficulties (and hence costs).

Variable low speed operation means that the turbine cannot be directly grid
connected. Instead the turbine power must go through a 100% rated
converter - giving more losses and costs than the converter for DFIGs. Again,

power electronics will produce harmonics that must be filtered.

The largest direct drive manufacturer is Enercon, with 15.8% of the world
market in 2005 [16]. Enercon's turbines use a synchronous machine that is
electrically excited (see Fig. 2.11) [44]. According to Jockel, “the specific

energy cost of the PM excited machines are definitely smaller compared to
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those using conventional DC-excitation”. He also notes that their active
material is half of similar electrically excited machines [61]. Grauers points
out that although permanent magnets are expensive, they eliminate the
excitation losses and allow smaller pole pitches to be used [53]. Permanent
magnet excitation also leads to high efficiency at part load, leading to a
higher energy yield when the whole operating range is taken into account
[93]. Other advantages include 50% less internal heat generation and no slip

rings or brushes to manufacture and maintain [137].

Figure 2.11. Construction of the E-112 Enercon nacelle [44]
Because of these advantages several companies are investigating the use of
permanent magnets in synchronous machines for large wind turbines,
including:
= Harakosan, 272, 1.5/2.0 MW [57]
= Jeumont, J70/77,1.5/2.0 MW [130]
= Leitwind, LTW 1.5 MW [65]

= Mitsubishi, MWT-20008S, 2.0 MW [76]
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= MTorres, 1.5 MW [77]
= ScanWind, 3000 DL, 3.0 MW [105]

= Vensys 70, 1.5 MW [125]
A variation on the direct drive permanent magnet synchronous machine is
the Multibrid system (section 2.2.1) used in the WinWinD and the Multibrid
wind turbines. According to Polinder et al. this would lead to an improved
annual energy yield per total cost (as compared to the direct drive version) as
the generator is cheaper to construct [93]. The WindPACT study concludes
that the cost of energy is less (than the Multibrid option) for the direct drive

option when maintenance costs are taken into account [20].

2.4 Permanent maghnet topologies

A number of authors have demonstrated that permanent magnet
synchronous machines are more suitable than traditional wound rotor
machines for use in wind turbine. There are a number of distinct
synchronous topologies, each of which is attracting interest. The current

research to date is summarised in the following subsections.

2.4.1 Radial-flux machines

‘Radial-flux” refers to the direction of flux as it crosses the airgap. There are
many similarities with wound rotor synchronous machines as these tend to

be radial-flux machines.

2.41.1 In comparison to conventional generators

In his thesis, Grauers compares his designs of a radial-flux PM machine with
conventional generators [53]. Compared to a constant speed geared
induction machine the PM radial-flux machine is less efficient at rated
power, but has a higher average efficiency (2.3% more for a 500 kW and 1.6%
more for a 3 MW machine). The electrically excited Enercon synchronous
machine has a 94% lar‘ger diameter and 50% greater rotor volume than the

Grauers PM equivalent. Bianchi and Lorenzoni found that PM designs are
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more efficient than wound rotor designs [9]. Hartkopf et al. noted that PM
excited machines had a lower mass than electrically excited machines [59].
Dubois found that PM excitation is more cost-effective for pole pitches

shorter than about 100mm [41].

Vilsbgll et al. note that in contrast to an induction generator with gearbox, the
efficiency of their PM machine increases with decreasing load as far down as

quarter load [129].

2.41.2 Commercial examples

An increasing number of manufacturers of medium to large direct drive
permanent magnet wind turbines are emerging. Of these, the majority are
using the radial-flux topology [65], [76], [105], [125]. One 1.5 MW design by
the Dutch company Harakosan is shown below in Fig. 2.23 [57]. This
generator is rated at 18.5 rpm, has an outer diameter of 4 m and weighs 47.2

tonnes [126].

Figure 2.12. Cutaway section of Harakosan Z72 nacelle [57]
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2.4.1.3 Surface mounted or buried magnets

The permanent magnets can either be surface mounted onto or buried in the
rotor. Surface mounted configurations use high energy magnets such as
NdFeB, which have a remanent flux density which exceeds the desired
airgap flux density. These are expensive but produce a lightweight design.
As they are mounted on the rotor, they must be mechanically protected and

coated as NdFeB magnets are highly susceptible to corrosion [115].

With flux concentration, buried ferrite magnets can be used. These lower
energy magnets are much cheaper (perhaps a tenth of the cost per unit mass
as suggested by [30]), but more have to be used (5 times as much magnetic
material compared to an equivalent surface mounted machine [115]). The

assembly is more complicated and costly.

Vilsbell et al. concluded in favour of the use of NdFeB rather than ferrite
magnets as this would reduce the overall mass, dimensions and price of a

20kW generator for a wind turbine [129].

Lampola investigated various rotor designs for the radial-flux PM machine:
curved and rectangular surface-mounted magnets as well as rectangular
magnets equipped with pole shoes. The optimisation showed that the lowest
cost of active materials and the highest pull-out torque per cost of active

materials is found in the design with curved surface-mounted magnets [64].

2.4.1.4 Inner or outer rotor

From a thermal point of view, most heat is generated in the stator windings
so an inner rotor allows the shortest cooling path. Most wind turbine
manufacturers have chosen an inner rotor with permanent magnets. The
Vensys wind turbines use a generator with an outer rotor, claiming that they
can reduce the outer diameter [125]. Chen et al. also presented an outer rotor

design [27]. When the rotor rotates, the centrifugal force of the magnets
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applies pressure to the outer rotor and improves the reliability of the glued

joints.

2.4.1.5 Modular machines

A modular construction could reduce manufacturing costs which are likely
to be high in large radius machines. Spooner et al. proposed a modular
radial-flux PM synchronous design for a wind generator in [115]. Standard
sized stator and rotor modules were proposed for a wide range of machine
designs. Modularisation can lead to less material waste, an easier assembly
(avoiding rotor threading), economies of scale in manufacturing, small stock
(machines with different poles numbers can use the same spare parts) and
easier on site repair (replacing only the damaged modules). A design
comparison with an equivalent ‘continuous-core” design showed that the
modular machine would have 15% less active material whilst providing high
efficiency at partial and full load.

Loss mechanisms with this topology are identified by Spooner and
Williamson [116], the dominant one being rotor eddy current loss. A
redesign of the rotor modules based on laminated flux concentrators would
lead to high efficiency. Experiments by Carlson et al. [24] on a 40 kW
modular prototype achieved 85% efficiency at full load and 90% at part load.

A modular topology can have different noise and vibration characteristics to
conventional machines. These can be reduced by using stator modules on the
same support beam to cancel these effects depending on physical and

electrical phase difference [51].

Gordon examined a modular design of a Segmental Electrical Machine using
laser-cut plate. The work successfully demonstrated the concept and
highlighted the practical challenges of creating a constant airgap when
building such a machine [52]. Modular construction has also been considered

for axial-flux machines, notably [25] and [83].
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2.41.6 Unconventional radial-flux topologies

Evolving Generation is developing an ironless stator winding machine with a
large diameter, lightweight spoked rotor and stator (similar to that shown in
Fig. 2.13) [52], [118], [119]. A lightweight structure is possible because there is
no direct magnetic attraction between rotor and stator. Evolving
Generation’s design would be 25-50% lighter than conventional machines
[48]. An ironless stator generally means low airgap flux density (because of
the large effective airgap) and low shear stress, which is why a large airgap
radius is needed. Eddy-current and aerodynamic losses are likely to be
higher than for a more conventional design. Despite this, efficiency as high as
94% is claimed. An overall 15-20% reduction in cost per kWh of electricity
over existing wind turbines is predicted [48].

Figure 2.13. Evolving Generation wind turbine generator [119]

2.41.7 Linear PM synchronous machines

This is the linear analogue of the radial-flux permanent magnet synchronous
machine. One has been used in the Archimedes Wave Swing [4]), designed
by Polinder et al. [91]. In his paper on electrical generators for direct drive

wave energy converters, Mueller found that because of its inferior shear
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stress compared to the transverse-flux topology, this machine had a greater
active mass [78]. There are considerable forces across the airgap that must be
carried by the translator and stator structures. To reduce this, Baker
investigated a permanent magnet aircored tubular machine which had a high

power factor and no cross airgap forces [7].

In the design study for the Archimedes Wave Swing, the linear PM machine
still came out with the lowest cost and highest efficiency for the conventional
machines, although the double-sided moving iron transverse-flux machine

gave similar results [94].

2.4.2 Axial-flux machines

2.4.2.1 General

A review of axial-field machines is presented in [1], in particular axial-flux
permanent magnet machines. Axial-flux machines are different to

conventional machines because of the following:

= airgap is axial, conductors are radially aligned

= stator and rotor are discs

= ahigher percentage of the stator winding produces torque

= rotating discs with mounted magnets act as fans

* high power to mass ratio with larger diameter to length ratio
= floor space for manufacture and assembly is less

= larger diameter produces a higher inertia

Axial-flux machines have been proposed for a number of different
applications, both at high and low speeds: portable generator systems [113],
direct drive in-wheel motors [21], [67], generator units in vehicles [14], for

propulsion and generators on ships [25] and for aircraft drives [60].

32



Chapter 2 Literature review

2.4.2.2 Axial-flux machines in wind turbines

A number of authors have suggested axial-flux permanent magnet machines
for use in direct drive wind turbines. The French company Jeumont-
Framatome built 50 units of their J48 750 kW, 25 rpm axial-flux permanent
magnet generator wind turbines [130]. A number of design studies
comparing permanent magnet topologies have been produced: Rovio et al.
on very small 230W axial- and radial-flux machines [103]; Chen et al. on 2
radial- and 5 axial-flux topologies [28]; Dubois in his review of
electromechanical conversion in wind turbines [38], with further comparison
of generator topologies for direct drive wind turbines based on cost/torque
and torque/volume [39] and also an examination of axial- and radial-flux
slotted machines [40]; and Soderlund et al. at Tampere in Finland present
both axial- and radial-flux designs of 100 and 600 kW machines [112].

2423 Topologies

TORUS machines

Spooner and Chalmers introduced this topology [113]. In this topology two
rotors - upon which are mounted a set of alternately axially-aligned NdFeB

permanent magnets - sandwich a steel toroidal core, with a slotless winding.

The design, construction and test of two prototype three-phase, 16 pole
TORUS generators, nominally 50kW at 4000rpm is reported in [17]. This
report along with [14] gives useful design equations. Caricchi et al. detail
work at Durham, UMIST and La Sapienza universities on two 5kW
prototype machines examining stator thickness, conductor arrangements and
axial-force [23]. Reference [26] describes the design, build and test of a 5kW,
200rpm direct drive wind turbine. A slotless, airgap winding gives low
values of mutual and leakage inductances. Axially directed end windings are
relatively short, yielding low resistance - hence voltage regulation under
load is acceptable. Absence of slots leads to a very low noise machine with

negligible cogging torque.
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A large number of phases is preferable to individual coils in paralle: (there is
a high probability of circulating currents) and subdivided, twisted fine
strands (with a reduced copper section gives increased I°R losses) [110]. In
the work at Tampere [62], [110], [111] the rotor discs were made from an

aluminium alloy, with an extra ring of back iron mounted on the rotors.

Work at Tampere on TORUS designs for wind turbines includes: a Vihridla et
al. study on reducing costs of wind power with gearless 50, 100, 225, 500 and
1000 kW axial-flux PM generators [128]; S6derlund et al. report on 5 and
10kW prototype machines and a 100 kW, 60rpm design [110], [111]; and
Keppola ¢t al. report the performance of this 100 kW TORUS machine [62].

Slotted machines

[28] found that a double rotor slotted axial-flux machine gave the greatest
torque per unit volume of active material. Dubois et al. also found that
slotted axial-flux machines compare favourably with their radial-flux

equivalents on a torque per unit volume basis [40]. -

Multistage

In order to increase the power produced by an axial-flux machine without
exceeding a certain outer diameter several engineersl have looked into
multistage topologies. Caricchi et al. noted that with nAstages there are n
stator windings and (n+1) rotor discs [21]. This means that there is a
reduction in structural mass compared to the case when n identical machines
are coupled together. Braid et al. found that ad ling a second stage improved
the power to mass ratio by 15.7% [12]. Mbidi et al. used a double stage
configufaﬁon in a coreless axial-flux machine [69]. Hill-Cottingham et al.
have designed a 3-stage machine for aircraft motors [60]. Caricchi et al.
include a 4-stage machine design for ship propulsion [25]. There are
problems with unbalanced load sharing in multistage machines [13]. Only

outside rotors must have magnetic properties for return flux path - the
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others are for mechanical support and so can be fabricated from aluminium

[22].

Air-cored/ironless

This topology has no iron core and the flux is driven by magnets to cross
axially from a north to a south pole. With no iron core losses, this type of
machine can potentially run at higher efficiencies [132]. The losses in the
~ Stellenbosch machine were approximately %4 eddy-current, ¥4 copper and 2
mechanical. Eddy-current losses in the copper - the stator copper is exposed
to full magnetic field - can be reduced with Litz wires [55]. These machines
have a large airgap length, so a large volume of magnet is needed to establish
an adequate airgap flux density [66]. These produce low noise and zero
cogging torque. An ironless arrangement leads to a very low machine
inductance and so an acceptable vbltage‘ regulation is achieved due to

negligible armature reaction.

2.4.3 Transverse-flux machines

The transverse-flux principle means that the path of theA magnetic flux is
perpendicular to the direction of the rotor rotation. Very high current
loadings are possible (in the order of 300 kA/m) and high force densities are
achievable, thus making this family of machine a prime candidate for direct

drive applications.

Dubois reviewed prototypes in literature and found thaf transverse-flux PM
machines could bring higher torque/mass and lower cost/torque compared
to the conventional radial-flux PM synchronous machine [38]. Weh et al.
designed a 5.8 kW, 195 rpm machine for a direct drive wind turbine. This
was a two-phase generator that fed into a DC link by means of a rectifier
bridge. A linear model with flux concentration achieved a force density in

excess of 100 kN/m? [136].

35



Chapter 2 Literature review

Like radial-flux machines, transverse-flux machines can use surface mounted
or flux-concentrating topologies. Dubois chose the flux-concentrating version
because of the higher contribution of PM volume elements to the no-load
flux and hence a reduced requirement for magnets [41]. Arshad et al.
designed a surface mounted, single sided, outer rotor transverse-flux

machine for a wind turbine with torque per total active mass of 12.8 Nm/kg
[5]-

The transverse-flux machine with toothed rotor (developed by Dubois) with
diameters of 1.0 m and lower produced greater torque/cost values than a
radial-flux equivalent. However, diameters larger than 1.0 m favoured the
conventional PM synchronous machine. The degradation of performances of
transverse-flux machines at diameters above 1.0m is due to the larger airgap
used in the calculations in those cases. In a transverse-flux machine larger
aﬁgaps create significant flux leakage [41]. Dubois' research is now being

commercialised by Eocycle Technologies in Canada [46].

The main drawback of these machines is the inherent low power factor.
Efforts to improve the low power factor reduce the torque density [58].
Power factors in the range 0.35 - 0.55 are typical. This has the effect of

increasing the power rating required for the power converter.

Mueller found that machines in the variable reluctance permanent magnet
family (which the transverse-flux machines belong) offer the best potential in
terms of physical size, mass and efficiency for linear machines in direct drive
wave energy converters. However, compensation is required to overcome
the high inherent inductance in these machines. The use of fixed capacitors at
low electrical frequencies and active compensation at high electrical
frequencies is one solution to this problem with transverse-flux machines

[78].
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Polinder et al. proposed a double-sided moving-iron transverse-flux for the
Archimedes Wave Swing [94]. This topology has the advantage of having
both the magnets and windings on the stator, allowing a long translator
made out of cheap laminations and making the best use of the expensive
materials and permitting the designer to choose a long stroke. The design is
slightly cheaper and more efficient than the conventional linear PM

synchronous machine.

2.4.4 Comparison of permanent magnet topologies

Dubois provides a review of permanent magnet topologies in the context of
generators for wind turbines [38]. The work compares these topologies based
on torque density and cost per unit torque using reports of prototypes [39].
Chen et al. give a comparison of pérmanent magnet topologies for a range of
wind turbines up to 200 kW, including five axial-flux topologies: double
(slotted) stator, double (slottéd) rotor, single sided (with stator balance),
single sided (with rotor balance) and TORUS [28]. The criteria used for
comparison are torque density, active material mass, outer radius, total

length, total volume and efficiency.

The problem with these types of comparison is that they are based only on
active mass (such as the copper in the windings, the iron in the rotor and
stator and the permanent magnets). However inactive material makes up the
majority of mass in these (low speed, high torque) direct drive machines.

Hartkopf et al. note that for radial-flux machines,

“about two thirds of the machine is made up of supporting structure”
[59].

If there is to be a comparison to find the best permanent magnet topology,
then this inactive mass (which is chiefly needed to maintain the structural

integrity of the machines) must be included.
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2441 Structural mass in radial-flux machines

Grauers used an approximate model to estimate the cost of the structure of
his designs. The amount of material used and difficulty of manufacturing
and assembly increase as the diameter and length increase [53]. Based on

this, a cost function was developed in eqn. 2.2,
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where the constants cstr, dref and Iret are the cost, diameter and length of a
reference structure and dse and lo: are the diameter and length of the
generator in question. Grauers used an exponent a = 3. This is calculated by
assuming that a 1 m long structure with 2m diameter costs 20 kKECU and that
a smaller structure (0.5 m long with a 1m diameter) costs 2.5 KECU. There is
no detail of where these numbers come from or if other structures were used.
The justification for using this level of approximation (using a function for
interpolation and extrapolation based on only two points) is that the
structural costs are much smaller than the active costs and costs of losses.
However since 1996 (when this analysis was carried out) the cost of magnets
has fallen (Grauers used magnets costing more than 25 times the same mass
of iron; in 2005 the magnets were only 10 times the cost of iron [93]). As the
cost of the structure becomes more important, then more accurate and

realistic methods of modelling the cost of the structure are needed.
One of the reasons that Grauers chose the radial-flux topology is that

“it is easier to make a rotor stiff in the radial direction than in the axial
direction”.
It follows that it is easier to make radial flux generators with a small airgap.

He concedes that thermal expansion of the rotor and stator may lead to

airgap closing. Jockel concludes his paper by stating that

“efforts in reducing the required mechanical airgap width are
absolutely necessary when further developing wind generators”,
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because larger airgaps require greater PM material [61]. -
Lampola states that

“the relative weight of the non-active parts of the low-speed generators
is higher than that in the four pole induction generator, 62-65% and
33% of the total weight, respectively”. '

This is because of the high torque and large radius in direct drive machines

[64].

Hartkopf et al. examined radial loads of balanced magnetic pull and

unbalanced magnetic pull due to eccentric rotor position given by eqns. 2.3

and 2.4 respectively,
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The unbalanced load is proportional to the relative eccentricity e/g (the ratio
of absolute eccentricity to magnetically effective airgap width). The airgap
consists of the mechanical airgap width plus magnet height, leading to about
four times lower radial magnetic loads for the permanent magnet design
than electrically excited design. Hartkopf used mechanical finite element
analysis to ensure that the designs did not deflect radially by more than 10%
of the airgap.

2.4.4.2 Structural mass in axial-flux machines

Several papers refer to the large axial force that must be reckoned with in the
construction phase of axial-flux machines: 2.8 kN in a 15 kW machine [66],
10kN in a 5 kW machine [26], 17.5 kN in a 300 kW machine [69], and 14.7 kN
in a 150 kW machine [132].

Deflection of rotor discs is critical according to Wang et al. because:

= Running clearance between rotor and stator closes

= Permanent magnets can break due to bending
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= Airflow area is reduced and thus cooling capacity decreases

= There will be a non uniform airgap causing a drift in electrical
performance from the optimum.

Structural finite element analysis can be used to ensure that the deflection is
no more than a specified amount. Mbidi et al. found that most bending of the
disc happens in a very narrow diameter between that of the support
structure diameter and the inner diameter of the magnets. A tapered disc
uses 10% less iron, and produces negligible extra deflection [132]. For the 300
kW design, the use of strengthening ribs was examined. The lowest mass
combination is 19.5 kg with sixteen (10 mm thick) ribs on a 7 mm disc -
however taking manufacturing costs into account a 12 mm disc with no ribs
is better. These mechanical considerations require extra mass reducing the

power/ active mass ratio by 33% [69].

Soderlund et al. estimate structural costs using an expression from [53]. The
structural cost depends on outer diameter and length and is found to be
more than the cost of the active parts in} a 600 kW AFPM design [112]. Some
authors have assumed that the weight of the supporting structure is the same

as the active material in preliminary calculations [128].

The research at Tampere has used aluminium alloys to reduce mass. Hill-
Cottingham ef al. describes the design of a lightweight axial-flux motor for an
unmanned aircraft [60]. The design uses carbon fibre for the chassis and rotor
shaft alongside a structural plastic (Ketron PEEK) for the stator and rotor
discs. Even in this very lightweight construction, the structural materials

make up 50% of the total mass.

2.5 Some early conclusions
As renewable energy becomes more and more prevalent and takes on a more
important role in the UK’s energy mix, wind energy devices will increasingly

be placed offshore. Here the need for reliable power take-off will become
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more important and so the “direct drive” option may be favoured more in
the future. In order to encourage this move to gearless drivetrains, engineers
are trying to reduce the mass of direct drive generators. One way to do this is
to use permanent magnet excitation, thus reducing the active mass. The next
step is to optimise the tbrque density, but so far this has been based on active
mass only. Including the inactive mass in this optimisation process would
lead to a more lightweight design. Some way of predicting the inactive,
structural mass is needed for this to be achieved, and the next few chapters

explore ways of estimating the inactive mass.

The work in this thesis will concentrate on rotating generators, concentrating
on machines for wind turbines. Many of the conclusions will be applicable to

‘tidal energy converters and a few wave energy devices.
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Chapter 3

Axial-flux machine modelling

3.1 Introduction

XIAL-flux permanent magnet (AFPM) machines have been
A considered for a number of applications such as motors in electric
vehicles, ship propulsion and wind turbine generators. These machines differ
from conventional permanent magnet synchronous generators because the
magnetic flux passes across an airgap axially rather than radially (see Fig.
3.1). In certain cases axial-flux machines are preferred over radial-flux
machines because they can give a higher power to mass ratio and their large
diameter to length ratio is useful. A number of different variations of the
axial-flux topology have been proposed, including slotted, slotless, iron-
cored, ironless stator, single stage and multistage machines. The following

subsections introduce some of these variants.
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Figure 3.1. Slotted axial-flux machine. (a) Whole machine with stator and rotor discs
(light grey), permanent magnets (dark grey) and windings. (b) Diagram (top view)
showing simplified magnetic flux directions in TORUS machine.
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3.1.1 Slotted machines
In this topology - shown in Fig. 3.1. - the windings are mounted on the

slotted stator. The flux is channelled through the teeth and hence between
the coils. Chen et al. found that a double rotor slotted axial-flux machine
gave the greatest torque per unit volume of active material in their
comparison of PM machines for wind applications [28]. Dubois et al. also
found that slotted axial-flux machines compare favourably with their radial-

flux equivalents on a torque per unit volume basis [40].

3.1.2 Slotless machines
In this topology two rotors sandwich a steel toroidal core. Mounted on the

rotors are a set of alternately axially-aligned NdFeB permanent magnets. In
this case the predominant flux crosses the airgap axially, turns
perpendicularly and flows circumferentially through the toroidal core before
recrossing the airgap at the next pole (see Fig. 3.2). The coils are wrapped
around this core. The main type of slotless machine is known as the TORUS
and is introduced and described in detail by Spooner and Chalmers in [113].

Figure 3.2. TORUS axial-flux machine. (a) Whole machine with rotor disc (light grey),
permanent magnets (dark grey) and windings. (b) Section view of machine showing
rotor shaft and toroidal stator core. (c) Diagram (top view) showing simplified
magnetic flux directions in TORUS machine.
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3.1.3 Air-cored machines
This topology dispenses with the iron core and the flux is driven by magnets

to cross axially from a north to a south pole as in Fig. 3.3. The air-cored stator
runs between the two sets of magnets. The lack of iron in the stator means
that the airgap flux density is lower than in similarly proportioned iron-
cored machines. To compensate for this more permanent magnet material
and a larger radius may be used if the same torque (as an iron-cored
machine) is required. With very small iron core losses, this type of machine
can potentially run at higher efficiencies [132].

Figure 3.3. Air-cored axial-flux machine (top section view).

3.1.4 Multistage machines

Moving to a multistage design allows the designer to produce the same
torque as an 2quivalent single stage machine, but now with a smaller disc
diameter. Rotor discs can have permanent magnets mounted on both sides,
meaning that there is a reduction in structural mass compared to the case
when n identical machines are coupled together. As mentioned in Chapter 2,
Braid et al. found that adding a second stage improved the power to mass

ratio by 15.7% [12].
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3.1.5 Structural mass

All of these topologies have axially magnetised permanent magnets mounted
on circular rotor discs. If the stator contains iron, there will be an attractive
force between the rotor permanent magnets and the stator iron; if not then
there will be forces between the permanent magnets on adjacent rotors. The
stator disc covers the same area as the permanent magnet ring and is

supported at its outer radius.

Fig. 3.4 shows a cross section of a single rotor, single stator arrangement in
which permanent magnets are mounted on one side of the rotor disc. If the
stator contains iron there is an attractive force acting on the rotor disc and the
stator. Alternatively in a single rotor, double stator arrangement (such as the
slotted machine in Fig. 3.1) magnets are mounted on both sides of the rotor
disc which is placed between two stators (a cross section of which is shown
in Fig. 3.5). There are two equal and opposite attractive forces on the rotor,
which can cancel if the rotor is placed exactly midway between the stators.

However, both stator discs experience a force.

Figure 3.4. Single rotor, single stator axial-flux machine. (a) stator support structure,
(b) slotted stator and copper winding, (c) permanent magnet, (d) rotor iron core, (e)
rotor disc, (f) bearing, (g) rotor shaft.
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Figure 3.5. Single rotor, double stator axial-flux machine. (a) bearing, (b) slotted stator
and copper winding, (c) permanent magnets, (d) rotor shaft, (e) rotor disc, (f) rotor
iron, (g) stator support structure.

In a double rotor single stator machine (such as the TORUS machine in Fig.
3.2) two mirrored rotor discs are mounted on a shaft, with the permanent
magnets mounted on the inner sides. The stator is suspended between the
two rotor discs (Fig. 3.6). In an iron-cored machine the rotors are attracted to
the stator. If the stator is not exactly midway between the rotors then there
exists a net force on it [62]. An air-cored machine (such as the one in Fig. 3.3)
has no force on the stator and a smaller rotor force (between the permanent

magnets on the two facing rotors) because of the larger effective airgap.

Figure 3.6. Double rotor, single stator axial-flux machine. (a) rotor disc, (b) rotor shaft,
(c) bearing, (d) copper winding, (e) stator iron core, (f) permanent magnet, (g) rotor
iron core, (h) stator support structure.
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The double rotor, single stator configuration is essentially a single stage
machine. In multistage topologies the number of rotors is one more than the
number of stators (Fig. 3.7). There are two types of rotor: external (permanent
magnets on one side of the rotor only) and intermediate (permanent magnets
on both sides of the rotor). External rotors and iron-cored stators can be
analysed as in the double rotor, single stator case. The intermediate rotors are

the same as those in single rotor, double stator case.

Figure 3.7. Multistage axial-flux machine. (a) bearing, (b) rotor iron core, (c) external
rotor disc, (d) copper winding, (e) intermediate rotor disc, (f) stator iron core, (g) rotor
shaft, (h) permanent magnet, (i) stator support structure.

The maximum force on the stator will be during the assembly process, when
one rotor is brought up towards a stator. A conservative design would
assume that there is no force cancelling and so the structures have to cope

with this assembly force all of the time. This policy is adopted in this thesis.

In all of the designs described above the engineer must take into account the
effect of the magnetic attraction forces in the structural design of the
machine. The deflection of rotor discs is critical according to Wang et al.

because:

* Running clearance between rotor and stator closes.

= Permanent magnets can break due to bending.

47



Chapter 3 Axial-flux machine modelling

= Airflow area is reduced and thus cooling capacity decreases.

» There will be a non-uniform airgap causing a drift in electrical
performance from the optimum.

Structural finite element analysis can be used to ensure that the deflection is
no more than a specified amount [69] and [132]. This is normally carried out
after the electromagnetic optimisation. For example, Mbidi et al. found that
the structural considerations require extra mass reducing the power/active

mass ratio by 33% [69].

In order to optimise both the electromagnetic and structural mass of the
machine the designer needs some analytical expressions that link the
maximum allowable deflection to structural dimensions and hence structural

mass.

Before selecting a particular machine for an application the design engineer
~ will normally go through a paper design study comparing different
topologies, but such optimisations have tended only to focus on the
electromagnetic design and either completely ignore the structural
interaction or use very crude approximations to model the structure. For
instance, Soderlund et al. estimated structural costs using an expression from
[53]. The structural cost depends on outer diameter and length and is found
to be more than the active part mass in a 600 kW AFPM design [112]. Some
authors have assumed that the weight of the supporting structure is the same
as the active material in preliminary calculations [128]. In references [28] and
[39] different machine topologies are compared for wind energy converters,
but in the comparison only the active mass (the mass of the iron in the
magnetic circuit, the copper in the stator windings and permanent magnets
on the rotors) is used. For the case of an axial-flux permanent magnet
machine, previous studies reveal that this active mass is typically only a third
of the total mass [62]. The remaining inactive mass ~ mostly structural mass

which is required to maintain small airgaps between rotor discs and the
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stator winding - will remain unoptimised. With direct drive wind turbines
there is a requirement for low mass at the tower head [33], so that any design
study comparing different machine topologies must include the structural

mass.

The main aim of any design study is to provide the engineer with results
rapidly and with a reasonable level of confidence. Classical analytical
techniques are therefore used rather than more sophisticated numerical
modelling techniques such as finite element analysis. The analytical
expressions for the electromagnetic design are well known. In this chapter
well established analytical expressions from circular plate, elastic beam and
cylindrical shell theory are applied to calculate the structural mass of axial-
flux permanent magnet machines rapidly but with a level of accuracy
sufficient for the first stage in a design study. These expressions can be
incorporated into basic electrical machine design procedures for comparative
design exercises in 01;der to ensure that both the active and inactive mass is
optimised. Mechanical finite element models and previously reported results
for axial-flux machines will be used to verify the analytical expressions
introduced. In order to demonstrate the importance of including the
structural mass analysis a series of direct drive wind turbines are designed
and discussed. The chapter concentrates on the double rotor, single stator
configuration both with iron (also known as a TORUS machine) and without

iron in the stator.

3.2 Analytical models

The electromagnetic and structural designs are linked by the magnetic
attraction force acting between the stator and rotor, which is commonly
referred to as the Maxwell stress. Classical analysis of magnetic equivalent
circuits can be used to determine the airgap flux density and hence the

normal component of Maxwell stress is given as
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BZ
uo

where Bg s the airgap flux density and o is the permeability of free space.

3.2.1 Rotor

There are two rotor discs in the single stage axial-flux permanent magnet
machine shown in Fig. 3.6. Mounted on a shaft with a radius, b, these discs
have a number of magnets fixed between an inner radius, ro, and outer
radius, a;, as in Fig. 3.8. The parts covered by magnets experience a stréss} q,
given by eqn. (3.1). In reality the Maxwell stress is a wave distributed in a
circular fashion (confined between the limits 7o and a;) with the same number

of peaks as there are poles. Considering only the first harmonic of the airgap

A

flux density then the stress will take the form ;.- B; sin”(n6) [121].

To simplify the analysis, it will be assumed that the stress, g, acts on the
annulus area bounded by ro and a:. The normal component of Maxwell stress
is modified by multiplying it by the magnet width/pitch ratio and spread
across the whole pole pitch, so that t‘he_overall force acting on the rotor disc,

remains constant (see Fig. 3.9).

Figure 3.8. Circular plate model of axial-flux rotor disc.
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ap

g=0

Figure 3.9. Rotor disc stress distribution. (a) Actual stress distribution on rotor disc,
areas covered by permanent magnets in dark grey and spacing in white. (b) Assumed

stress distributed across the active annulus in light grey

Circular plate theory can be used to model the rotor disc as a flat circular
plate of constant thickness, f;, with its outer edge free and the inner edge
fixed [98]. The maximum deflection is at the outer radius, a.. This deflection

into the airgap, ya, can be found from

2 3 4
al’ al‘ al’

yazMrbECf"QbBCz_qBLn' (3-2)

where the unit radial bending moment at the shaft, M, is

2 .
: —qa; | C, 2 2

M, =—-|——\a ' -r )—-L, |, 3.3
e [Za,b,(' 2) 17] (33)

and the unit shear force at the shaft, Qy, is

o} =5°§)—r(af ). (3.4)

‘Constants C, C3, Cs, Co, L11 and L1z are given in Appendix A. The plate
constant, D, is a function of plate thickness, ¢,

E?

' :‘ } m
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By specifying the maximum allowable deflection at g, ya, the rotor thickness,

tr, can be found,

L ZK/B“%,(I_—VZ)[Mrbcz +0,a,C; —qarzL“]. (3.6)
Va

Thus the mass of the rotor discs is expressed in eqn. (3.7).

m. = ndiscpn(af - brz )’J%—'ﬁ) [MrbCZ +0,a.C; —qarzL“ ], 3.7)

a

where ndisc is the number of rotor discs.

3.2.2 Stator

The stator disc is also modelled using circular plate theory (in section 3.2.2.1).
Its outer radius is attached to a multiple beam structure (analysed in section
3.2.2.2) or a cylindrical shell structure (analysed in section 3.2.2.3). These
potential stator structures are based upon structures that have been seen in
the published literature. To simplify the model the stator is modelled as one
piece of iron connected directly to a structure (beams or casing) which in turn
is fixed at both ends to baseplates. Equations are developed to predict the
thickness of the stator and supporting structures so that the deflection into
the airgap is kept within defined limits when the largest Maxwell stress, g, is
applied, which occurs during assembly when the stator ié moved into

position opposite one rotor disc.

3.2.2.1 Stator disc

Flat circular plates with outer edge fixed and i ner edge free are modelled in
[98] as shown or the general case in Fig. 3.10. A stress g (3.1) acts on the stator
between ry (which is equal to bs in the case of the stator disc) and as which is
equal to the rotor outer radius ar plus a running clearance. This simplification
(where g is applied over a greater area than that of the rotor as in section 2.1)

leads to aslightly conservative design.
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Stator
- disc

Stress, q
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Figure 3.10. Circular plate model of general disc case.
The maximum deflection is at the inner radius and is given by
Yo =lDa:(C1C—l:4—L“J, (3.8)
where C;, C4 and Li4 are given in Appendix A. By combining eqn. (3.5) with
eqn. (3.8) and rearranging, the minimum stator thickness (from a mechanical
perspective) can be determined and is

41 _ 4,2
t, =3\/12an (o )(CIL” —L“J. (39)

Ey,, C,

It should be noted that magnetic circuit requirements may require a greater
stator thickness. The mass of the stator disc due to structural needs is given

in eqn. (3.10).

m :’mt(asz _rbsz)3 12qa:(1—v2)(C1L14 _L“J' . (3.10)

; Ey,, C,

3.2.2.2 Beam structure

The model of the stator disc gives a deflection assuming that the stator disc is
connected to a solid structure (at the top and bottom of Fig. 3.10). This
structure is needed to react the moment per circumferential length given in
eqn. (3.11) and hold the stator core in position [98].

M, =—qa:‘(L,7 _%LM)' ~ (3-11)

4
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Several configurations have been used in [18] and [23], one of these is shown
in Fig. 3.11. The axial-flux machine is shown on the right of the figure. In this
analysis, the iron core is made up of two toroidal halves fixed to a toroidal
plate sandwiched between them. This plate has several tabs which are held
in position by beams, the ends of which are fixed to two baseplates (Fig.
3.12a). Assuming that the total circumferential moment is equally shared by

all the np beams, then the moment on each beam is expressed in eqn. (3.12).

:M
1,

M, (3.12)

Figure 3.11. Axial-flux machine showing beam structure [18]
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Figure 3.12. a) Stator and beam model b) Beam reacting moment M, at mid point c)
Deflection, yy;, due to beam bending.

Modelling the beams (Fig. 3.12b) as elastic straight beams with both ends
fixed, this moment is applied at «=I/2 m along the beam and leads to an
angular displacement at distance, x, along the beam [99] given in eqn. (3.13)

\ |
o= Max  Rax" (3.13)

El ' 2E
where

M, = ‘f\f" (% - 401 +302), | (3.14)
and

R, =M ;). (3.15)

&
If the beams have a circular cross section then the second moment of area, I =
nR%/4. By combining egns. (3.13-3.15), the beam radius (to give a spécified
angular displacement, 0, at x =a) is given in eqn. (3.16).
R= (ifw"ﬁ [12 —40d +30* + 6—(1—_0‘—)0’})% . (3.16)
nl°E@ 21

Fig. 3.12c shows how this angular displacement produces a deflection into
the airgap. For a given axial deflection, yi2, the angular displacement is

expressed in eqn. (3.17)

6=tant Y62 (3.17)
bs — 4

55



Chapter 3 Axial-flux machine modelling

Thus the mass of the structural support beams follows,
(3.18)

my, =y, pln _49400{ [12 ~40l+30” + M]
nl°E@ 21

3.2.2.3 Cylindrical casing
Instead of attaching the stator to beams, the stator could be hung off the

machine casing. This casing can be modelled as a short thin-walled
cylindrical shell with an intermediate applied moment shown in Fig. 3.13
[100]. As in the beam case, the angular displacement must be limited to keep

the axial deflection into the airgap less than yw2 given by eqgn. (3.17).

Figure 3.13. Cylindrical shell model of machine casing.

For cylindrical shells, the angular displacement of the cylinder surface

halfway along the cylinder is

Y =ypF -yadky, (3.19)
where

-My KK, +K3K, 4

- 2 a1 3.20

Va DA Ky ( )
M, 2K,K,, +K,K,,

- a , 3.21

Ya DA Ky (3.21)

A Y/
A= [412—‘2’)] : (3.22)
aS tC

Cylindrical shell constanfs K>, K3, K, K11, Ka1, Kas and functions F1 and F4 are
given in Appendix A. The thickness of the cylinder, £, can be altered so that

p = 0. Thus the mass of the machine casing is

m, = pln{i’ +2a,). (3.23)
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3.3 Finite element models

Structural finite element analysis is used in this section to model the
maximum ;ieﬂection due to the stress g. These deflections will be compared
with those predicted by the analytical equations in section 3.2. Table 3.1 gives
the relevant dimensions for a number of different iron-cored machines based
on the design by Séderlund et al. in [111], each of which have been modelled
using finite element analysis and the analytical expressions developed
previously. Finite element results have been previously reported for a double
rotor, coreless stator machine built by Wang et al. [132]. Commercial finite
element software is used to develop the structural models in this chapter

[29].

Rotor Stator Support structures
a,m |b,m |r,m |&, as,m | bs, m |t ILm R, 12
mm mm mm | mm

120 (02401109 |374 126 |1.09 |474 |0.173|5.34 3.13

239 0477|217 |743 250 217 |944 ]0.288|10.2 6.43

326 |0651(29 |[101 342 1296 (129 |0.366|13.6 9.04

514 |103 |4.67 |160 540 ([4.67 203 0520|209 15.3

766 153 |6.96 |238 804 |696 |303 |0.717|30.6 24.8

Table 3.1 Parameters of iron-cored machines.

3.3.1 Rotor disc

3.31.1 Coreléss machine

Full details and results of a finite element model developed by Wang et al.
are given in [132]. Briefly, they constructed a one sixteenth model of the disc
using 4-node shell elements with symmetry conditions (so that the model did
not deflect circumferentially). Results from the model were used to calculate
the maximum deflection of a rotor disc with ar = 360 mm, b, = 165 mm, to =
250 mm, t = 17 mm and g = 69.8 kPa machined from steel with mechanical
properties E = 200 GPa and v = 0.3. This result is used bel;)w to verify the
analytical method.
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3.3.1.2 Iron-cored machine

In this section, a similar one sixteenth shell element model is recreated in a
finite element solver to model a number of sample machines based on the
Soderlund machine design in [111]. The relevant dimensions used in the
finite element and analyﬁcal models are given in Table 3.1. In the finite
element model the inner edge is constrained (no translation or rotation) and
a stress q = 28 kPa (equivalent to Bg = 0.33 T, with a magnet width/ pitch ratio
of 0.653) is applied to find the axial deflection at the outer rotor disc radius
(Fig. 3.14) for all machine cases in Table 3.1. The Séderlund machine uses
rotor discs made of an aluminium alloy with mechanical properties E = 69

GPa and v = 0.33 for the structural part of the rotor.

Meix: 2:8792-003

Figure 3.14. One sixteenth finite element model of rotor disc showing deflection when
a, =1.2m.

'3.3.2 Stator
3.3.2.1 Stator disc

Again, a one sixteenth model with 4-node shell elements and symmetry

conditions is shown, this time in Fig. 3.15, with the outer edge constrained.
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The same stress g is applied to find the deflection at the inner stator disc

radius for the stator parameteré in Table 3.1.

Wi 514408003

Figure 3.15. One sixteenth finite element model of stator disc showing deflection
when a;= 1.26m.

3.3.2.2 Beam structure

A similar one thirtieth model (because the number of beams, n, = 30) of a
section of the stator disc with a beam of radius R (Table 3.1) joined midway
along at radius, as, is shown in Fig. 3.16. The ends of the beam are
constrained and the deflection at the inner stator disc radius is found when g

is applied to the stator disc.

59



Chapter 3 Axial-flux machine modelling

;- Max:’5.002e:002

Figure 3.16. One thirtieth finite element model of stator disc and beam support

showing deflection when R = 5.34mm.

3.3.2.3 Cylindrical casing

In this case the one thirtieth model with 4-node solid mesh consisted of a
section of the stator disc and the cylindrical casing with thickness, ¢, from
Table 3.1. The ends of the cylinder are constrained and the deflection is
found (Fig. 3.17).

Figure 3.17. One thirtieth finite element model of stator disc and cylindrical casing

showing deflection when ¢.= 3.13 mm.

60



Chapter 3 | Axial-flux machine modelling
3.4 Results

3.4.1 Rotor disc

By rearranging eqn. (3.6) the maximum deflection, y,, can be found in terms

of rotor thickness, ¢. For the coreless machine, ya = 0.1475 mm if the plate
thickness, tr = 17 mm, which compares favourably to the deflection of
0.145mm reported by Wang et al. The analytic and finite element deflections
for the iron-cored machine designs in Table 3.1 are shown in Fig. 3.18, whth

also show excellent correlation.

=

N N O
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Deflection at outer radius, mm
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Rotor thickness, mm

Figure 3.18. Maximum deflection of rotor disc found analytically (-) and for five points

with finite element analysis (x).

3.4.2 Stator
3.4.2.1 Stator disc

Rearranging eqn. (3.9) gives the maximum deflection at the inner stator core
radius with stator thickness, ¢s. The analytic and finite element deflections of

the stator for the iron-cored machines are shown in Fig. 3.19.
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10 T

Deflection at inner radius, mm

10 50 100 150 200 250 300 350
Stator thickness, mm

Figure 3.19. Maximum deflection of stator disc found analytically (-) and for five
points with finite element analysis (x).

3.422 Beam structure

Combining eqn. (3.16) and eqn. (3.17) gives the radius, R, of the support
beams needed to limit the maximum combined deflection, yb. The analytic
and finite element deflections of the stator with beam structure for the iron-

cored machines are shown in Fig. 3.20.

35 T T T T T T

25} .
20t .
15}

10F

Deflection at inner radius, mm

0 5 10 15 20 25 30 35
Circular beam radius, mm

Figure 3.20. Maxirﬁum deflection of stator disc with beam structure found analytically
(-) and for five points with finite element analysis (x).
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3.4.2.3 Cylindrical casing

Using eqns. (3.17) and (3.19-3.22) the maximum combined defection, yb, can
be found when the casing has a thickness of f.. The analytic and finite
element deflections of the stator with casing structure for the iron-cored

machines are shown in Fig. 3.20.

20

161
14t
121
10}

Deflection at inner radius, mm

o [\ ] A O o]
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0 5 10 15 20 25
Cylinder thickness, mm

Figure 3.20. Maximum deflection of stator disc with cylinder casing found analytically
(-) and for five points with finite element analysis (x).

3.4.3 Discussion

3.4.3.1 Cylinder plate theory for rotor and stator discs

Both the analytical ‘'models for the rotor and stator discs give maximum
deflections that are within 2% of those produced in the finite element
analysis reported in this chapter and elsewhere. These disc models can be
applied to all axial-flux topologies, not just the double rotor, single stator

configuration.

It should be noted that these are both models based on the same assumptions
and simplifications. In reality there are more forces at work in the machine. It
is appropriate to neglect these in an early stage design study because the

normal component of Maxwell stress is by far the largest force. In practice
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the designer should carry out a full finite element analysis to check that the

running clearance does not close too much.

3.43.2 Beam vs. cylindrical shell model

The stator plate model assumes that the outer radius is constrained. The
applied s&ess, g, produces a moment per circumferential length. In the beam
model this constraint is badly approximated by the beams, giving a much
larger deflection in the finite element analysis than predicted by the
analytical model. A cylindrical shell model with an intermediate moment per
circumferential length (at the point that the stator is fixed to the casing)
predicts the deflection more closely than the beam equations, although the
model over-predicts the required cylinder thickness, particuiarly at large

radii.

3.4.3.3 Subsequent deflection
These machines suffer from ‘magnetic negative stiffness” as defined in [121].

This means that as the rotor and stator discs deflect, the airgap narrows and
the flux density and the normal component of Maxwell stress increase and so
there will be a subsequent deflection. This must be coped with by increasing
the structurél dimensions, such as the disc thickness. This phenomenon and
its implications will be analysed in Chapter 5, but it will be negleéted in this
chapter.

3.5 Direct drive wind turbines

To show how these models can be used, the designs of a series (0.1, 0.5, 1,
1.67, 2.5 and 5 MW) of wind turbines based on [62], [111] are presented
below._ The speed of each machine is based on current commercial designs
[44], [127]. The power rating and nominal speed of E-33, E-48, E-82 and E-112
were plotted and a logarithmic curve was fitted to the results. Speeds for the

desired power ratings were interpolated using the function, giving N as
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shown in Table 3.2. The required rated torque, 7, was then found from
T = P/w. Torque produced by a TORUS machine is given in [23] as
T =2na}B, Ak,(1-k2). (3.24)

With typical magnetic and electrical loadingsAof Bg=0.33Tand A =28 kA/m
and a ratio of inner-to-outer permanent magnet radius (aspect ratio) kr= ro/ar
= 0.91, the outer radius, 4:, at each rating is given in Table 3.2. For the 0.1, 0.5,
1, 2.5 and 5 MW machines the number of pole pairs is set to producé a
frequency of 45 Hz at rated speed. For comparison purposes the pole pair
number of the 1.67 MW machine is set to produce 9.25 Hz at rated speed.
During the design the ratios of the airgap running clearance to rotor outer
radius (c = 0.00954;) and the shaft radius to rotor outer radius are kept
constant (br = ar/5). A radial clearance of 5% of the rotor outer radius is
added to give the stator outer radius. Changing the thickness of the
permanent magnets and the number of turns per coil gives the required
airgap flux density and the electrical loading at the stator core inner radius.
The permissible rotor and combined stator deflections are 25% of the airgap
running clearance in each case. Thus during the worst case scenario of
assembly (with the stator and only one rotor), the funning clearance is

reduced to 50% of its original value.

P,XW |a,m |N, T,kNm | Active Mass, | Inactive Mass, | Total Mass,
rpm kg kg kg

100 120 |60.0 15.9 485 (33.8%) 951 (66.2%) 1440

500 239 |38.0 126 2260 (23.6%) | 7320 (76.4%) 9570

1000 326 |30.0 ‘ 318 4520 (19.7%) | 18500 (80.3%) 23000

2500 514 |19.0 1260 12100 (14.3%) | 72300 (85.7%) 84400

5000 766 | 115 4150 28000 (10.4%) | 241000 (89.6%) | 269000

1670 454 | 185 866 27700 (34.9%) | 51600 (65.1%) 79300

Table 3.2. Design parameters and masses of axial-flux machines for direct drive
turbines.
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Based upon the results in the previous section the disc model is used for the
rotor and the cylindrical shell is used for the stator. The latter provides an
overestimate, but it is better to be conservative during the initial stages of

design.

3.5.1 Results and comparison with existing direct drive
generators.

In order to gain some confidence in the use of the electrical machine design
procedure taken from [15] and [17] and the application of the structural
equations, the designs are compared to the 100 kW machine in [62] in this
section. Row 1 in Table 3.2 shows the results obtained for the Soderlund
machine calculated 'using the models presented in this chapter. In [62] the
total mass of the 100 kW machine is stated as 1900 kg, which is 32% greater
than calculated using the proposed model. However, it is not possible to
reproduce the exact design and the actual structure used is unclear from the
paper, so the error is not unexpected. The ratio of active-to-total mass shows
better agreement - 33.4% is reported in [62]. Although the total mass
calculation exhibits significant error, the fact that there is good correlation
between the ratio of active-to-total mass provides some confidence in the use
of the analysis. The difference between nominal and maximum torque

ratings in the 100 kW machine may also account for the difference in mass.

The results of active and inactive mass for the range of typical wind turbine
power ratings are shown in Table 3.2. The active mass is made up of the -
copper windings, iron cores (one for the stator, two on the rotors) and two.
sets of permanent magnets modelled using [15] and [17]. The inactive mass is
the sum of the rotor discs, stator support and machine casing. Figs. 3.22 and
3.23 show the breakdown of active and inactive mass respectively at each
rating. These results show that the structural requirements play a dominant
role in the total mass of axial-flux machines especially at greater ratings (and

hence larger outer radii). From Fig. 3.23 the rotor mass dominates inactive
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mass at powers greater than 1 MW, so that any errors in the stator structural

model observed in section 3.4 will have a negligible impact on the total mass.
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Figure 3.22. Breakdown of active mass: (V) Iron, (+) Permanent Magnet, (O) Copper.
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Figure 3.23. Breakdown of inactive mass: (0) Rotor disc (o) Cylinder casing (x) Stator
disc.
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It is not easy to compare these results with existing megawatt direct drive
wind turbines to give confidence in the results. The only large axial-flux
generator used in wind turbines is in the Jeumont J48 750kW. There are no
figures available for the mass of the generator in this turbine. However, the
results are of the right size. For example the 1.8 MW and 4.5 MW machines
built by Enercon have a nacelle weight (including rotor) of 133 and about 220
tonnes respectively [20]. It is not clear what pfoportion of the nacelle weight
is equal to the generator only. Enercon generator technology is based on the
field wound synchronous machine, which is expected to be heavier than PM
machines. Given the uncertainties in the data on the Enercon machines it can
be concluded that the results obtained using this model for the 1.8 MW and
. 4.5 MW ratings are comparable with similar direct drive machines. A Dutch
company, Harakosan, has built a low speed radial-flux permanent magnet
synchronous machine rated at 1.67 MW and according to [126] has a total
mass (including inactive) of 47.2 tonnes. The axial-flux equivalent machine is
67% heavier. It must be noted that this is a comparison of an unoptimised
and an bptimised design and that the shaft radii and the allowable airgap
deflections are very different. The model used .gives masses of the right size
and hence can be used with some confidence to provide a first order estimate

of the structural mass of axial-flux PM machines.

3.5.2 Machine optimisation
When designing an axial-flux machine for a direct drive wind turbine, the

machine designer is faced by a number of constraints and choices. The
maximum rotor speed, ®, is often set by the tip speed of the rotor blades,
leaving the designer to vary the torque, T, according to eqn. (3.24). The
current loading, A, is limited by the Joule loss and the outer radius, ar, must
be small enough to fit into the wind turbine nacelle. Nacelle size is limited by
transportation, lifting and aerodynamics réquirements. Eqn. (3.24) implies

that the maximum torque is produced when ke=1/V3, however most
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designers opt for a higher value (0.7-0.8) to reduce active material costs. Inan
-application where the mass needs to be minimised, the designer is less
interested in high torque and more keen on maximising torque per unit
mass. The following discussions demonstrate why structural mass must be

considered when minimising mass based on a, kr and B,.

3.5.2.1 Outer radius, a, and PM radii ratio, k;
A 100 kW machine running at 60 rpm must produce a torque of 15.9 kNm. A

line of this constant torque based on eqn. (3.24) is plotted on a k: vs. ar chart
(the thick line in Fig. 3.24a) with Bg = 0.33 T and A = 28 kA/m. The designer
must choose an outer radius and the ratio of inner-to-outer radii somewhere
on this line. To find where the lowest mass is visually, the torque per unit
active mass is plotted on the same figure (the thin numbered contours).
Based on active mass only, the value of kr, which maximises the torque per
unit active mass, is approximately equal to 0.47. Including the rotor
structural mass in the torque per unit mass calculation gives Fig. 3.24b, from

which the torque density is optimum when k:=0.40.
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Figure 3.24. Torque and tofque density plots (a) Active mass only (b) Active and
inactive mass. Line of constant torque, T = 15.9 kNm (thick line), and contours of
torque per unit mass (numbered), Nm/kg plotted for 100 kW machine at 60 rpm.
Vertical axis: k,, ratio of inner radius of rotor permanent magnets to rotor disc outer

radius. Horizontal axis: a,, rotor disc outer radius, m.

For the larger 2.5 MW machine (running at 19 rpm and producing a torque of
1.26 MNm), Fig. 3.25 shows the torque density contours with constant torque
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lines for 1, 2 & 3 stages. The standard axial-flux machine with two rotors has
one stage. For the single stage machine the torque density is optimised for an
aspect ratio, ki, equal to 0.74 based on active mass only (Fig. 3.25a). However,
including the structural rotor mass (which dominates the stator structural
mass) the designer would choose a smaller value of kr = 0.63 (Fig. 3.25b). A
torque per unit rotor structural mass plot has been generated for the 2.5 MW
machine (Fig. 3.26), which is independent of machine design speed. This
graph shows that considering only rotor inactive mass, a value of k; = 0.63
results in the maximum torque per unit rotor inactive mass for all outer radii.
This is not very different to the case when the total mass is considered

because the inactive mass dominates.
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Figure 3.25. Torque and torque density plots. Line of constant torque, 7=1.26 MNm,
T.-2 =628 kNm, T,-; = 419 kNm (thick lines) and contours of torque per mass
(numbered), Nm/kg plotted for 2.5 MW machine at 19 rpm. Vertical axis: k., ratio of
inner radius of rotor permanent magnets to rotor disc outer radius. Horizontal axis: a,,

rotor disc outer radius, m. (a) Active mass only (b) Active and inactive mass.
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Figure 3.26 Torque and torque density plot for inactive mass. Line of constant torque,
T=1.26MNm, T,-,=628kNm, T,=;=419kNm (thick lines) and contours of torque per
inactive mass (numbered), Nm/kg plotted for 2.5 MW machine at 19 rpm. Vertical axis:
k., ratio of inner radius of rotor permanent magnets to rotor disc outer radius.

Horizontal axis: a,, rotor disc outer radius, m.

On Fig. 3.25 lines of constant torque are included for multi-stage options. If
the design is based upon the active mass only (Fig. 3.25a), the torque per unit
mass is largest far to the right of the torque line. By introducing n identical
machines coupled together, each producing 1.26 MNm/n torque, the
designer would then shift the design to a lower torque per unit active mass.
However, if the inactive mass is included (Fig. 3.25b), the torque per unit
overall mass is fairly constant as the new machines are introduced. Hence if
there are diameter restrictions a multi-stage design is an attractive option,

without a significant increase in mass.

A true multistage design reduces the number of rotor discs that are required,
as permanent magnets are mounted on both sides of the rotor (see Fig. 3.7 for
an illustration). For example with two stages (n = 2), the number of rotor

discs is ndgisc = 3 (not 2n = 4 which would be the case if 2 similar machines
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were coupled together); when n = 3, naisc = 4 (Fig. 3.7). Table 3.3 shows the
mass savings that would be produced when moving to a multistage design
of a 2.5 MW machine (with k: = 0.63). If circumstances allow sufficient axial

length, then the designer would opt for a multistage machine based on this

analysis.

Number | Torque |ar, m Torque |Mass of | Mass Mass

of per per unit | rotor, with 2n | with ndisc

stages, n | stage, mass, tonne rotors, rotors,
MNm Nm/kg tonne tonne

1 1.26 3.90 24.2 20.7 52.0 '52.0

2 0.628 3.10 23.4 10.4 53.8 434

3 0.419 2.71 229 6.94 55.1 41.2

4 0.314 2.46 22.5 5.18 55.8 40.3

Table 3.3. Multistage design mass savings for a 2.5 MW machine (k. = 0.63).

3.5.2.2 Outer radius, a,, and airgap flux density, B,
Fig. 3.27 shows the variation of torque density with ar and Bg for a fixed

value of k;, which is equal to 0.91 for the machine used in [111]. The constant
torque line for this machine is also plotted. The torque per unit active mass
plot (Fig. 3.27a) suggests that a low value of Bg = 0.1 T gives the highest
torque density and hence lowe5.;t mass. However, including the inactive mass
leads the designer to choose a higher value of Bg = 0.22 T (Fig. 3.27b). Both of
these flux densify values are surprisingly low, as most designs would have
greater magnetic loading. One reason for this is that a lot of the main
electrical parameters have been fixed to the Soderlund design, another is that
space limitations may force designers to generally choose larger Bg values as
opposed to a large outer radius. The low By is easily in the range of air-cored
machines and there could be scope to further reduce active mass by

eliminating the iron in the stator.
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Figure 3.27. Torque and torque density plot. Line of constant torque, 7=15.9 kNm
(thick line), and contours of torque per unit mass (numbered), Nm/kg plotted for 100
kW machine at 60 rpm. Vertical axis: B,, airgap flux density, T. Horizontal axis: a,,
rotor disc outer radius, m. (a) Active mass only (b) Active and inactive mass.
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3.6 Conclusions

In this chapter the importance of including the inactive mass in the design of
axial-flux machines has been demonstrated, particularly in determining key
dimensions such as the ratio of rotor inner-to-outer radius to optimise the
torque density. Well established analytical structural models have been
modified and applied to link airgap deflections to key parameters such as
rotor and stator disc thickness and the size of support structures. A
comparison of the proposed analytical structural models with finite element
models and existing machines shows that the expressions presented can be
used with confidence in the early stages of the design process. Rotor and
stator disc models presented in this chapter give excellent results compared
with finite element models and published results. The beam and casing
models provide less convincing results, but as the rotor disc mass dominates,
the overall effect is to closely predict the proportion of mass needed to limit
airgap deflection. Using the structural models in the design of a series of
typical ratings for wind turbines it has been shown that a significant
reduction in mass can be achieved by using multiple stages, but this
conclusion could only have been arrived at if the inactive mass is included in

the design calculations.
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Chapter 4

Radial-flux machine polynomial

modelling

. 4.1 Introduction

N Chapter 3, structural dimensions and the normal component of

Maxwell stress weré linked to airgap deflection in axial-flux machines.
By using circular plate theory from solid mechanics, the impact of electrical
and magnetic design on inactive and overall mass was investigated. Most
low speed, high torque generators for direct drive wind turbines are of the
radial-flux type. Fig. 4.1. shows a wind turbine with a wound rotor radial-
flux machine produced by Enercon and another wind turbine with a

permanent magnet machine sold by Harakosan.

Radial-flux machines are typically made up of an inner rotor and an outer
stator (Figs. 4.2). The machine rotor is generally a cylinder (with the electrical
field winding or permanent magnets) connected to the shaft by a solid disc.
Surrounding this is the stator which is also made up of a cylinder held by a
‘spider’ of six to eight support arms (for example those shown in Figs. 4.3
and 4.4) [20],[59]. Fig. 4.5 represents a typical example and there. are likely to
be variations depending upon manufacturer. The rotor could equally employ
a spider construction rather than a disc. Two different structures were chosen
to demonstrate the technique. It should also be noted that this technique is
being proposed for the first stage in the design process, when the designer

simply wants a first order estimate of machine mass.
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Figure 4.1. Enercon E-88 2MW wound rotor direct-drive wind turbine (/eft) and
Harakosan Z-72 2MW permanent magnet direct-drive wind turbine (right).

Figure 4.2. Alternative direct-drive configurations [20], inner rotor (/eft) and outer rotor
(right)
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Stator Frame

Brake

Rotor

Stator

Stator Support Arms

Spindle

Figure 4.3. Permanent magnet direct drive generator from WindPACT drive train study
[20].

Figure 4.4. Geometry model of stator supporting structure [59].

The structure of the radial-flux machine is more complex than that of the
axial-flux machine and so it is not possible to apply one analytical technique
to the whole machine (as is the case with the axial-flux machine, in which
circular plate theory was used). However, solid mechanics provides us with
some techniques for treating similar solid shapes. A thin-walled cylindrical
pressure vessel (that is when the radius to cylinder thickness ratio R/#>10)

gives a deflection, u, according to [101],

2
u =_qR

Er (4.1)
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where R is the radius, g is the pressure, t is the cylinder thickness (in machine
terms the rotor or stator back thickness) and E is the Young’s Modulus. There
are several reasons that this expression is insufficient. There is no term for
the length of the cylinder - it is expected that as the axial length increases so
too will the problems caused by the weight of the structure itself. Another
problem is that the size of the rotor disc and the stator support arms are
effectively ignored. These parts deal with the shear stress (shown in Fig. 4.6)
and gravity. Any asymmetry in the rotor or stator can lead to a tipping

moment (Fig. 4.7).

Instead of traditional analytical expressions such as eqn. (4.1) a different
strategy is needed. In this chapter a polynomial modelling technique taken
from [56] is used to model the deflection. This function linking the structure
and forces to airgap deflection is synthesised from the results of many pre-

analysed finite element models.

To examine the effectiveness of this technique a 1.5 MW permanent magnet
synchronous generator for a wind turbine is modelled (active parts are based
on a design presented by Versteegh in [126], inactive parts are found with
more intensive finite element analysis). Following thjslbenchmarking step,
the polynomial technique is used in the design 'of a range of direct drive
wind turbines. Although the designs presented here are for permanent
magnet machines, this technique is equally .applicable to radial-flux machines

4

which have a wound rotor.
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Figure 4.5. Radial-flux machine models showing dimensions: (a) Rotor; (b) Rotor from
side; (c) Stator.

Figure 4.6. Shear stress, o, and normal component of Maxwell stress, g, on section of
radial-flux machine.

Figure 4.7. Tipping moment due to rotor asymmetry and gravity.
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4.2 Structural Modelling

In order to model the structures shown in Fig. 4.5 a finite element based

approach is used, but qtiliseci such that it can be used rapidly in the design
office. The approach is based upon taking a large number of experimental or
simulation results and synthesising a simple function. An alternative to this
would be to generate a look-up table from pre-analysed models, but this
would require many more input data: points (particularly as the number of
variables increases). This section of the chapter lays out this method as

applied to the radial-flux machine structure.

There is an unlimited range of possible rotor and stator structure designs and
so one design was arbitrarily chosen for each. The dimensions that describe
these models can be categorised into those that are fundamental variables
and those variables that are derived from these fundamental variables. For
both models four fundamental dimensions are chosen to keep the
polynomial modelling simple later on. The rotor (Fig. 4.5(a,b)) is described by
axial length, Is, the airgap radius, R, rotor disc thickness, f;, and rotor back
thickness, hy:. The stator (Fig. 4.5(c)) is similarly described by axial length, I,
the airgap radius, R, support arm thickness, ts,, and stator back thickness, hys.

Derived dimensions are shown in Table 4.1.

A normal stress g is applied to the outside of the rotor cylinder and to the
inside of the stator cylinder (as shown in Fig. 4.6) bringing the total number

of parameters that describe each model to five.

Dimension Expression

Rotor

Rotor enter vadios. R Ryop = 0.993R
Rotor shaft. radius, Rae Rgap =0.2R
Rotor shatt length, Ly.a Lgurtt = 2Rficps + 15
Stator

Stator suppott arm height, A, Tty = 2teq

Stator support sm length, £, log = 2y

Stator suppest anm ring outer radivs, Ry Riing = Rejuapi + Fsa
Stator iotal fength, / I=l+1,

Table 4.1. Rotor and stator derived dimensions.
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The main role of the machine structure is to maintain the airgap clearance; it
follows that the performance quantity is the deflection into the airgap, u. It is
normal for the designer to stipulate beforehand the permissible deflection as
a percentage of the airgap clearance, c. This research is primarily interested
in multi-MW direct drive machines so the range of parameters was chosen
accordingly (shown in Table 4.2). The rotor and stator back thicknesses
include active material and inactive material, which is why the maximum

values are so large.

Parameter Minimum Maximum
q (103 Pa) 40 700

R (m) 0.5 35

[ (m) 0.5 1.5

Py (M) 0.002 0.03

hys (m) 0.002 ' 0.28

I, (m) 0.01 0.14

fq (M) 0.03 0.7

Table 4.2. Parameter ranges.

Generalised models of the rotor and stator were created in a 3D CAD
program (SolidWorks) and then transferred to a finite element package
(COSMOSWorké). Here the appropriate constraints and forces (Maxwell
stress g and gravity g) were applied and material constants were assigned. In
this case the axis of the machine is set at 5° to the horizontal (this models the
tilt which is found in most wind turbines). 648 models (for both the rotor and
stator) were analysed using the FE package. The results were extracted and
saved. In this case a polynorm'al is used to model the results. The deflection
u is a multiple sum of products of a set of coefficients and the 5 design
parameters along with a dummy parameter xo = 1. In the rotor case then x1 =
g, x2=R,x3 =1, x4'= t- and x5 = hyr. The quadratic function is shown in eqn.

4.2),

5 5
U, = Z Z a,i%ix; . | 4.2)
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Similar expressions can be . found for cubic and other higher order
polynomial functions. At this stage the coefficients (denotedv in eqn. (4.2) by
aij) are unknown. The method of least squares is used to find the polynomial
which gives the best fit to the results.

First the square of the difference between the input data point u and the
value given by the polynomial up is calculated. The sum of the ‘squared
errors’ in eqn. (4.3) is differentiated by the polynomial coefficients and in
turn set these differentials to zero (eqn. (4.4)). The polynomiai coefficients ai;

can then be easily calculated using matrix algebra as in [56].

S = Z (u, —u)® . (4.3)

aS
aai’j

=0 (4.4)

With 5 input variables, the number of coefficients for each polynomial is

given in Table 4.3:

Polynomial Number of
order coefficients

Linear -6

Quadratic 21

Cubic 56

4™ order 126

5™ order 252

6™ order 462

Table 4.3. Number of coefficients for 5 variable polynomials
To ensure a good fit it is necessary to use about twice as many input data

points as there are coefficients [56]. So, for example, to produce a 5 variable

quadratic 2 % 21 = 42 input data points should be used.

These different models were based on 8 vradius values (R = 0.5, 1.0, 1.5, 2.0,
2.5,3.5,4.5 and 5.5 m) and 3 values for each of the other parameters. With the

coefficients of each polynomial established, the polynomial function
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coefficients can be used in a spreadsheet to quickly analyse the performance

of the machine structure.

4.3 Results

4.3.1 Benchmark case study: 1.5MW wind turbine
The rotor and stator of a 1.5 MW machine (based on the design introduced in

[126]) is modelled in this section. In this case, three of the five input
parameters are specified as: R = 1.6 m, Is = 1.2 m and g = 224 kPa
(corresponding to Bg = 0.75 T). This leaves t, hyr, tsa and hys unspecified (two
parameters each for the rotor and stator). Also the designed deflection into
the airgap is unknown, but results for different deflections will be presented.
The minimum inactive mass can be found by plotting the airgap deflection
and the inactive mass with the two unspecified parameters on the horizontal
. and vertical axes. Eqns. (4.5) and (4.6) give the inactive mass of the rotor and

stator respectively. The density of iron, p is taken to be 7850 kg/m3.

min,rot = p7-((tr1{r0t2 + l{ZRrothyr - h;r}) (4'5)
M = PUL2EL (4R + g + 1) + 1R LR+ 1)+ 2L BE+t )1} )

Separate finite element models were also run to provide additional
benchmarking for this case study. These had R, Is and g values fixed as above,
but with 10 values each of the unspecified parameters (10 different ¢ values
and 10 different hyr values giving 100 combinations for the rotor case). The
contours of the inactive mass and the airgap deflection can be plotted on a
graph similar to Fig. 4.8 and compared with the results of the polynomial

modelling.
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Figure 4.8. Design points for comparison contours.

According to Versteegh the airgap clearance, c is 3 mm for this machine.
Curves for a design deflection of u = 0.75 mm (a quafter of the airgap

clearance) will be plotted along with curves of u = 0.5 mm and u =1 mm.

4.3.2 Rotor Modelling

Fig. 4.9 (a) shows the results of a cubic polynomial - for a machine with R =
1.6 m, Is =1.2 m and g = 224 kPa - generated from a large data set (425 points
with 6 radii values ranging from R = 0.5-5.5 m). The thin lines show the rotor
inactive mass labeled in kg; the 3 thick contours give the airgap deflection
labeled in m. This gives a minimum inactive mass of about 1x103 kg when hy:
= 0.004 m and # = 0.01 m. If the machine designer is not interested in the
larger machine radii then a more compact data set may be more appropriate.
Fig. 4.10 (a) gives the deflection estimated by a quadratic synthesised from a
slightly smaller and more concentrated data set centered on R = 1.5 m (405
points with R = 0.5, 1.0, 1.5, 2.0 and 2.5 m). This time the polynomial predicts
a larger inactive mass of slightly less than 1.9x10% kg with hy: = 0.06 m and
= 0.023 m. Using fewer input data points is quicker both in terms of initial
finite element runs and later processing. Fig. 4.11 (a) shows the quadratic

produced from 243 input points (with R = 0.5, 1.5 and 2.5 m), giving a
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minimum inactive mass of about 2.1x10% kg (with a design of hy: = 0.07 m
and ¢, = 0.024 m). This final polynomial is the most economical and gives a
similar error to that produced by the cubic in Fig. 4.9 (a). The deflection
curves in Fig. 4.12 were found by running extra finite element analyses with
fixed R, Is and g parameters and varying hyr and # and applying a contour
function to the results. The u = 0.00075 m curve gives a minimum inactive

mass of slightly more than 1.6x103 kg (when hyr = 0.08 m and ¢ = 0.014 m).

50

4G+
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Rotor disc thickness, ¢ {10° m}
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Polynomial deflection (10%m)

FE deflection (10°m)

b
Figure 4.9. Rotor cubic polynomial (a) Deflection and mass plotted against ¢, and h,,
(inputs with R= 0.5, 1.5, 2.5, 3.5, 4.5 and 5.5 m) (b) Polynomial deflection against FE
deflection, RMS error = 33.6%.
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Figure 4.10. Rotor quadratic polynomial (a) Deflection and mass plotted against ¢, and
hy, (inputs with R=0.5, 1.0, 1.5, 2.0 and 2.5 m) (b) Polynomial deflection against FE
deflection, RMS error = 43.9%. )
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Figure .4.11. Rotor quadratic polynomial (a) Deflection and mass plotted against t, and
hy, (inputs with R = 0.5, 1.5 and 2.5 m) (b) Polynomial deflection against FE deflection,
RMS error = 35.1%.
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Rotor disc thickness, 1 (107 m)
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Figure 4.12. Graph showing contour plot of rotor deflection produced from finite
element results with R=1.6 m, ;= 1.2 m, q = 224 kPa, hy, = 0.0025-0.025 m and ¢, =
0.005-0.05 m.
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4.3.3 Stator Modelling

The stator can be investigated in a similar way to the rotor. Fig. 4.13 (a) gives

the 5t order deflection curves for the stator produced from a relatively
narrow input data sét (351 data points with R = 0.5, 1.0, 1.5, 2.0 and 2.5 m
centered on R = 1.5 m). The minimum inactive mass is just under 3.7x10° kg
(with hys = 0.02 m and . = 0.075 m). A similar set of curves is produced in
Fig. 4.14 (a) from a smaller set of data (204 points with R = 0.5, 1.5 and 2.5 m
centered on R = 1.5 m). Here the minimum mass is just over 5x10% kg, giving
close agréement to that found directly with the finite element results in Fig.

4.15.
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Figure 4.13. Stator 5™ order polynomial (a) Deflection and mass plotted against t., and
hys (inputs with R = 0.5, 1.0, 1.5, 2.0 and 2.5 m) (b) Polynomial deflection against FE
deflection, RMS error = 29.8%.
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4.3.4 Discussion

4.3.41 Trade off between accuracy and speed

Compared to the polynomial modelling in [56] the errors here are large (the
best have an RMS error of 20-35%). This might be because these are quite
sophisticated structures that have been reduced down to just 5 variables. The
stator - which is structurally more complicated than the rotor - requires a
polynomial of high order to minimise the error. Is this a problem? This
technique was selected because it provides a quick estimation of inactive
mass early on in the design process. As such, sacrificing some accuracy for

speediness is appropriate.

There are some steps that can be taken to improve the quality of the
polynomial modelling results. For example, the choice of size (and breadth)
of data set has an effect on the results. By ciloosing a very large data set - as
used in Fig. 4.9 - the designer has one polynomial for all the design space
and so the modelling effort is reduced. In the stator case small deflections
were swamped by the large deflections (often produced by the machines
with the largest radii) and so narrower data sets were used. These smaller
data sets, on the other hand, need several polynomials to cover the whole
design space and therefore require more work. Generally, when using the
same order of polynomial, better results are produced with smaller RMS

errors using fewer and more concentrated values of R.

4.3.4.2 Choice of deflection value

The predicted overall mass (including the active mass) for the case study
machine is 26.6x103 kg - significantly less than the 47.2x10% kg reported in
[126]. It must be remembered that this is a different design, possibly with
different materials. More importantly, an arbitrary deflection of 25% of the
airgap clearance has been chosen - the inactive mass will be greater when the
deflection is limited to a smaller value. The structure in [126] is probably

designed for a smaller design deflection. Indeed this must be the case, as the
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finite element results in Figs. 4.12 and 4.15 - not just the poiynomial
modelling - give very small mass. Table 4.4 shows the total mass found
when the deflection, u, is limited to 10% and 5% of the airgap clearance, c.
When both the rotor and stator are allowed to deflect by 5% into the airgap
the total mass is 43.5%10% kg which is close to the machine generator mass in

[126]. A deflection of 5% will be used henceforth in this chapter.

we 250, 10% 3% Versteegh
Mass (103 kg) 26.6 319 43.35 472

Table 4.4. Mass and deflection comparison.

4.3.4.3 Materials
One of the shortcomings of this method is that the polynomial modelling is

based on finite element analysis of two particular models. These are
modelled with specific material properties such as density, Young’s Modulus
and Poisson ratio. Although once the polynomial coefficients are found the
method is quick and easy, it can take a long time to carry out all of the finite
element analysis. If the designer wants to use a different material then this
method is quite inflexible, whereas an analytical method may be quicker to

use.

4.4 Direct drive wind turbine designs

In this section a number of direct drive radial-flux permanent magnet
generators are designed based on the machine in [126] using the design
program in [41] and machine speeds from [80]. In addition, the model is used

to investigate structural design parameters.

4.4.1 Range of wind turbine designs

The airgap flux density, current density, airgap clearance to airgap radius
ratio and axial length to airgap diameter ratio are kept constant for all
designs (B; =0.84 T; ] = 21 A/mm? ¢ = R / 500; Krad = Is / 2R = 0.375). Each
design then has the same normal stress, 4. Table 4.5 shows the details of the
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machine designs. As the power rating increases from 500 kW to 5 MW the
turbine speed decreases (to limit the tip speed of the turbine blades to about
75 m/s). This means that the torque rating increases at a greater rate than the

power rating.

The inactive mass is found for each case as described in section 3. Stator
inactive mass is much larger than the rotor inactive mass. For the lowest
torque machine (500 kW) the active mass dominates the inactive mass. As the
torque rating increases the inactive mass starts to dominate until it is 82% of

the total mass (for the 5 MW machine).

Power (MW) 0.5 1.0 2.5 3.0
N(rpm) 38 30 19 115

7 (kN-m) 126 318 1260 4150

Is(m) 0.68 0.90 1.38 2.04
R{m) 0.90 1.20 1.84 2.72

10 (103 m) 0.18 0.24 0.37 0.54

Minset (103 kg) 0.8 (9% 1.6 (8% 6.2 (9%%) 20.1 (g4
My etat {10% kg) 2.6 (31%) 8.8 (4694} 40.8 (60%) 1959 (7408
Mg (13 Kg) 3.0 (503 8.9 (46%) 213 31%) 46.6 (18%)
i, (103 kg) 8.3 19.3 68.3 262.6

Table 4.5. Rotor and stator inactive, active and total mass.

It should be noted that this is applicable only to this particular design, with a
fixed electrical and magnetic loading, aspect ratio, structural design and
permissible deflection: the ratio of active to inactive mass will change if these

design parameters are altered.

4.4.2 Aspect ratio and the effect on total mass
In this section the structural model is used to help make a design decision.

One choice that the machine designer faces is the aspect ratio, Krad (the ratio
of axial length to the machine diameter). A thin disc has an aspect ratio
‘approaching zero, an object like a pencil has an aspect ratio approaching
infinity. A typical radial-flux machine lies somewhere in between these
extremes. In section 4.1 Kraa = 0.375 which is similar to that used in a

commercial design [126].
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In low speed machines the designer seeks the highest possible torque so as to
" produce high power. The torque can be increased by using high shear stress,

o, axial length, Is, and airgap radius, R as shown in eqn. (4.7).

T =2nol R* ' _ 4.7)
Torque is proportional to the square of airgap radius because a greater R
incréases bdth the airgap surface area and the moment arm at which the
force acts. A large airgap radius leads to lower shear stress requirements,
meaning that the active mass can be reduced. It should be no surprise then
that small aspect ratios yield the greatest torque per unit active mass. Dubois
found that radial-flux permanent magnet machines with Krada ~ 0.1 tend to

give the optimum torque per unit active mass and cost per torque [41].

Often the machine designer is limited by the maximum outer radius (for
example the size of transportation containers). If inactive mass is greater than
active mass for the larger machine sizes then the designer needs to
investigate the effect of Krad on inactive mass. This will then lead to the

design with the greatest torque per unit total mass.

i:fig. 416 shows the active and inactive masses of a range of machines
designed with Krad = 0.1, 0.2, 0.3, 0.375 and 0.5. Comparing the active masses,
Mact, the designs with Kraqd = 0.1 are the lightest in each case (Fig. 4.16(a)). As
the aspect ratio increases the rotor inactive mass tends to decrease (for a 5
MW machine in Fig. 4.16(b): with Kraa = 0.1 #in, rot = 28.1x10% kg; with Kraa =
0.5 Minror = 18.5%10% kg). This suggests that the inactive mass of the rotor is
dependent on the machine radius (as the radius increases, the mass of both
the cylinder and the disc parts of the rotor structure also grows). To reduce

the rotor inactive mass then the designer should choose a larger aspect ratio.

However, as has been seen in section 4.1 the stator structure dominates the
inactive mass. The trends in the stator structure are more difficult to discern

for the smaller machines in Fig. 4.16(c) so this part of the discussion will
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concentrate on the 2.5 and 5 MW machines. The maximum stator inactive
mass is found when Kraqd = 0.5 which is markedly different to the rotor. The
stator is supported on one side only and as the axial length, Is increases (with
increasing Krad) the center of mass moves further away from the spider and
the support must be more rigid to prevent the stator from tipping into the
airgap. This is compounded by the fact that thé design deflection is a fixed
proportion of the airgap radius and so designs with smaller radii (those with
high Krad) must produce smaller deflections. As Krad approaches 0, the stator
inactive mass also increases slightly. As the airgap radius, R, increases so too
does the length and mass of the spider arms, but the allowable deflection is
greater (and so the increase in mass is only slight). The minimum stator
_inactive mass for the 2.5 MW is at Krad = 0.3 (34.3%10° kg) and at Krad = 0.2 for
the 5 MW machine (151x103 kg).

The total mass is dominated by the active and the stator inactive mass which
are both minimum at low K:rad and so the curves in Fig. 4.16(d) are minimum
at Krad = 0.1-0.2 (the total mass curves are flat in this range). A machine
designer would choose Krad < 0.1 based on only the active materials
(extrapolating Krad towards 0 in Fig. 4.16(a)). The difference between the two

Krad values shows the importance of taking the inactive mass into account.
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4.5 Conclusions

Direct drive wind turbines suffer because they require large and heavy
generators. Inactive mass is a significant component of total mass in radial-
flux machines, becoming dominant for high torque machines. An ability to
estimate the total mass (including the inactive mass of the machine) early on
in the design process is important when trying to produce a lightweight
design. In this chapter a model of the structure based upon finite element
analysis was used to investigate the impact of inactive mass on design. A
range of machines (from 500 kW to 5 MW) were designed showing that the
stator inactive mass is greater than that of the rotor inactive mass and that
the combined rotor and stator inactive mass is at least 82% of the total mass
for a 5 MW machine. It has been shown that the Krd value that gives the
optimum torque per unit mass is different depending on whether the
inactive mass is included or not. The best torque per unit active mass is
achieved with the lowest possible Kraa value; the maximum torque per unit

tofal mass is achieved with Kyag = 0.1-0.2.
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Chapter 5

Analytical treatment of radial-

flux machine structures

N order to design lightweight direct drive generators for wind turbines,
I the designer must be able to model both active and inactive materials. In
Chapter 4, the deflection of the radial-flux machine structure into the airgap
was assessed using finite element analysis and a polynomial modelling k
technique. Generally the errors were large and the technique also had the
disadvantage of being applicable to one material (Young’s Modulus, E, mass
density, p, and Poisson’s Ratio, v were all fixed). Different designers may
choose different materials and also variations of the chosen design (e.g.
different number of arms) so different approaches are used in this chapter.
Instead of using the finite element analysis (FEA) method, analytical
methods will be employed so that adequate structures can be designed and
evaluated quickly.

Deflection into the aifgap is the most important part although the axial
deflection is also important. Rotor and stator structures with both discs and
arms are considered - Fig. 5.1 shows the four variations that are modelled.
Choosing generic structures such as these cannot perfectly represent the
large number of feasible generator structures. However, the size and mass of

these structures should be similar to most practical designs.

The areas of greatest deflection into the airgap are most critical to the design.
These are at the bottom and at the top of the airgap (as shown for the two

rotor designs in Fig. 5.2). At the bottom, the rotor deflection is maximum
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(gravity and normal stress both act downwards) and the stator deflection is
smaller (gravity and normal stress act in opposite fashions). At the top of the
airgap, the rotor deflection is small and the stator deflection is maximum. In
terms of ‘armed’ structures, the deflection of the back iron is maximum
halfway along the ‘rim” between two arms. It is minimum at the points
where the arms meet the back iron cylinder. For disc structures, the
deflection is greatest at the points furthest away from the points where the
disc meets the cylinder. This means that for the rotor it is the parts of the
cylinder at the axial extremes which deflect most. In the stator case the
maximum deflection is found axially halfway along the cylinder, between
the two discs.

(a)

Figure 5.1. Variations of machine structure in Chapter 5: (a) Rotor with arms, (b) Stator
with arms, (c) Rotor with disc and (d) Stator with discs

100



Chapter 5 Analytical treatment of radial-flux machine structures

@) ' (b)

Figure 5.2. Maximum deflections for rotor subjected to normal component of Maxwell
stress and gravity (a) Rotor with arms and (b) Rotor with disc

Different approaches are needed to address each structure and type of
deformation. The armed structures will be analysed in section 5.1 as a wheel
with rim and rigid arms. By splitting the cylinder and arms, compatibility
equations can be used to calculate the forces that will close a virtual gap.
These forces can then be used to find the deflection of the arms and, along
with the cylinder equation, the deflection at the midspan. In section 5.2, the
rotor and stator with discs are analysed, with the maximum deflection
modelled with the cylinder equation and the minimum deflection (where the
cylinder and disc meet) modelled using the compatibility of the cylinder and
disc. Section 5.3 introduces techniques for modelling the deflection out of the

radial plane due to gravity.

101



Chapter 5 Analytical treatment of radial-flux machine s ‘ructures

5.1 Deflection of rotor and stator back iron with arms

In this section the deflection of the rotor and stator structures shown in Fig.
5.1(a) & (b) will be examined. A uniform radial pressure, g, applied to a thin
walled cylindrical pressure vessel (where the wall thickness is less than 10%

of the radius) produces a radial deflection, u, according to eqn. (4.1) [101]

4R?

u=—. 4.1)
Where R = radius of cylinder (m)
t = thickness of cylinder (m)
E = Young’'s modulus (Pa).

This cylindrical pressure vessel equation cannot be used in a straightforward
manner in this case because the cylinder is constrained at the points that it
meets the arms. As a result the deflection at the midpoint of the span will be

less than that predicted by eqn. (4.1).

5.1.1 Normal loading of an armed structure
This method is adapted from Pippard [89]. A circular armed wheel is made

up of a cylinder or rim connected to the shaft or fixed point by arms. A rotor
structure with 6 arms is shown in Fig. 5.3. The cylinder corresponds to the
‘yoke’ or back iron. If a virtual ‘cut’ is made between the cylinder and the

2
arms then the radius of the cylinder will increase by « =%} In reality the

cylinder and arms are joined. To model this, a force T is applied outwards at
the end of each arm and n forces each of magnitude T are applied inwards at
the cylinder (at the points that the cylinder meets an arm). The resulting

deformation will lead to some strain energy, U. Knowing the deflection and

using Castigliano’s theorem (whereby ?)_IT] =u ) this force T can be calculated.
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Figure 5.4. One arm or 20 section of rotor

The first step is an examination of the forces in the rim. The angle between
two arms is 20 (see Fig. 5.4). At the midpoint A between any two adjacent

arms there acts a moment, Mo, and a tangential thrust, Hy (see Fig. 5.5). It is
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possible to express these variables in terms of T, R, # and m, where

2
m= (%) and k is the radius of gyration [89]:

M():E .1 —l( ! ) .1)
2 |sin@ 6@\m+1 ) .
T 1
- 5.3
® 2siné ©3)

At point X, at an angle a from this midpoint, there is a resultant moment, M,
and a force, H. The moment is derived and expressed in terms of this angle «

in eqn. (54) and the force in eqn. (5.5).

MZMO_E(I—.COSQ)
2 sin @
TR 1 1( 1 _TR(1-cosa) (54)
2 |sinf O\ m+1 2 sind , '
_TR|cosar 1( 1 )
2 |sin@ 6O\m+1
_Toosa (5.5)
2 sind

Figure 5.5. Forces in rim

The total strain energy is made up of strain energy due to bending of the rim,

strain energy due to tangential compression of the rim and strain energy in
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the support arm. The strain energy due to bending of the rim, Us, (where k is

the radius of gyration) is:

2
u, =2 [ M +H(HR—M) a
AE %) 2h 2

Uy _ 2 pl(M_ . \oM _wm°H
T {(h H) 57+ (HR-M) aT}da (5.6)

_TR? 9+1_g(1)
4E] |sin’@ tan@ 6O\m+1

The partial derivative of strain energy due to the tangential compression of

the rim with respect to the cut-closing force, T, is

oU. TR pcos’a
0T 2AE % sin?6
oU. TR(26+sin26)
0T  8AEsin’6

where A is the cross sectional area of the rim.

©7)

The arms have a cross sectional area of a and each arm is Ri-R, long. The

strain energy in the arm is,

U, = %T__(RI_RO) , (5.8),
ak
giving a partial derivative with respect to the closing force,
-R :
aUa — T(Rl 0 ) . (59)

oT ak
The total partial derivative of strain energy with respect to the closing force,

T is:

ou _au, Uy  dUc

oT oT oT dT
=T(R1—Ro)+TR3{ o 1 2( 1 )}+TR(20+sin20)
aE 4E] m+1 8AEsin’ @

ZE{M+R3{ o , 1 2( 1 )}+R(20+sin26?)}

E| a 4l |sin’6 tan® 6O\m+1 8Asin’@
(5.10)
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With a virtual cut, the rim would deflect by the amount given in eqn. (5.1).
Making the result given by eqn. (5.10) gives the force, T, which is necessary
to the close the virtual cut:

au_t((_e . 1 YR R _R_3( 1 )+R1—Ro _4R?
dT Ellsin2e tan®)\4A 41 ) 216\ m+1 a Et

qR? (5.11)
0 1 R R3 R3( 1 ) R, -R,
| ——+— | —+—|-— +
sin2@ tanB )| 4A 4I ] 218\ m+1 a

The rim sees two sets of forces: the normal stress, g, uniformly distributed

around the rim and directed radially outwards‘ and six point forces, T,
separated by 26, each directed radially inwards. Adding the deflection due

to the two different forces will give the total deflection.

Fig. 5.6 shows a ring under six equally spaced radial forces, taken from [102].
The change in radius at A is

pu— 3 1 —
AR, = WR [(sme : 492cost9) _ 1 +i}
4sin” @ 2sinf@ 260 .

T (5.12)

where I is the second moment of area of the rim.

w - A W

/4 /4

Figure 5.6. Ring under any number of equally spaced equal radial forces
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In tnis case the radial forces, T, are directed inwards so that W= - T, hence,

ZIN =u+ARA

5| ki(sin®@—08cosB8)  k k3
qR 11 _ 2 +2
4sin’@ 2sin@ 26

+
- Et 3 3 _
(-2 _+ L | R, R _R_( 1 )+R1 R
sin20 tan@ )l 4A 4I | 216\m+1 a

g3 Fi(sin®-6c0s®)  ky k3
4sin’ @ 2sin® 20

(5.13)

2
gR
Up = 1+
Et ) 1 YR R® R3( 1 ) Ry - R,
I st ——— 2" | 5, +
sin?@ tan® )\ 4A 4l ) 2[6\m+1 a

This can then be used to find the deflection at the midpoint, A, due to the

radial (normal) stress, 4.

5.1.2 Finite element comparison for rotor

Three cases of the same generic six armed rotor structure will be analysed
using eqn. (5.13) and compared with results from finite element analysis. The
first case is a steel structure for a 3 MW generator; the second case is a steel
structure for a 5 MW generator and the third case is an aluminium structure

for a 5 MW generator.

The 3 MW generator has a rotor volume, V; = 22.5 m3 (with airgap radius, rg
= 3 m and axial length, Is = 0.797 m). In the case of the 5 MW. generators, Vr =
48 m3 (with the same airgap radius but with an axial length, Is = 1.7 m). In all
the cases, the normal stress is equal to 2.8x105Pa (equivalent to a flux density

of 0.84 T).

The steel structures have the following material properties: Young's
modulus, Est = 2.1x101! Pa, Poisson’s ratio, vt = 0.3 and mass density, pst =
7850 kg/m3. For the aluminium structure Young’'s modulus, Ea = 7.0x10%0 Pa,

Poisson’s ratio, val = 0.33 and mass density, pa1 = 2600 kg/m3.

51.21 Case1

In this case a 3 MW generator with a steel rotor structure is analysed. With

an airgap radius of 3 m the airgap clearance, ¢ = 6x10-> m and so a deflection
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of u = 3x10* m is suitable. The rim thickness hy: = 100x10-* m and the support
arm thickness fsa = 0.7 m (a = tsa2 = 0.49 m?2). Fig. 5.7 shows the rotor structure
analysed using a solid model restrained at the rotor shaft with a mesh size of
167 mm. The maximum deflection by finite element analysis is u = 2.206x10~
m. From egn. (5.13) u = 2.150x10 m, or 97.5% of the value found by FEA.

Figure 5.7. Deflection of Case 1 armed rotor due to normal stress, u = 2.206x1 0*m

5.1.2.2 Case2
This case is a 5 MW generator with a steel rotor structure. The rim thickness

is hyr = 110x103 m, and the arm thickness is tsa = 0.6 m. With the same mesh
size as in case 1, the deflection u = 1.956x10+# m by finite element analysis.
From eqn. (5.13), u = 1.924x104 m, or 98.4% of the deflection found by FEA.

5123 Case3

A 5 MW generator with an aluminium rotor structure has a rim thickness of

hyr = 200%10-3 m and an arm thickness, fsa = 0.6 m. Again analysed as cases 1
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and 2, the deflection is u = 2.469x10* m by FEA and u = 2.809%10* m from
eqgn. (5.13).

5.1.3 Finite element comparison for stator

5.1.3.1 Case1

For a 3 MW steel structure stator with hys = 130103 m and ta = 0.5 m then
using a 202 mm mesh a deflection u = 1.660x10* m was found using FEA.
Equation 5.13 can be altered to take into account the double sided arm
arrangement of the stator, by doubling the arm area, a (giving eqn. 5.13b).
This then gives a deflection of u = 1.6045%10“*m or 96.7% of the FEA value.

qR’ . 4sin’ 6 2sinf 20
Et 1[6+_1_)£+R_3_R3(1J+R,—R0
sin@ tan@)\44 41 ) 216\ m+1 2a

5.1.3.2 Case2
For the larger (5 MW) steel structure, a rim thickness hys = 130x10 m was

R3[k,(sin6—0cos6’) k, +k22}

u, = (5.13b)

chosen along with a support arm thickness, fsa = 0.5 m. Analysis with finite
element mesh of 180 mm gave a maximum deflection of u = 1.615x10* m. A

slightly smaller deflection of u = 1.5955x10# m was found using eqn. 5.13b.

51.3.3 Case3
In the aluminium 5MW structure, hys = 210x10% m and ta = 0.55 m gave a

deflection u = 2.397x10“*m when analysed using finite element analysis. The
analytical technique gave a slightly larger deflection of u = 2.677x10 m.

5.1.4 Discussion on modelling with armed structures

In this section a simple wheel and arm structure has been used to represent
both the generator rotor and stator. The final equation (5.13) has been shown
to give results close to those found by finite element analysis when the same

design is considered, generally within 10%. This model allows the engineer
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to design for a deflection limit by varying material, number of arms, rim

dimensions, arm dimensions and airgap flux density.

The supporting cases are by no means exhaustive and do not examine

different:
i.  Airgap flux densities (and therefore normal stress levels).

ii. Materials other than steel and aluminium. Materials with linear
deformation characteristics should give similar results as the same

quantity is used in both the analytical and FEA models.

ili. Arm numbers. For small arm numbers there will be a larger
unsupported region between adjacent arms. More arms give a much
smaller unsupported region between adjacent arms. As an aside, an
interesting investigation would be to look at which number of arms

gives the required deflection with the least structural mass.
iv.  Different rim cross sections.

It should be noted that for any designs which differ significantly from those
shown in this section, eqn. (5.13) should be tested against a FEA model first,

before use in an optimisation process or early design procedure.

5.2 Normal loading of a disc structure

5.2.1 Analytical model for disc structure

5.2.1.1 Rotor disc structure

In this section the use of a disc - rather than arms as in the previous section -
to connect the rotor cylinder to the rotor shaft will be investigated. Again the
loading is the normal stress, g, caused by the magnetic flux density. The
cylinder will first be loaded as if ‘free” from the disc and the deflection will be
calculated. In reality the disc and the cylinder are connected and so a force
can be defined which stretches the disc radially outwards and compresses
the cylinder - or at least part of the cylinder - radially inwards, so that the
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two pieces remain in contact. Applying this force to a thin-walled cylindrical
shell model and superimposing the effect of the ‘free’ cylinder deflection will

lead to the maximum deflection. Figure 5.8 shows a cross section of the rotor

with disc structure.
q
ISM%HJA e/ HT?_
h
# 4 > Rb Ra
i I‘- ]
shaft i
s
it cylinder

e 2 3

HA

Figure 5.8. Compatibility of disc and cylinder in rotor

It has been seen that the deflection of a cylinder due to normal stress, g, on

the outside of the cylinder is:

2
5= gli (5.1b)
yl'

If one makes a virtual cut between the cylinder and the disc, there must be a
uniform outward radial force per unit length, f, around the outside of the
disc. Since there is no resultant force around the junction the same inward

radial pull, £, is found at the inner edge of the cylinder.
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The disc will be stressed in such a way as shown in Fig. 5.9. The radial stress,
pe”, is equal to the circumferential stress, p.”, which is given by eqn. (5.14)
from [90] as

v 1 2 2, (p2—P)RIR]
= R - R + = 5.14
Pe (R%_Rg){m 1~ P22 . ( )

Figure 5.9. Stresses in a disc

At radius r the circumferential and therefore radial strain is %and the

increases in outer and inner radii of the disc are:

u = Lu,{(l V)RZ + l+v)R2} 2p2R2]

E(Rl

uy =— [,;2{(1+v)1el (1- v)Rz} 2le12]

E (Rl Rz)
If the disc is keyed onto the shaft, then p>=0. Substituting p1 = fa, R1= Ry, and
Rz = Rs into eqgn. (5.15), then the disc deflects by ug,

(5.15)

R
uy =ﬁ3[(1—v)kﬁ +(1+v)R3], (5.16)
where
™
= o (5.17)
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The maximum radial deflection is at the axial extremes of the cylinder.
According to Roark the radial deflection outwards, y, for a short thin-walled
cylindrical shell under an intermediate radial load, f - as shown in Fig. 5.8 -

is [100]:

y=y\F + —%Fz +LT, (5.18)

Where ya and pa are the radial deflection and meridonial slope at the axial
extreme of the cylinder and LTy is the radial load term. These are given in

eqns. (5.19-5.21).

Figure 5.10. Short thin-walled cylindrical shell with intermediate radial load.

e _f C3Ca2. =i CAICal

= 5.19
B e
f C2Ca2 i 2C3Ca1
= 5.20
Ya 2D/12 Cll ( )
S
LT, =P (5.21)

where D, A, Gy, G5, Cs, Cu1, Ca, Caz, F1, F2 and Fas are given in Appendix A.

Substituting these into eqn. (5.18) gives:
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3O 228.C ¥ oblebd, 1
= F, - 2 2= F - E 522
y=1 [4D/13 €y A 2D¥ e : apP™ (54
To achieve continuity then
Ry 5.23
Ug = E(R, Rb)+y (5.23)

Ryfa [(1-—v)R§+(1+V)R:]

E(R; -R?) (5.24)
o 1 GG, -2C5C, — 1 GG, —CiCy - ! ‘IRlzy
futd| gy SR I e ) O e h) o=t - g
fa= ng
E(R, - Rb){E(Rz L) [(1 VIR +(1 +V)Rs2]“ ld[‘i;ia CZC'ZC_:AC'L Fz(" = /{)‘ %13 EBC"ZC”QC'I Fl(x /{) 4D/1.3 u( l/)]]
(5.25)

This can then be substituted into eqn. (5.22) and when added to eqn. (5.1a)
gives the maximum deflection.

Ry ., f |-E(x=0)

oty Fz(x 0)
™ E(R,-Ry) 2D2| Cy

(CsCar —CyCyr)+

o AT M}

(5.26)
5.2.1.2 Stator disc structure
For the stator there are two discs, one at either end of the cylinder (Fig. 5.11).
The normal stress is orientated radially inwards, and the deflection of a

cylinder can be modified to give the deflection towards the shaft as

_gR;
Eh,

ys

(5.1¢)

Again by applying a virtual cut at the junction between the cylinder and a
disc, it can be seen that there will be a force per unit length, f, on the disc
(radially inwards, compressing the disc) and the cylinder (radially outwards,
deflecting the cylinder as in Fig. 5.12). Equation (5.16) can be modified to take

the change in direction of finto account,

R
g —ﬁfd—@[ﬂ —V)R2+(1+v)R?]. (5.16b)
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Yy

According to Roark [100], the radial deflection due to a radial end load is

f Cl4 C13 F4
” Lu'y Sugiohl 52
Y=#|2c, 2 ¢, ' 2 i

At one of end of the cylinder there will be a deflection effect due to f applied
at that end (x = 0) and the other end (x = I5). The resulting deflection at either
end will be

_ fata | Gy (B(x=0) ) C;3(H(x=0) )| 1(F(x=0)
L) [2C11(+F2(x=1) Cy; \+R(x=1) 2 +E(x=1)}| (5.28)

2DA°

For continuity at the junction,

qu
u —+ s 5.29

Substituting eqns. (5.16b) and (5.28) into (5.29) and rearranging gives fa:

4R}

9 R, 2 Cy (B(x=0) Cyy (R(x=0) e Fy(x=0)
E(R, Rb{E(Rg—RS)[(I V)R + (1+v)R? ]"’ 2D/13|:2Cn [+I-‘2(x =l )J C::: ["'Fl(x:ls)] 2(+F4(x=ls)]]:|
(5.30)

Ja=

The maximum deflection will be found at the midpoint of the cylinder
(where x =4l;). Equation (5.26) amended for the stator becomes

= qu o C14 ol AN _ls/ . s
ol /i N Dﬁ[zc /) F(x 2) F4(x /)] (5.31)

where Ci3, Ci4 and Fs are given in Appendix A.
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Figure 5.11. Cross section of disc stator
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Figure 5.12. Short cylindrical shell with radial end load
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5.2.2 Finite element analysis comparison for rotor
In this section the results of the deflection from eqn. (5.26) and deflection

found using FEA are compared for the same three cases as described in

section 5.1.2.

5221 Case1
In this case a 3 MW generator with a steel rotor structure is analysed. With

an airgap radius of 3 m, a deflection of u = 3x10# m is suitable. The rim
thickness hyr = 40%103 m, the disc thickness fq = 40%10-3 m and the stress g =
250 kPa is applied. For these dimensions, the maximum deflection found by
finite element analysis is u = 2.390x10# m. From eqn. (5.26) uan = 2.488x10+
m, or 104% of the value found by FEA. Using the simple cylinder equation
(5.1b), u =2.813%x10* m or 118% of the FEA value.

5.22.2 Case?2

Case 2 is a 5 MW generator, again with a steel rotor structure. The rim
thickness is hyr = 50%10-® m, disc thickness t4 = 50x10-3* m and a stress, g = 250
kPa is applied. The resulting deflection u = 2.867x10*m (by finite element
analysis) and uan = 2.746%10-*m (from eqn. (5.26)). The analytical value is 95%
of the deflection found by FEA. The simple cylinder equation gives u =
2.250x10*m or 78% of the FEA value.

5.2.2.3 Case3

A 5 MW generator with an aluminium rotor structure has a rim thickness of
hy: = 13010 m and disc thickness t4 = 130x10 m. Analysed as cases 1 and
2, the deflection is u = 2.530x10# m by FEA and uan = 2.594%10“# m from eqn.
(5.26). This is 102% of the FEA value. The simple cylinder equation gives u =
2.473x104 m (98%).

5.2.2.4 Error with varying K4
In cases 1 and 2 the rotor design is similar with the exception of the axial

length, l. With a radius of 3 m and a rim thickness of 50 mm, eqn. (5.1b)
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predicts that both cases give a deflection of u = 2.25x10* m. Fig. 5.13 shows
the deflection found using FEA when the axial length is varied to produce
aspect ratios Kna = 0.1, 0.132, 0.2, 0.25, 0.3, 0.4 and 0.5. It can be seen that
there is a considerable change in deflection as the axial length changes. Fig.
5.14 shows two of the rotor designs, (a) with Is= 1.5 m and (b) with Is= 3 m.
The first shows the ends of the cylinder ‘turned up’ so that the rotor rim
resembles that of a pulley wheel. This gives the greatest deflection (at the
edges). In the second design, even though the cylinder surface area is greater
(and therefore the total force is larger than for the first design) the deflection
is smaller. In this case the deflection is starting to converge to the value
predicted by eqn (5.1b), i.e. the rim is starting to act as a simple cylinder.
However, for most of the useful K4 range, the simple cylinder equation is

inadequate at describing the deflection.

Case 1 describes a rotor with Kraa = 0.132 and case 2 describes a rotor with
Krad = 0.5. The error given by eqn. (5.26) in cases 1-3 was sometimes positive
and sometimes negative. Fig. 5.13 shows the analytical prediction, and Table

5.1 gives the “%FE values. The analytical technique shows good agreement

over the whole Krad range, particularly Krag = 0.13-0.3.
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Figure 5.13. Deflection of rotor with varying axial length and aspect ratio (found with
FEA and eqn. (5.26)). rg= 3m, t;=50mm, h,=50mm, steel.
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Figure 5.14. Deflection of rotor (found by finite element analysis) with varying aspect
ratio (a) Rotor design /s = 1.5m (Maximum deflection = 0.289mm) (b) Rotor design /; =
3m (Maximum deflection = 0.239mm).

Kraa 01 (013201502 |025|03 (04 |05

ls /m 06 10797 ]09 112 {15 1.8 | 24 |3.0

uay 0751097 |1.04|1.010.98 | 0.96 | 0.89 | 0.90
Ugg

Table 5.1. Over and under prediction of rotor disc analytical method with varying
aspect ratio.

5.2.3 Finite element comparison for stator
In this section the results of the deflection from eqn. (5.31) and deflection

found using FEA are compared for the same three cases (i.e. same radius and

axial length) as described in section 5.1.3.

5231 Case1

A steel stator. (E = 2.0x10" Pa, v = 0.3) with airgap radius 7z = 3 m and axial
length Is = 0.797 m, has cylinder thickness hy: = 40x10-3 m and disc thickness
ta = 40x103 m. By FEA, the deflection is urga = 2.43x104 m and with eqn.
(5.30) uan=2.60x10“4m (or 107% of the FEA value).
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5.2.3.2 Case2

A larger version of the stator in case 1 which has an axial length of [s =1.7 m,
has a deflection of urea = 3.27x104 m (found using a finite element solver).

The deflection using eqn. (5.30) is #an = 2.98x10“4m (91% of the FEA Vélue).

5.23.3 Case3

A stator the same size as in case 2, but now with cylinder back thickness hy: =
120%10-3 m and disc thickness tq = 120x103 m and made from aluminium (E
= 7.0x10Y Pa, v = 0.33) analysed using the finite | elel-nent solver gives a -
deflection urea = 2.7526%104 m. Equation (5.30) gives the deflection as uan =
2.6885x10% m (98% of the FEA value).

5.2.3.4 Error with varying Kiaq
Figure 5.15 shows the deflection found analytically and with FEA of the

stator shown in Fig. 5.16. When there is a small aspect ratio (i.e. Krad = 0.1, the
cylinder is axially short and the point of maximum deflection is relatively
well supported by the two discs. As the aspect ratio increases to 0.25 (as
shown in Fig. 5.16a), the deflection peaks. If the axial length increases
further, then the deflection converges to the amount predicted by eqn. (5.ic).
This can be seen with the 3m long stator in Fig. 5.16b, where there is a large
dark area of fairly constant deflection. Table 5.2 shows that eqn. (5 30) agrees

well with the finite element analysis over the whole range.
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Figure 5.15. Deflection of stator with varying axial length and aspect ratio (found with
FEA and eqn. (5.30)). rg= 3m, t;=50mm, h,=50mm, steel.

Figure 5.16. Deflection of stator (found by finite element analysis) with varying aspect
ratio (a) Stator design /5= 1.5m (Maximum deflection = 0.257mm) (b) Stator design /=
3m (Maximum deflection = 0.244mm).
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Krada 01 |0132{015|0.2 |025(03 (04 |05

Is/m |06 (079709 (12 |15 |18 [24 (3.0

uay 1.04 {1.06 [1.03[1.01]|096|0.94|0.91 |0.89
Upg

Table 5.2. Over and under prediction of stator disc analytical method with varying
aspect ratio.

5.3 Optimisation using normal component of
Maxwell stress :

The design equations developed in section 5.1 and 5.2 can be used to find the
structural mass of rotor and stator structures. A particular radial-flux
machine can produce torque according to eqn. (4.7). Figure 5.17 shows a plot
of mass and deflection for a disc rotor suitable for a 5 MW wind turbine

generator, withR=4m, [ =0.96 m, B; =0.84 T.

' S

—_ 0o,
£ 100« O\ 00\
a 4,
2 75 0~ .
S So0g 4 Structural mass (kg)
g O\%\J Radial deflection (m)
o o
Q2 50 : 000 1
-E \2000 : O\
3 (\ 3%
<} 0o,

7000 1 000\/0_000

5 O\ -Oq04._/ 1

5 25 50 75 100 125
Rotor cylinder thickness (mm)

Figure 5.17. 2d optimisation for 5 MW rotor structure (R =4 m, /; = 0.96 m) with radial

deflection criterion.
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The rotor disc thickness and rotor cylinder thickness are independent
variables here. Structural mass is plotted in thin black lines. Radial deflection
equal to 10% of the airgap clearance is calculated and plotted (in thick black)
according to eqn. (5.16). The minimum mass of the structure that meets this
criterion is approximately 12 tonnes when hy, = 45 mm and f4 = 10 mm. This
would resemble the rotor shown in Fig. 5.18(a). Although this design may
satisfy the deflection (due to Maxwell stress) criterion, there are other
considerations that must be taken into account to give a practical solution.
For example, analysing the structure with a finite element solver with gravity
and the axis of the rotor tilted by 5° to the horizontal gives the axial
deflection shown in Fig. 5.18(b). The maximum axial deflection of 9.1lmm is
too large and would mean that there would be axial misalignment between
the rotor and stator (which has two discs). The next section will develop
analytical tools so that the effects of gravity can be included in the

optimisation process.

Figure 5.18. (a) Initial lightweight disc rotor structure solution (b) Axial deflection due
to gravity.
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5.4 Gravity loading

5.4.1 Introduction

The effect of gravity in the vertical direction is about two orders of
magnitude less than that of the normal loading. The deflection of a six armed
rotor with gravity is shown in Fig. 5.19. Table 5.3 compares the normal
loading, g, over a range of flux densities with the gravity loading, w, for a
range of cylinder thicknesses, h, of steel under acceleration due to gravity,

£=9.81 m/s2.

Machines with moderate flux density machine could see an increase in
loading of 5-10% when the weight of the structure and active material is

included.

For example, the case 1 rotor described in section 5.1.2.1 gives a deflection of
u = 2.15x104 m due to a normal stress of g=250 kPa. The Maxwell and gravity
loadings are only coincident at the bottom of the rotor and the top of the
stator. However the normal loading model (in eqn. (5.13)) can be used to
indicate the significance of gravity. Addihg w to the loading in eqn. (5.13) for
the case 1 rotor increases the deflection By 4.96x10% m (or an extra 2% of

deflection).

Unlike the normal loading, the deflection of the rotor and stator will be in the
same direction, so if they have the similar stiffness, then the relative
deflection will approach 0. It is for this reascu that the effect of the major

component of gravity will be neglected.

B;/T | g/kPa h/mm | w/kPa
0.2 15.9 20 1.54
0.4 63.7 40 3.08
0.6 143 60 4.62
0.8 255 80 6.16
1.0 398 100 7.70

Table 5.3. Comparison of normal and gravity loading. w=hgpg;
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i
5.19. Model in finite element deflection solver of 6 armed rotor subjected to gravity
and its subsequent deflection

5.4.2 Major and minor components of gravity

Figure 5.20. Major and minor components of gravity (due to tilt angle ¢)
In wind turbines, it is common practice to incline the axis of the rotor blades

and generator by a tilt angle, ¢, so that when the wind deflects the rotor
blades, they do not strike the tower. This tilt angle is of the order 5-10°.

As a result there will be two components of gravity, both of which are shown
in Fig. 5.20. The result is typically a deflection similar to that in Fig. 5.17. The

minor component is in the (generator) axial direction. This could lead to a
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misalignment of the rotor and stator if there is a significant difference in
stiffness.

5.4.3 Minor component of gravity

In this section, deflection in the axial deflection (due to the minor component
of gravity) is modelled. The component of the gravity in this direction is
gsin(p). Circular plate theory is used to model the deflection of the rotor and
stator with disc. The armed rotor and stator will be treated using

cantilevered beams.

5.4.3.1 Rotor with disc ,

The loading is split into that due to the back iron cylinder and that due to the
disc itself and applied to a disc with a fixed inner edge (representing the
" rotor shaft) and a guided outer edge. The outer edge is treated as guided
because the back iron cylinder is relatively stiff resulting in a moment at the

outer edge.

The deflection of an annular plate with a uniform annular line load W = -
pgsin(g)(ls-t:)hy: at a radius a; (assumed to be equal to 7.,i), with the inner edge
fixed and the outer edge guided, is shown in Fig. 5.21(i) and given in [98] and

-Wa! | C,C
ya'iz_——bDl |: é G—C{l. (5.32)
5

Deflection of the same plate with a uniformly distributed pressuré w =
pgsin(p)t: between b and ai with the inner edge fixed and the outer edge
guided is shown in Fig. 5.21(ii) and given in [98] and

a? a wal
Y ™ Mrb f)l—cz +Q, B“C?, - Fﬂ Ly, (5.33)
where
—waz| C
M, = i =2 (g2 -p?)- and 5.34
b Cs |:2aiib ( ii ) L17:| ( )
Qy == (a2 ~b?). | (5.35)

2b
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The total axial deflection is ¥ = ya,i + Yajii.

l,
v

b

|
R.L v -
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/4 —b
o L 1

i) [ E:

Figure 5.21. Cross section of rotor with disc with dimensions (top). (i) Weight
component of the back iron. (ii)) Weight component of the disc.

Table 5.4 shows deflection results for the case 1-3 rotors found using finite
element analysis and also the equations (5.41) to (5.44) above. The analytical
results are between 93% and 114% of the finite element deflection.

FEA Analytical
Case 1 7.603x104m | 7.067x104m
Case 2 6.603x10*m | 6.858x10“m
Case 3 1 8.007x10°m | 9.115x105m

Table 5.4. Finite element model and analytical axial deflection results for Case 1 to 3

rotor structures.
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5.4.3.2 Stator with discs

. Figure 5.22 shows the axisymmetric cross section of half of the stator with
discs. It assumed that each of the stator discs carry the loading of half of the
stator cylinder. As with the rotor with discs, a fixed inner edge and a guided
outer edge are used. The total deflection, y, is made up of two components,
Ya,i (deflection due to the stator cylinder) and ya,i (deflection due to the disc).

These two models are shown in Fig. 5.22 (i) and (ii).

.
Y
h" ]
! |
e -
t, !
w — b
[
(i) |
. g N

(ii) [AKVVV:E |

Figure 5.22. Cross section of half of stator with disc including dimensions (top). (/)
Weight component of the back iron. (i) Weight component of the discs.

-Watl C.C :
Yai = W{—é—i - Cs] , : (5.36)
5

where W =1 pgsin(@)(/, —2t,)h, and

a? a’ wal
Yoi =M, ﬁcz +Q, ﬁcs - D" L, (5-37)

where w= pgsin(@)t, and
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—wa’| C
M, = ii 9 _(a®—-r% )-L. |, 5.38
b C8 |:2aii ( ii o,u) 17:‘ . ( )
r2.

b;
Qs :Zibﬁ(aizi— y )

(5.39)
Table 5.5 shows deflection results for the case 1-3 stators found using finite
element analysis and also the equations (5.45) to (5.48) above. The analytical .

results are between 103% and 116% of the finite element deflection.

FEA Analytical
Case 1 3.252x104m | 3.457x104m
Case2 | 4476x104m | 4.637x104m
Case3 6.655x105m | 7.732x10m

Table 5.5. Finite element model and analytical axial deflection results for Case 1 to 3

stator structures.

5.4.3.3 Rotor with arms

A cross section of the armed rotor in Fig. 5.1.(a) is shown in Fig. 5.23. An
elastic straight beam with the right end fixed (at the rotor shaft) and the left
end guided (modelling the connection to the rotor cylinder) is used to find
the axial deflection, y. This is made up of two components, that due to 1/nth
of the weight of the rotor cylinder, W (shbwn in Fig. 5.23(i)) and that due to
the weight of the rotor arm itself (represented by the u.d.l. w shown in Fig.

5.23(ii)).
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Figure 5.23. Cross section of rotor with arms including dimensions (top). (i) Weight
component of the back iron. (ij) Weight component of the arms.

These deflections components are given in eqns. (5.40) and (5.41),

wr
" 12EI°

Yai (5.40)

where W = (2R /n)pgsin(@)L.h ., I. =R —b—(h%) and I is the second

yr s

moment of area of the rotor arm, and
y i :—ii, (541)
where w=pgsin(@)4 andl; = R—b. The total axial deflection is y = ya,i + Vajii.

Table 5.6 shows deflection results for the case 1-3 rotors found using finite
element analysis and also the equations (5.40) to (5.41) above. The analytical
results are between 83% and 118% of the finite element deflection.
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FEA Analytical
Casel 5.68x10°m 4.71x10°m
Case 2 1.05%10-m 1.15x10-°m
Case 3 9.70x10°m 1.14x10°m

Table 5.6. Finite element model and analytical axial deflection resuits for Case 1to 3

armed rotor structures.

5.4.3.4 Stator with arms
A cross section of the armed stator in Fig. 5.1.(b) is shown in Fig. 5.24. The

stator arm is treated in the same way as the rotor in section 5.4.3.3 except for
a difference in loading. In the stator case there are three loads: two point
loads, W; and W (half of the beam joining the two stator arms and 1/nth of

the stator cylinder respectively) and w the u.d.l. of the stator arm weight.

|
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Figure 5.24. Cross section of stator with arms including dimensions (top). (i) Weight
component of the back iron. (i) Weight component of the arms.
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The deflection components are

_WE

= i, 5.42
Yai= 1] (542)

where W, =% pgsin(@)l.d®, I, =R—b—1d and I is the second moment of area

of the stator arm,

wW.I2
AL 5.43
Yajii 12E] (5:43)
in(o)Lh.mR .
where W, = ZSMOINTR 1 =R-b-d-1h,, and
n .
wlt
L= — i 5.44
Yaii = 4Er -

where w= pgsin(p)4dand [, =R+d-b.

Therefore the total axial deflection is y = Ya;i + Yajii + Yaii. Table 5.7 shows
deflection results for the case 1-3 rotors found using finite element analysis
and also the equations (5.42) to (5.44) above. The analytical results are
between 77% and 108% of the finite element deflection.

FEA Analytical
Case 1 8.51x106m | 6.89x10m
Case 2 1.20x105m 9.29x10m
Case 3 1.01x10°m 1.09%10-°m

Table 5.7. Finite element model and analytical axial deflection results for Case 1 to 3

armed stator structures.

5.5 Discussion

In sections 5.1 and 5.2, radial deflection due to Maxwell stress was analysed
for rotor and stator structures. In section 5.3, minimisation of structural mass
was attempted using only the design equations from section 5.1 and 5.2. It
can be seen that this produced a solution which would satisfy the deflection

criterion based on the normal component of Maxwell stress, however it does
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not produce a practical design when other forces such as gravity are
included. Section 5.4 shows that the major component of gravity is typically
very small compared to Maxwell stress, and it is noted that the deflection of
the rotor and stator would likely be similar in both magnitude and direction
and so cancel each other out. Consequently this has been neglected. The
effect of the minor component of gravity was introduced and the deflection

in the axial direction is analysed in section 5.4.

Figure 5.25 shows a plot of mass and deflection for the same rotor as that
described in Section 5.3. In this case, the axial deflection equal to 1mm is
plotted according to eqﬁs. (5.40) and (5.41) in thick grey. The minimam mass
of the structure that meets these two criteria is just over 30 tonnes whei hyr =

45 mm and ¢ = 60 mm.
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Figure 5.25. 2d optimisation for 5 MW disc rotor structure (R = 4m, /; = 0.96m) with
radial and axial deflection criteria.
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This approach can also be used for the stator with discs and for the rotor and
stator with arms. In Chapter 4, the aspect ratio was varied to see the impact
on mass. Table 5.8 shows the variation of radial and axial dimensions for a
5MW generator taken from [72]. Figures 5.26 and 5.27 show the minimum
structural mass for rotors and stators with arms and discs for a SMW
machine, found using a collection of 2d optimisation plots (similar to that

shown in Fig. 5.25).

Krad 0.02 0.06 0.12 0.28 0.96
rg/m 70 5.0 4.0 3.0 2.0
Is/m 031 1061 0.96 1.70 3.82

Table 5.8. Radial and axial dimensions for a 5 MW generator.
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Figure 5.26. Structural mass for 5 MW rotor and stator with arms for varying aspect
ratio, Kaq.
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Rotor with disc
------ Stator with discs |/

Structural Mass (1 0° kg)
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Figure 5.27. Structural mass for 5 MW rotor and stator with discs for varying aspect
ratio, K. .q-
Both Fig. 5.26 and 5.27 show the structural mass decreasing as the aspect
ratio increases. The rotor with disc is similar to results from Chapter 4 (Fig.
4.16) although the stator structural mass for a stator with arms has a different
trend than that produce in Chapter 4. The main reason for this is that the
stator in this chapter is symmetric (i.e. it has arms at both ends of the stator)
whereas the stator in Chapter 4 is one-sided and is heavily affected by

gravity at long axial lengths.

The structural masses are low, for what would be between 4 and 14 m
diameter machines. At the very least this is due to the generous (and
probably not very realistic) axial deflection that has been allowed. During
assembly or positioning, the generator axis will probably pass through a tilt
angle of 90°. The axial deflection then would be 5-10 times the value when in
its final position, which would be too much. Choosing a stricter axial
deflection criteria lifts the gi'ey line in Fig. 5.25, and hence the structural mass

for both the rotor and stator (with discs and arms).
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5.6 Conclusions

In this chapter, analytical design tools for radial-flux generator rotor and
strucfures have been introduced, verified with finite element analysis and
finally applied in simple mass minimisations. Four general structures have
been analysed: rotor with disc, rotor with arms, stator with discs and stator
with arms. The radial deflection due to the normal component of Maxwell
stress and the axial deflection due to gravity can now be found quickly for a

wide range of dimensions and materials.
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Chapter 6

Comparison of generator
topologies

6.1 Introduction |
NUMBER of studies have compared different generator topologies for
A direct-drive renewable energy applications including wind turbines
[28], [38] and wave energy devices [94]. These have typicalfy compared the
torque (or force) density and cost per unit torque (or unit force) of different
prototypes for optimised designs based on active mass (iron, copper, and
permanent magnets). However for both radial-flux and axial-flux topologies
it has been shown that the active mass is dominated by the ‘inactive’ mass
(two thirds of the total mass for the radial-flux [59] and up to 90% for the
axial-flux machine in Chapter 3). The job of this inactive mass is to maintain
the small airgap clearance and to hold the active mass in position subject to
normal and shear stress in the airgap and the effect of gravity. For a fair

comparison of different topologies the inactive mass must be included.

The work in Chapters 3, 4 and 5 has produced modelling techniques that link
the electrical and magnetic design to the structural design of axial-flux and
radial-flux permanent magnet machines. This work is enhanced in this
chapter by introchicing the concept of ‘secondary deflection” and by linking

the simple radial-flux structural models to commercial designs.

In this chapter, results of optimised designs based on a generator cost and

loss cost criterion used in [93], adjusted here to include the cost of inactive
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mass, is presented. This cost criterion is calculated for a typical wind speed
profile so that the comparison includes partial load, not just the nominal full
load rating. Radial-flux permanent magnet machines and slotted axial-flux

permanent magnet machines are compared for 2, 3, and 5 MW ratings.

6.2 Methodology

6.2.1 Cost criterion for optimisation and comparison

The comparison is based on the costs and losses in a generator over 5 years
for a range of multi-MW wind turbine designs. The cost criterion, C, in € is
given by
C = Cactive + Cinactive + PE¢Ckwh ©.1)

where Cacive is the active material cost and Cinactive is the inactive material cost
(both in €), P is the period of 5 years, Eq is the annual energy losses
dissipated in the generator in kWh and Cuwn is the price of energy, taken here
as 0.10 €/kWh. This cost criterion is fair because it includes both machine
losses and cost - any additional investment in efficiency must be earned back

in P years.

6.2.2 Annual Energy Yield

The annual energy yield is found by running a wind turbine model with a
suitable wind speed distribution as used in [93]. This is modelled with a
Weibull distribution. The Weibull probability density function is defined by
two parameters, a Shape factor, k, and a scale factor, c. The probability of
seeing a wind speed, v, is

r(v,)= %(v—”) _ e—(%) : 6.1)

c

The shape and scale factor can be derived from the mean wind speed and the
standard deviation of the wind speed [68] and as such, different locations
with different wind climates will be characterised by different Weibull

curves. Figure 6.1 shows several distributions with the same scale factor (c =
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7) and varying shape factor. The curve with the sharpest peak, k = 2.5, has the

smallest wind speed variation.

0.14 T T —

042} ] T k=18

0.1 — k=25

0.08

0061

Probability denslity

004

002

0 25

0 5 10 i
Wind speed, m/s

Figure 6.1. Weibull probability distribution curves with same scale factor but different
shape factors.

The actual wind distribution is modelled ‘using an average wind speed of 7

m/s (parameters in Table 6.1) and is shown in Fig. 6.2.

The shaft power, P delivered to the generator is given by

P= %paircp (/1’ 6)1[r2vv3v , (62)

where p,, is the density of air, cp is the coefficient of performance (a functior:
of the blade pitch angle § and the tip speed ratio 1), r is the turbine blade
radius and vw is the wind speed. The different machine ratings - along with
their rotor blade diameter and nominal speeds - are given in Table 6.2. The
rated rotor speed, Nnom is fixed so that the maximum tip speed of the rotor
blades is about 75 m/s - speeds above this will lead to noise problems. As
Fig. 6.3 shows, this means that as the power rating increases, the rotor blade
radius will increase and the rotational speed will fall at-each increment of
power rating. Figure 6.4 shows the rotor speed as a function of wind speed
for the 3 MW wind turbine. At rotor speeds greater than Nﬁom =16 rpm, the
blades are pitched so as to reduce the coefficient of performance and hence

the power does not increase further.
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Figure 6.2. Weibull distribution with a 7 m/s average wind speed
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Figure 6.3 Rotor blade radius, tip speed and rotational speed against power rafing.
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Figure 6.4 Rotor speed as a function of wind speed for the 3 MW wind turbine

“Optimun tip speed Tatio, A 8 -
Maxiam aex“od}-'namic efficiency, ¢, 0.48
Rated wind speed. Vo s (0278) ’ 12
Weibull scale parameter 7.9
Weibull shape parameter 2
Mass density of air, pa (kgrm®) 1.225

Table 6.1. Wind and turbine characteristics
Rated grid power, Pom (MW) ' 2 3 b
Rotor diameter., 2r {m) 75 90 116

- Rated speed, Ny (rpm) 19.5 16 12.5

Rated torgue. 7 (MNm) 0.98 1.8 3.8

Table 6.2. Wind turbine ratings

6.2.3 Active Modelling
The modelling of the active part of these machines is based on [93] and the

reader is referred there for a detailed explanation of the PM synchronous

modelling used here. The key equations are reproduced in Appendix B.

In all machines the airgap clearance, c is kept as 1/1000t of the airgap
diameter, dg (as used by Grauers in his thesis [53]). The number of poles is
changed with the airgap radius so that the same pole pitch and stator teeth
layout (taken from [93]) is used in each case. The thickness of permanent

magnets is varied so as to produce the same airgap flux density, B; = 0.84 T.
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The main differences for the axial-flux modelling are that (a: - 70 ) replaces I
as the active length and that the saturation at the inner radius is taken into

account (as in Dubois’ thesis [41]).

The active cost modelling is achieved by multiplying the mass of each
material by the costs in Table 6.3. Again the reader is referred to [93] and
Appendix B for de;tails of the loss mocielling which leads to the annual
dissipation (in Figs. 6.5 (a) and (b) for example) and the calculation of Eg, the

annual energy lost in the electrical generator.

Structuraf steel cost (Ekg) 3

Laminations cost (€kg) 3

Copper cost (€kg) I3
28

Permanent magnet cost (€'kg)

Table 6.3. Cost modelling
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Figure 6.5. Active modelling examples: (a) Characteristics of 2 MW radial-flux PM generator with r; = 2.5m and /; = 0.63m and (b)
Characteristics of 3 MW axial-flux PM generator with a, = 3.1m and k, = 0.7.
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6.2.4 Structural Modelling

6.2.4.1 Normal stress

The largest force acting on the rotor and stator is the normal stress, g, which

is found by

2
Bg

q =
Ao 6.3)

where Bg is the airgap flux density and 11, is the permeability of free space.
The normal stress is usually an order of magnitude greater than that of the
shear stress - consequently shear stress is neglected .in this analysis. For both
the radial-flux and the axial-flux cases the machine structure will be adjusted

so that the total deflection into the airgap is 10% of the airgap clearance.

Normally the magnets that px:ovide the flux density only cover part of each
pole pitch. To simplify the analysis eqn. (6.3) is multiplied by kmag, the ratio
of maghet width to pole pitch, and the normal stress is assumed to act
uniformly over the entire rotor area (and thus the total force on the disc is

conserved).

6.2.4.2 Radial-flux machines

The structure used for the radial-flux machines is shown in Fig. 6.7 and is
described in detail in Chapter 4. This is based on generator structural designs
described in [20] and [59] and is similar to that of the Enercon E70 wind

turbine generator (shown in Fig. 6.6).
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Figure 6.6. Enercon E70 generator

Here the machine structure is made up of an inner rotor (which can be
thought of as a short cylinder wrapped around a circular disc) and an outer

stator (a cylinder held by a “spider’ of 6 support arms).

Figure 6.7. Radial-flux machine structure. Stator (left) and rotor (right).

A polynomial method - as outlined in Chapter 4 - is first used to find the
structural dimensions (and estimate the minimum mass) that will give the
permissible airgap deflection. Following this a number of finite element runs
are performed to verify that the polynomial method has worked and refine
the structural design so that the design with the minimum structural mass is
found. The form of the cubic polynomial to find the deflection (in either the

rotor or the stator) is given in eqn. (6.4),
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5 5 5
Urptia = Zzzai,j,kxixjxk . (6.4)

i=0 j=i k=j

where xn are given in Chapter 4.

!
Figure 6.8. Commercial generator structures: (a) Stator ‘E’ (b) Stator ‘Z’ (c) Rotor ‘E’
and (d) Rotor ‘Z'.

The stator model (Fig. 6.7) uses solid rather than hollow spider arms which is
likely to lead to an overestimation of the inactive mass. A number of finite
element models of commercial generator structures (shown in Fig. 6.8) were
analysed and compared to the models used here. Table 6.4 shows relative
deflections for an airgap radius of 2 m, with an aspect ratio, Kraa = 0.3.
Generator ‘E’ is more similar to the model shown in Fig. 6.7 and is likely to
display the same response to normal stress and gravity. Consequently this

leads to a correction factor ast = 0.5 to find the structural mass of the stator,
m,  =o.m (6.5)

sir,st str,st,pm *

Model | Generator ‘E’ Generator ‘Z’
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Rotor relative deflection, urer | 1 ~1 ~2

Stator relative deflection, ure | 1 ~1h ~15

Table 6.4. Relative deflection of rotor and stator for generators ‘E’ and ‘Z’

6.2.4.3 Axial-flux machines
In the case of the axial-flux machine the airgap deflection, u, can be found by

using circular plate theory where the normal stress is applied between the
inner and outer radii, o and 4. The deflection of the rotor (Fig. 6.9) is found

using eqn. (3.2).

! A Stress, q

Figure 6.9. Axial-flux machine structure. (a) iIsometric view (b) Side view (Light grey =
laminations and windings; black = permanent magnets; dark grey = structures)
(c) Rotor disc model

6.2.4.4 Secondary deflection

In both the radial-flux and axial-flux cases when the rotor and stator deflect
and the airgap closes, there will be further (secondary) deflection because the

airgap flux density will increz se.

Secondary deflection modelling process

The deflection closes the airgap giving a new clearance of ¢z = ¢1 - u. Flux
density in the airgap for the axial-flux machine is given by eqn. (6.7)
according to [113],

h
=B m ; 6.
S TR FR ) i

147



Chapter 6 Comparison of generator topologies

where hn is the magnet thickness, ty is the (slotless) winding thickness, B: is

the magnet remanence and u: is the magnet recoil permeability.

Machine design, initial
airgap clearance ¢,

11,7 £y, )

ls 072 Y Airgap has
closed
N
-].‘\ ‘.‘f_ ( . lF?u. Y Deflection
(Lo within.5%) has converged

Figure 6.10. Process for iterative calculation for rotor deflection for axial-flux machine
with slotless winding

A similar expression for the airgap flux density in a surface-mounted

permanent magnet radial-flux machine is given in eqn. (6.8) [114],

h
B =B —=2 6.8
N ey 68)

It follows that for both machine types Bg is a function of the airgap clearance

c. As the airgap clearance reduces, so the normal stress g across the airgap

increases. This is likely to cause further deflection.
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To see whether this is the case an iterative calculation can be performed. The
calculation process for the axial-flux case with winding in the airgap is
shown in Fig. 6.10; a similar process can also be identified for the radial-flux

machine by substituting eqn. (6.8) for (6.7).

Axial-flux rotor disc results

In the case of the axial-flux machine the rotor disc (which is the heaviest part)
will be examined. Fig. 6.11 shows that a 2.5 MW design (with rotor disc
thickness ;) for a deflection of 25% of the airgap actually gives a final
deflection of 47% (cfnal / c1 = 53% in Table 6.5) because of subsequent
deflection. It is necessary to increase the disc thickness by 11% ’(tr,adj [ b=

111% in Table 6.5), so that the design deflection can be achieved.

The reason for this secondary deflection can be clearly seen in Fig. 6.12. This
shows the airgap stress increasing as the iterations advance (and the airgap
clearance reduces). This example is for a 2.5 MW machine; Table 6.5 shows
the results for a range of machine sizes (taken from designs in Chapter 3). For
the larger machines, the extra mass needed to minimise the deflection can

add up to 10% to the total machine mass.
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Figure 6.11. Deflection of 2.5 MW axial-flux rotor disc
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Normal stress in airgap, Pa
w

1 5 10 15 20 25
Iteration number

Figure 6.12. Airgap stress of 2.5 MW axial-flux rotor disc

Power, kW | cfinat/ c1, % | tradj/ te, %
100 72 107
500 63 109
1000 59 110
2500 53 111
5000 airgap closes 112

Table 6.5. Airgap clearance and adjusted rotor disc thickness

Radial-flux results

Design deflection

Airgap clearance, m
N
w

1 5 10 15
Iteration number
Figure 6.13. Deflection of 1.6 MW radial-flux stator structure

In the case of the 1.6 MW radial-flux machine stator, the support arm
thickness must be increased by 11% (Fig. 6.13) in order to produce the
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desired deflection. Because the stator inactive mass tends to dominate, this

leads to an increase in total mass of about 5%.

6.2.5 Geometric ratios

One of the fundamental questions that a wind turbine generator designer .
faces is what shape of machine should be used. Which is better: a radial-flux
machine which is axially short and large in diameter (such as the 6 MW E112
which is reported to have a 12m diameter [32]) or a machine which is longer
in the axial direction but has a smaller diameter? The shape of a ra.dial-f_lux
machine is described by the aspect ratio, K:ad, the ratio of axial length, ls,‘ to
airgap diameter, dg = ng o —

)
Kiad= 2:_
g, 6.9)

For the axial-flux machines the equivalent to this aspect ratio is k, the ratio of

inner to outer radii, a: and ro
k. ==. - (6.10)

In reality, these aspect ratios will be chosen as part of the overall wind
turbine design. For example, the outer radius of the generator may be

constrained by the nacelle design or transport requirements.

In this chapter, geometric ratios will be varied and used as the basis for the
optimisation along with the cost criterion, C. The two ratios are illustrated in

Fig. 6.14.
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Figure 6.14. (a) Radial-flux and (b) axial-flux rotors showing dimensions important for

geometric ratios.
A2 MW machiné that has a rated rotor speed Nnom = 19.5 rpm must develop
a peak torque of at least 980 kNm. If the airgap force, F, is developed over the
airgap surface area, A, by a shear stress, o, then the torque is proportional to
the rotor volume, V;, as shown in eqn.'(6..7). The same rotor volume can be

produced by different combinations of Krad and rg as in eqn. (6.8).

T=Fr,
= 0A?,
=2mor’l ©1D
g's
=20V,
V,=2nK_,r (6.12)

In the case of the axial-flux machine if the same shear stress, g, is developed
between the inner and outer radii, ro and a:, then the torque is
T =2no [ R*R

=ino@ -r7) . (6.13)

The geometric ratios and their corresponding dimensions are shown in Table

6.4 for the radial-flux machines and in Table 6.5 for the axial-flux machines.
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MW Ko 0.07 0.13 0.25 0.58 1.97
re(m)  3.00 2.30 2.00 1.50 1.00
I, (m) 0.44 0.63 0.98 175 3.93
MW Kiaa 0.08 0.15 0.23 0.43 1.06
re(m) 330 3.00 2.50 2.00 1.50
1, (m) 0.59 0.80 1.15 1.79 3.19
SMW Kona 0.02 0.06 012 0.28 0.96
r(m)  7.00 5.00 4.00 2.00 2.00
. (m) 0.31 0.61 0.96 L.70 382

Table 6.6. Radial-flux machine dimensions.

ke 05 055 06 07 08 09 09
2MW g (m) 231 234 239 254 280 341 422
ro(m) 115 129 1.60 1.78 224 3.07 4.01
3MW g (m) 282 286 292 310 342 416 5.16
rd (m) 141 157 175 217 274 3.75 490
SMW a4, (m) 363 368 376 399 440 536 6.64

ro(m) 181 203 226 279 352 482 6.30
Table 6.7. Axial-flux machine dimensions.

6.3 Results

6.3.1 Radial-flux machines

6.3.1.1 Mass comparison

Inactive mass

The minimum inactive mass for all three machine ratings is in the range Krad
= 0.25 - 0.3. Figure 6.15 shows the inactive mass for the 5 MW radial-flux
machine. The rotor inactive mass, Min,, is proportional (in the first order) to
the area of the circular disc (which joins the cylinder to the shaft) and
therefore to 7g2. As Krad approaches 0 the airgap radius increases steeply and
so too does minr, dominating the total inactive mass. In the case of the stator
the inactive mass, min,st, is approximately proportional to the airgap radius rg,
(because the spider arms double in length when airgap radius doubles),
hence there is a gentler increase in Mminst as Krad — 0. Above Krad = 0.3 Minst
starts to increase. This is because the axial length is increasing so that the

centre of mass moves further away from the support arms. The turning
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moment effect of the stator weight increases approximately with the length
of the stator length (this turning effect is shown in Fig. 6.16). This is
compounded by the fact that as Kraq increases the airgap clearance, c, reduces
and the permissible deflection is decreasing in magnitude (so that the
structure can only deflect by a smaller amount requiring a more rigid

structure).

Active mass

The active mass, mac, is smallest when the airgap radius is large (i.e. when
Kraa — 0). In the first approximation the active mass is proportional to the
‘surface area of the airgap. When moving from, say, Krad = 0.1 to Krad = 0.8 the -
| airgap radius, rg, will halve and the axial lengtil, Is, will quadruple in order to
give the same rotor volume, V:. The surface area, A = 2nirgls, will then double

‘and so too will the active mass. This can be seen in Fig. 6.17.

0

Mass (10° kg
8

100}

[ 6.1 23 85 1
Aspect Ratio, K rad

Figure 6.15. Stator inactive, rotor inactive and total inactive mass plotted against

aspect ratio, K.,4, for a 5 MW radial-flux machine.
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Figure 6.16. Gravity turning effect on stator.

Total mass
Figure 6.18 shows the total mass for the 2, 3, and 5 MW machines. The

minimum mass is at Krad = 0.2, 0.22, and 0.27 for the 2, 3, and 5 MW machines
respectively. The curves are shallow and quite flat between Kra = 0.1 and
Krad = 0.5. The minimum mass of the 5 MW machine is about 4 times that of
the 2 MW machine - this is roughly the same ratio of the peak torque: 980
kNm to 3.84 MNm.

300} s Inactive

Mass (10° kg)

0 0.1 0.3 0.5 1
’ Aspect Ratio, K rad

Figure 6.17. Inactive, active and total mass plotted against aspect ratio, K.,q for a SMW

radial-flux machine.
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Mass (10° kg)

bl o1 82 85

Aspect ratio, Km 4

Figure 6.18. Total mass for 2, 3 and 5 MW radial-flux machines plotted against aspect

ratio, K .-
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Figure 6.19. Cost criterion, C, for 2 MW radial-flux machine against aspect ratio, K:.q,

calculated with the active mass only and total mass.
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Figure 6.20. Cost criterion, C, for 5 MW radial-flux machine against aspect ratio, K:.q,

calculated with the active mass only and total mass.
6.3.1.2 Cost criterion )
Figures 6.19 and 6.20 show the cost criterion, C, plotted against the aspect

ratio, Krad for 2 and 5 MW designs calculated with only the active mass and

then with the total mass. Considering the active mass only case first, in both
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cases the cost criterion decreases as Krad approaches 0. This is due to the
decrease in active mass as seen in Fig. 6.17. Based on only the cost of the
active mass the machine designer would choose a design with a very small

Krad-

The inactive material is cheaper than the active material - as shown in Table
6.3 - and so the inclusion of the cost of the inactive mass only makes a
marginal effect when Krad > 0.3. However when Krad < 0.2 and the inactive
mass becomes dominant then the cost criterion reaches a lower limit and
then begins to increase (Flgs 6.19 and 6.20) as Krad approaches 0. For the 2, 3,

" and 5 MW machines the minimum cost criterion, C, is 2.99x105, 4. 67><105 and
8.48x10° € respectively and can be found when Krg = 0.12 - 0.13.

6.3.2 Axial-flux machines

6.3.2.1 Mass comparison

Inactive mass

The airgap deflection, u, is greatly influenced by the airgap radius. In the
case of the single stage machine (Fig. 6.21 shows the breakdown of mass for
the 2 MW design) the inactive mass increases greatly as the permanent
magnet radii ratio, kr, increases from 0.5 to 0.95. Although at larger aspect
ratios the area subjected to Maxwell stress is smaller, the mean radius is
greater and consequently according to eqn. (6.6), the plate constant, D, must
be greater. The rotor disc mass is greater than that of the stator disc and so

the former dominates the total inactive mass.
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Figure 6.21. Active, inactive and total mass for a 2 MW axial-flux machine against
. aspect ratio, k..

Active mass
In general terms the active mass falls slightly as the permanent magnet radii
ratio changes from 0.5 to 0.95, as illustrated in Fig. 6.21. At higher values of k;

the outer radius ar is larger and so the same torque can be generated with less

force (and hence a smaller surface area of active material).

Total rhass

In the case of the 2 MW machine the active mass is greater than the inactive
mass when kr < 0.76. When kr > 0.76 the inactive mass is greater than the

active mass; at kr = 0.95 the inactive mass is about 5 times the active mass.

'fhe total mass for all threé ratings is shown in Fig. 6.22. At k; = 0.5, the 5 MW
machine is 8 times the mass of the 2 MW machine; when k; = 0.95 the 5 MW
machine is 13 times heavier. The peak torque of the 5 MW machine is 4 times
that of the 2 MW machine so as the torque increases the torque density falls

because of the increasing inactive mass.
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Figure 6.22. Total mass for 2, 3, and 5 MW axial-flux machines against aspect ratio, k..

6.3.2.2 Cost criterion

Fig. 6.23 shows the cost critgrior}_, C, _c?lcylgted_ _for fc}}e 2_,0_3, and 5 MW B

machines with only the cost of the active material. The cost of the active
material peaks at kr = 0.75. Losses are maximum when k: < 0.5, they decrease
rapidly up to k = 0.7 and then more slowly up to k: = 0.95. The result is that
for each rating there is a maximum when k: < 0.5 and then a minimum when

k: = 0.95. The minimum cost criterion for the 2 MW machine is 2.32x105 €.

15

Criterion, C {10° €)

1 '
0.5 08 0.7

. 0.8 08 1
Ratio of Permanent Magnet Radii, k.

Figure 6.23. Cost criterion, C, for 2, 3, and 5 MW axial-flux machines against aspect

ratio, k,, calculaied with the active mass only.

When the inactive mass is included in the cost criterion calculation in Fig.
6.24, the curves are all shifted up (the minimum cost criterion for the 2 MW
machine is now 2.97x105 €) The minimum C is found when k; = 0.8, 0.75 and
0.7 for the 2, 3, and 5 MW machines respectively. The main difference
between Fig. 6.23 and Fig. 6.24 is that the cost criterion curves turn up as kr —
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1 in Fig. 6.24. This is because the cost of the inactive material increases

dramatically.

Double-sided machines
When kr =0.7 the 5 MW cost criterion increases from 7.05x105 € in Fig. 6.23 to

11.4x105 € when the inactive mass is included in Fig. 6.24. This shows that
the inactive mass is dominant. One way that the machine designer can try to
reduce the negative impact of this inactive mass is to use double-sided rather

than singlé—sided machines.

For example in a double-sided machine the rotor disc can carry permanent
magnets on both sides and two stators can be used (one either side of the
rotor disc) as shown in Fig. 6.25. In this way, twice the torque can be
produced with only slightly more inactive mass (although we assume here
that the active mass doubles). If the aim is to reduce the inactive mass then
the ratio of rotor discs to stator discs should be minimised. Every double-
sided design will have a smaller outer radius than the equivalent single-
sided machine and so generally there will be savings in inactive mass. The 5A
MW single-sided machine (with kr = 0.7) has an outer radius-of 3.99 m; in
comparison the double-sided machine has an outer radius of 317 m. Figure
6.26 shows the reduction in cost criterion brought about when this double-
sided design is employed. The minimum cost criterion improves from
11.4x105 € (at k: = 0.7) for the single-sided 'machine to 7.17x105 € (at kr = 0.85)
with a double-sided machine.
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Figure 6.24. Cost criterion, C, for 2, 3, and 5 MW axial-flux machines as a function of
the aspect ratio, k,, calculated with the total mass.

Figure 6.25. Double-sided axial-flux machine. Light grey = laminations and windings;
black = permanent magnets; dark grey = structures.
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Figure 6.26. Cost criterion, C, for single- and double-sided 5 MW axial-flux machines

against aspect ratio, k., calculated with the total mass.

6.4 Conclusions
A procedure for outlining a permanent magnet synchronous generator

design for a direct drive wind turbine has been presented. The importance of
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modelling both the active and inactive material has been demonstrated in
both radial-flux and axial-flux cases. The generator cost and loss cost
criterion is minimised based on Kr.a and kr. The inclusion of the structural
mass leads to significantly different design decisions. The minimum mass for
the radial-flux machine can generally be found when Krad = 0.1-0.3; the
" minimum cost criterion when Krad = 0.12-0.13. For the single-sided 5SMW
axial-flux machine the minimum cost criterion was found when k: = 0.7; this

changes to kr = 0.85 for the double-sided machine.

Although it has been possible to find the lightest machines of a particular
design, all of the machines that have been analysed in this Chépter ére large
and heavy. Inactive mass is dominant and normal stress is the major factor
influencing this inactive mass. In the next chapter, a new topology is
introduced which copes with normal stress in a different manner, with a

view to reducing the overall mass further.
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Chapter 7

Development of an air-cored generator

I N Chapter 6, conventional permanent magnet generators and their
structures were optimised. Although some mass savings can be made by
considering both the active and inactive material of 2, 3 and 5 MW rated
machines, the generators are still heavy. An-alternative approach, which is

~ used in this chapter, is to use air-cored machines.

7.1 Introduction

In [73], iron-cored axial-flux permanent magnet machines are compared with
air-cored machines. Air-cored machines have no iron in the stator. Although
they have a poorer magnetic circuit (as the effective airgap is increased) the
normal component of Maxwell stress is much reduced and so the stator
structure can be much lighter because it no longer has to be as stiff. For a
double rotor axial-flux machine the mechanical loading on the rotor discs is
smaller too. Due to the reduced shear stress (which is proportional to airgap
flux density) the air-cored machine must be larger than an iron-cored
machine which is rated for the same torque. The simple study in [73] shows
that air-cored machines are lighter for a range of power ratings (Fig. 7.1).

.
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Figure 7.1. Material mass and cost of double sided axial-flux machines [73]

A logical development of such axial-ﬂux disc machines in Fig. 7.2(a) is to
increase the rotor shaft radius, thus leading to a reduced circumferential
moment and enabling lighter discs to be used (see eqns. (3.2) to (3.6) and
Appendix A). This is illustrated in Fig. 7.2(b). Taking this further leaves a ‘C’
cross section, where the limbs carry the magnets and the stator winding is
held independently between them (Fig. 7.2(c)). A further step is to allow flux
to cross the web of the ‘C’, and to make the rotor out of modules (Fig. 7.3)
each carrying a pair of magnets. These can be handled easily and safely. If
the winding is air-cored then there is no Maxwell force on the stator or on the
rotor structure (there is a force on the facing rotor limbs of the ‘C’ core but
outside these modules there is no net force transmitted to the rotor

structure). By rotating the ‘C’ core modules by 90° a radial-flux machine can
be produced.

This new topology is introduced in [82] and in the patent [81].
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Rotor shaft

Figure 7.2. Cross section of double sided axial-flux machine: Baseline design (left);
Increasing rotor shaft means that the thickness of the rotor discs can be reduced
(middle); ‘C’ core machine with extra flux path (right)

Figure 7.3. Steel ‘C’ core module with magnets.
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This chapter explains the development of this concept. The first section
concentrates on the structural modeling of the ‘C’ core modules, so that the
‘C’ core modules can successfully maintain the correct airgap clearance. The
second section models the magnetic circuit of a radial-flux “C" core machine,
using a lumped parameter reluctance network. This is verified using a 3D
magnetic finite element software package. Finally, large scale designs are

introduced and the scaling laws of this topology are investigated.

7.2 Calculating the structural mass of a rotary ‘C’
core machine

7.2.1 Analytical models
Part of the rotating machine embodiment of the ‘C’ cored design is shown in

Fig. 7.4. This is a ‘radial-flux’ version of the C-core machine. Each C-core is
made up of three steel pieces, the top and bottom pieces either side of the

airgap.

Steel top piece

Magnets-———
T
Front disc Back disc
S o
" Steel bottom
piece
(a) (b)

Figure 7.4. Part cross section of rotary C-core machine (a); (b) Rotor module.

The bottom steel piece is screwed to the front and back disc. It is assumed
that the loading w is along the beam in the same area as the magnet, directed
upwards. The connection to the back disc is assumed to be clamped (the
middle and top steel pieces are screwed to the bottom piece) whereas the

connection to front disc is assumed to be a simple support (providing no
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moment reaction, as the deflection of the piece is likely to deflect the front

disc). The deflection model is shown in Fig. 7.5.

- —
(a) ’ w 5 A
SLLLiLbLi N

\ \
R
T

Figure 7.5. (a) Beam model of bottom steel piece. (b) and (c) show the submodels
used to give the deflection when the udl is limited to a units along the beam.

According to Roark [99], the deflection of a beam simply supported at one
end and clamped at the other, with a uniformly distributed load, udl

covering a units of the beam (as shown in Fig. 7.5(c)) is

R.x w 4
— 0 + A e =2 F o 7.1
S sy 1)
where
-w
0, =———(-a)’(+3 7.2
A=28 EII( a) (I+3a) (7.2)
and
R, =%(1—a)3(3l+a). (7.3)
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In this case, eqns. (7.1) to (7.3) are applied twice, once with =0 and w=gb and
then with a=In and with w=-gb. The two resulting values of y are then added
together to give the deflection at any point x along the beam.

a
2T
@ prITITTYY
A ! n

v LY

LT AN

<

(c) | a  ARA
i

R

af
w

Figure 7.6. (a) Beam model of top steel piece. (b) and (c) show the submodels used to
give the deflection when the udl is limited to a units along the beam.

The top steel piece is assumed to be cantilevered from the back disc, with the
loading directed down (Fig. 7.6(a)). To begin with, the arch effect is
neglected. (This is where each steel piece supports and is supported by its
adjacent neighbours, as shown in Fig. 7.7). According to Roark, the deflection

of a cantilevered beam due to a udl starting from a units from the free end is

w 4
y=y,+6,x— Akl (x—a) (7.4)

where
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Ya =%(l—a)3(3l+a) (7.5)
and
6, =E%(1 ot 7.6)

Figure 7.6. (b) and (c) show the submodels which are used to find the

deflection.

Figure 7.7. Arch effect on portion of rotor top steel pieces

Each steel piece has a trapezoidal cross section as shown in Fig. 7.8. The
second moment of area about the neutral axis is
_d® b’ +4bc+c?

o 7.
' 36 b+c v

-

g

Figure 7.8. Cross section of steel piece for calculating second moment of area
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7.2.2 Verification with finite element modelling

Figure 7.9 shows the top and bottom steel pieces for a 32 pole machine with a
mean airgap radius of 0.5 m, hm = 15 mm, Im = 200 mm, Ist = 100 mm, ¢ = 2mm,

tw =26 mm, b= 110 mm, ¢i = 104 mm, d; = 30 mm, bii = 93 mm, cii = 87 mm, di

= 30 mm. By calculation, i = 2.41x10-” m* and Ii = 2.02X10'7 m4. The normal |

stress is calculated using eqn. (3.1), with the assumption that the airgap flux

density is 0.6 T (e.g. 4 = 143.2 kPa). Figure 7.10 shows the Ansys finite

element analysis models for the steel pieces [2]. The maximum deflection into.

the airgap is given in Table 7.1.

Analytical deflection | FE deflection

Bottom piece 1.646x10°m 1.069%x10°m

Top piece 2.787x104m 2.919x104m

Table 7.1. Maximum deflection found analytically and with a finite element solver.

7.2.3 Discussion
Table 7.1 gives good agreement for the deflection. Both the analytical and

finite element models assume that each rotor module exists on its own.:

However, in the case of the top piece, there is considerable interaction
between it and its two neighbours - this is ignored by the cantilever beam
analysis. This interaction is easily modelled in the finite element solver by
adding two symmetry conditions on the long sides of the steel pieces (Fig.
7.11). A simplified appfoach to modelling this deflection is to assume that
the steel pieces are merged together into a hollow cylinder, so that eqn. (4.1)
can be used. The thickness of this cylinder is assumed to be that of the top
steel piece. This predicts a deflection of 6.71x10¢ m, whereas the finite
element model with symmetry constraints gives a deflection of 8.78x106 m.
These are two orders of magnitude less than the deflection when the module
is treated in isolation. This method will be used henceforth to model the

deflection of the upper steel pieces.
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Figure 7.9 Steel rotor module dimensions: (a) Front view and (b) Side view
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Figure 7.10 Deflection of steel rotor module parts (a) Bottom piece (b) Top piece

Figure 7.11 Symmetry conditions (‘B’ and ‘C’) on side of top steel part.
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7.3 Flux modeling in 3D using a lumped parameter
reluctance network

In this section a lumped parameter reluctance network is used to calculate
the no load flux density in the airgap. The 3D flux in the C-core module can
be visualised as two distinct flux paths (shown in Figure 7.12). The
intermodule flux path can be considered as a longitudinal radial-flux path;
the intramodule flux path can be considered as a transverse radial-flux path.
If a C-core module were to be held in isolation, then this latter path would be
the main path. When the modules are brought together into contact, the
longitudinal flux comes into play. In reality, the flux paths are not distinct,
and the flux is free to go where it pleases. The lumped parameter network (as
outlined below) allows the quick calculation of the no load airgap flux

density and a conservative prediction of saturation in the steel pieces.

Figure 7.12. C-core flux paths (a) Intermodule (longitudinal) (b) Intramodule

(transverse)

7.3.1 Analytical modelling

Figure 7.13 shows the magnetic circuit of 3 C-core modules from the front

(the curvature of the modules has been removed for simplicity) and Fig. 7.14
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shows the side view. The magnetic circuit model is made up of the following

sources, reluctances and fluxes:

Sources

The mmf of the magnets is modelled as

NI =B | (7.8)
l"l 0 p r
Reluctances

Airgap reluctance, Sag

ot A2c R
" lmwmuol '

where tw is the winding height, ¢ is the clearance between the winding

and the magnets Im is the axial length of the magnets and wm is the

average pitch of the magnets.

PM reluctance, Sem

. 14
S e P ad (7.10)
™M l

mwm,TlJ'rp'O mwm,Tl‘Lstp‘O
1d
Semp = i +—24 (7.10a)

LWty LnWaphablo

where p1; is the relative permeability of the PM material and ps is the
relative permeability of the steel. The subscripts refer to the top (T) and
bottom (B) magnefs. The second fractions in (7.10) and (7.10a) refer to

the reluctance between the steel edge and node A.

Steel reluctance, S, is the reluctance of the intramodule steel,

1+l +] 2h_+t,+2c T+l +]
m S c m w + m S C

= +- 1 . (7.11)
3d.(b te)u, 5 (b o)l pgh, 3d;(by +cugl,

e Spacer reluctance, Ssp, is the reluctance of the intermodule steel and

any airgap between modules (distance csp),

(b 4 s} .
e, o -
dilpnqn, dilp, '
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"é’ (b; +¢y) Cop
sp.B = + .
dil pnme  dil 1,

m

(7.12a)

Fluxes ,

o Itis assumed that the PM flux, @py, is the same as the flux that crosses

the airgap, @ag.
e Steel flux, @g, is the intramodule flux.
e Spacer flux, @sp, is the intermodule flux.

Node A is where Kirchoff's Current (or the magnetic flux equivalent) Law

~ can be applied:
20, + D =Dy
(Dsp = %—q)PM _%(Dt

s

(7.13)

Kirchoff’s Voltage (or mmf equivalent) Law can be applied first for loop B:
Bh

4= = (Dsp(ssp,T + Ssp,B) +2Qp\ (Spa 1 + Sems) + zq)agsag
I"I‘Opr
Bh
—;pi = %®sp(ssp,T + Ssp,B) + %—(Dag (SPM,T + SPM,B + Sag)
0r . .
= _%®st (Ssp,T + Ssp,B ) + %q)ag(SPM,T + SPM,B + Sag + % sp, T + % Ssp,B)
. : (7.14)
and then for loop C:
Bh,
2R =S, +Dyy (SPM,T + SI’M,B) + q)agsag
:": ’ (7.15)
——= %q)stsst + %q)ag (SPM Tt SPM gt Sag)
Hopr

Combining eqns. (7.13), (7.14) and (7.15) leads to the following results:

B.h, |:1:I _ { 1S4 ) +(Semr + Spms +Sa) :|{ D, i| :
MoM, 1| |- %‘(Ssp,T + SSp,B) %(SPM,T + SPM,B + Sag + % Ssp,T + %Ssp,B) ®ag
(7.16)
_ #(Sp1 * Sip8) Bh_
1S (Somr + Semp + Sag + 1551 + 1 S5p8) T 76 (Ssp1 + Sep)(Semr + Spms + Sag) Hols
_ (7.17)
_ §(Syr +Sipn) +154 B,
R S (Spmr + Spmp + Sag + spT T r Ssp,B) + %(SSP,T + Ssp,B)(SPM,T + Spmp T Sag) HoH,
(7.18)

st
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®  1S.(Semr +Spmp + Sag T 451+ 1558) + 16 (Sspr + Sep8)(Somr + Sems + Sag) Hole
(7.19)

The flux densities at no load are then found by dividing these flux values by

the minimum cross sections:

B = (Dag ; 7.20
§ Lawe” g
D,
= . 21
- 3d;(b; +c;) e
0o -
7o e W 7.22
wokd (2%

Figure 7.13. C-core (front) reluctance network

A

Figure 7.14. C-core (side) reluctance network
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o

Figure 7.16. Finite element model (Opera TOSCA) of C-core modules

Analytical method

Finite element method

Peak airgap flux density,
isolated module

052T

048 T

Peak airgap flux density,
multiple modules

058 T

056 T

Table 7.2. Comparison of analytical and finite element method
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Figure 7.17. Radial no load airgap flux density distribution across a pole pitch (Z =
20mm)
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Figure 7.18. Radial flux density distribution mid way between two facing magnets
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Figure 7.17. Radial no load airgap flux density distribution across a pole pitch (Z =
20mm)
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Figure 7.18. Radial flux density distribution mid way between two facing magnets
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7.4 Large scale design and scaling laws

In this context, scaling laws can show how - with some assumptions and
constraints — current technology will look when the power rating increases.
First the scaling laws of radial-flux permanent magnet generators are set out
and then the same is carried out for the C-core machine. Some C-core
generator designs are set out for 100 kW up to 2 MW machines to illustrate

these scaling laws, using the work in sections 7.2 and 7.3.

7.4.1 Conventional PM machine
Equation (4.7) gives the torque which is developed by a cylindrical radial-

flux type electrical generator with a radius, R, axial length, [, and shear stress,
g,
T =2nRlo . 4.7)

Assuming that there is an optimum aspect ratio, Krad, then %{ = constant. It

follows then that

T=<Ro. (7.23)
Every electrical machine has a limited shear stress (decided by electrical
loading, magnetic loading, pole layout, cooling opportunity, etc.). Assuming
that the same value of shear stress is always chosen, then eqn. (7.23) can be
restated more simply as

T <R, (7.24)
Equation (7.25) gives the mechanical power input to the generator, P, in
terms of the machine torque, T, and rotational speed, ®,

P=Tw. (7.25)
In a wind turbine, this is subject to a maximum rotor blade tip speed, such
that

7@ = constant, (7.26)

where r is the radius of the turbine rotor blades.
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The mechanical power from the rotor blades is proportional to the area
swept by the rotor blades so that,

Pocr?, (7.27)
Combining (7.26) and (7.27) and rearranging leads to the following result,

)
) / 5 (7.28)

Rearranging (7.25) and substituting eqn. (7.28) for w gives the torque, T, in

terms of power, P,

T 75—
Vot (7.29)
T o P%

Alternatively, the torque, T, can be expressed in terms of rotor blade radius,

T:

2
#
T oc—

v (7.30)
Tor’
Letting the right hand sides of eqns. (7.29) and (7.24) be equal then,
Figh . (7.31)
P« R’
This means that for a generator in a wind turbine, constrained by a
maximum tip speed and a maximum shear stress, the power converted is

proportional to the square of the generator airgap radius.

It can be assumed that there is an optimum pole layout which is relatively
independent of the generator radius. If this is the case, then the active mass is
proportional to the airgap surface area. With a constant aspect ratio, Krag,

then,

m,, < R” . (7.32)
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Combining eqgns. (7.31) and (7.32) gives a constant % ratiof. As the power

rating of the design increases then the active mass will increase accordingly.

For the inactive mass of a radial-flux machine, it can be assumed that the
inactive mass has two components, the mass of a hollow cylinder, iy,
(which represents the rotor and stator back iron) and the mass of spokes, msp

(for both the rotor and the stator).

Assuming that the airgap clearance is proportional to the airgap diameter

[53], and that the amount of permissible deflection, u, is a fixed proportion of

this clearance, then it can be said that % » is constant. Eqn. (4.1) gives the

deflection of a cylinder as
4R’
=, 4.1
v (4.1)

It can be inferred from this that q% , is constant, and that because for a

given design both the normal stress, g, and Young's Modulus, E, are

constant, then 1% ought to be constant. The thickness of the cylinder, ¢,

should increase in step with the airgap radius, R. The mass of a cylinder is

m, = 2nltRp . (7.33)
With a constant aspect ratio and a 1% ratio, the relationship can be stated

more basically as

Mg, o< R’. (7.34)

" The later assumption that the airgap clearance is proportional to the airgap radius means that to
produce the same (no load) airgap flux density at larger radii, the magnetic loading must be greater
than that at smaller radii. This in turn means that the height of the magnets will increase for the larger
airgap radii. Although the magnetically active copper and steel follows the proportionality in eqn.

Bgcu,

r g

(7.32), the mass of magnets is proportional to R*A,,, where h_ o< and ¢ o< R . This implies
m

that m,, o< R " where n > 2 and that the active power density will drop as the airgap radius and power
rating both increase.
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For the spokes, the force at the end of each one, F, is equal to the total force
on the outside of the cylinder divided by the number of spokes, nsp,

Fo2mRlg (7.35)

ng,

With constant aspect ratio, number of spokes and normal stress then,

F < RZ. ‘ (7.36)
The stress in the arms is then proportional to R%, where A is the cross
section area of the spokes. For a material with a given Young's Modulus, the

stress is proportional to the strain (which can be stated as % ) and so,

R2

7 = constant, (7.37)
or

Ao R*. (7.38)
The mass of the spokes is then

:s" : ;pspAR (7.39)

‘From eqns. (7.34) and (7.39), both elements of the structural mass follow the
same relationship to airgap radius, and so combining them, |
mg, o< R’ (7.40)
Combining eqns. (7.31) with (7.40),

L Rt Pt (7.41)

msh’

For a conventional generator directly driven in a wind turbine (as described
above), the power per unit structural mass will drop as the airgap radius
(and power) increase. Given the above assumptions and taking the active
and structural mass together one can see that the total generator power

density will fall as wind turbines increase in power rating.
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The ratio of active to structural mass comes from eqns. (7.31), (7.32) and
(7.41) and shows that structural mass becomes more dominant at higher

power ratings,

Mt . p¥ (7.42)

mStJ‘

7.4.2 C-core machine

This subsection carries out the same scaling analysis as in the previous
subsection, this time for the C-core machine. At each stage of analysis, results
from C-core machine designs are used to illustrate the scaling laws. The C-
core machine does not have an optimal aspect ratio, so instead the stack
length is assumed to be constant at all values of R in the analysis. (This is

illustrated for several axial lengths of magnets, In=0.4, 0.6, 0.8, 1.0 and 1.2 m).

Seven different power ratings are designed for: 100 kW, 250 kW, 500 kW,
750kW, 1MW, 1.5 MW and 2 MW. The rotational speed (in rpm) is taken as a
function of the power, P, such that N=24376P905 (taken by fitting wind
turbine designs from Enercon, Fuhrlander and Vestas [44],[49],[127]). Flux
density at no load is kept at Bg=0.6 T across all of the designs. The flux
density in the steel is not allowed to saturate (i.e. B«<1.4 T and Bsp<1.4 T).
Deflection éf the steel pieces is not allowed to exceed 10% of the airgap
cleafance, c. Appendix C contains more details of the 35 different machine

designs.

Equations (7.24) and (7.29) altered for the C-core machine respectively

become
T <R?, (7.43)
PocR%. (7.44)

Figure 7.19 shows the torque plotted against the airgap radius for the five
different active lengths (each with a power curve fitted). The exponents of

the curves are reproduced in Table 7.3. Similarly Fig. 7.20 gives the power

184



Chayter 7 Development of an air-cored generator

plotted against airgap radius, with the exponents used in the power curves

given in Table 7.3.
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Figure 7.19. Torque plotted against airgap radius (curves for different active lengths)
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Figure 7.20 Power plotted agéinst airgap radius (curves for different active lengths)

The active mass is counted as the copper, permanent magnet and
electromagnetically active steel. This latter component is calculated from the

minimum mass of steel in each module which does not lead to saturation.
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The active mass is proportional to the airgap surface area, so for a constant

axial length, then

m,, <R.

(7.45)

As was noted in the previous subsection, if the airgap clearance is assumed

to be proportional to the airgap radius, then to produce the same no load flux

density, the magnet thickness must increase with the airgap radius. As such

the fitted curves in Fig. 7.21 have the following form (from Table 7.3):

1.1
My < R

(7.45a)
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Figure 7.21 Active mass plotted against airgap radius (curves for different active

lengths)

For the C-Core machine with a constant axial length, the active power

density increases with radius and power rating:

P

—oc
mact
P
—_—c

m

R%

P

act

(7.46)

(7.47)

Taking eqn. (7.44a) into account modifies (7.46) and (7.47), thus
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P g '  (7.463)

mact

P o pr ‘ (7.47a)
mact

Figures 7.22 and 7.23 show that the active power density increases with the
airgap radius. The exponents of the power curve fits (Table 7.3) are close to

those in eqns. (7.46a) and (7.47a).

The main difference between the active power density for the C-core
machine and the conventional machine in the previous subsection is that a
constant aspect ratio is not employed here. It has been previously argued in
this thesis that using the same axial (active) 1éngth for all airgap radii is not
appropriate for a conventional radial-flux machine. This is because the low
aspect ratios at high power ratings would increase the need for structural
material (and total mass). The next part of the analysis looks at the power

density of structural material for the C-core machine.
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Figure 7.22 Power density (active material) plotted against airgap radius (curves for
. different active lengths)
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. Figure 7.23 Power density (active material) plotted against power (curves for different

active lengths)

Because the C-core machine is an air-cored machine, a valid approximation is
that all the structural material is in the steel in the rotor. This structural mass
can be divided into two parts according to section 7.2: the top and bottom
pieces of the C-core modules. Equation (7.1) concerns the bottom piece.
Simplifying this equation gives the deflection as

4
Uoc % : (7.48)

To simplify this further I and w can be assumed to be constant. If the pole

pitch is constant, then the number of polesp o R. If the same flux density is

used for all designs then the normal stress is constant.

W< g (7.49)
u 1 :

e 7.50
R RI (7:50)

Assuming that the airgap clearance and permitted. deflection are

proportional to the airgap radius, then

1
Io<— 7.51
= (7.51)
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A number of different cross sections can be used, the simplest (and worst) is
the trapezoid, as shown in Fig. 7.9. Appendix D shows that this cross section
has the following characteristic (when the pole pitch is constant and its depth
is increased):

Ao [ (7.52)

The mass of these steel pieces is proportional to the pole number and their
cross section, so that

m,. < RR®% o« R**, ' (7.53)

m,, o< P*% (7.54)
Figures 7.24 and 7.25 show the curves fitted for the structural mass of these
bottom steel pieces for the different designs. Equations (7.55) and (7.56) give
the power density for the structural material in the bottom pieces. These are

illustrated in Figs. 7.26 and 7.27.

P 2, .
—~ < R%, (7.55)
msh’
P |
o P4 (7.56)
mstr
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Figure 7.24 Structural mass (of bottom pieces) plotted against airgap radius (curves

for different active lengths)
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Figure 7.27 Power density (structural, bottom pieces) plotted against airgap radius
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Including the mass of the top pieces into the structural mass calculation gives
Fig. 7.28. Comparison of the power exponents from Fig. 7.25 with those in
Fig. 7.28 shows similar results.

Exponents, n
I=04m | [=0.6m | /=0.8m |[/=1.0m |!/=1.2m | Eqn. | For
mact oc Rl.l

T o< R" (743) 2.00 2.00 2.00 2.00 2.00 2
P o< R™ (744) 1.33 1.34 1.33 1.33 1.33 %
m,, o< R" (7.45) 1.14 1.11 1.10 1.09 1.09 1 1.1

P 0.18 0.22 0.23 0.25 0.24 1 0.23
——oc R (7.46) /5
mact

P 0.13 ‘1 0.17 0.18 0.19 0.18 1 0.17
——oc P" (7.47) A

act
m,, o< R" (7.53) 0.67 0.67 0.67 0.67 0.66 0.64
m,, o P" (7.54)‘ 0.50 0.50 0.50 0.50 0.49 1052

P 0.66 0.67 0.66 0.67 0.67 0.69
—— o< R" (7.55)
mst]'

P 0.50 0.50 0.50 0.50 0.51 0.56
——oc P"(7.56) |
mstr
My o o< R" 0.11 0.62 0.69 0.70 0.70
m,, & P" 0.73 0.69 0.66 0.63 0.61

Table 7.3 Exponents from analysis and curve fitting of designs

7.4.3 Large scale designs for the C-Core machine
Figure 7.29 shows the total mass of the C-core machine for different power

ratings achieved with different active lengths. The fitted curves are power
functions with exponents of the range 0.61 to 0.73. Figure 7.30 shows how the
C-core machine’s power density increases when designed with the above

assumptions.
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Figure 7.29 Generator mass plotted against power (curves for different active lengths)
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Figure 7.30 Power density plotted against power (curves for different active lengths)

7.4.4 Discussions

The lightest machines are those with low aspect ratios. These machines have

a high power density with respect to active material because of the large
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radius and also high power density with respect to structural material
because of the short axial length. The large airgap radius for the machines
with low axial length could be difficult to incorporate into a reasonably sized
wind turbine nacelle. The machines with larger aspect ratios are dominated
by structural material, particularly that structural material 1n the lower steel
~ pieces in the C-cores. This part of the total mass is strongly influenced by
axial length. By using back-to-back generators, it might be possible to reduce
airgap radius without being penalised by the structural mass associated with

the larger aspect ratios.

7.5 Conclusions

This chapter sets out some of the active and inactive modeling tools for an
“air-cored machine. The topology employs a rotor with steel C-core modules
and\ permanent magnets placed either side of an airgap in which an air-cored

winding is placed.

The C-core is the main distinguishing feature of the topology and allows the
majority of structural material to also play an active role in the magnetic
circuit. Scaling laws show that it has fundafnen_tal advantages over a
conventional machine, mainly because low aspect ratios can be used w_ithout

incurring the structural mass penalties that have been seen in Chapters 4 to 6.

Further improvements can be made by optimising the pole layout (winding
thickness, pole pitch, magnet thickness and pitch), making use of other steel
cross sections (with better I/ A characteristics) and possibly by using back-to-
back machines (in a similar way to Chapter 3). However even before these
changes, it can be seen from the designs in this chapter that these are already

lighter than conventional machines.
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Chapte'r 8

Discussions and Conclusions

T HIS thesis addresses the structural analysis of low speed, high torque
electrical generators for direct drive renewable energy converters. In
this chapter, a summary of each chapter is given and then the important

themes are discussed and overall conclusions given.

8.1 Chapter summaries

Chapter 2 introduces renewable energy and the devices that are used to
convert the fluid flows into electricity. In wind turbines the main design
alternatives for the drivetrain are to use a gearbox to step up the low speed
rotation of blades for a high speed conventional electrical machine, or to use
a directly-driven generator. The latter has the advantages of being more
reliable and more efficient and so it offers wind farm operators greater
potential revenue. Unfortunately, to produce the same power as its gearbox
driven counterpart, the direct drive generator must have a large torque
rating and is thus large and heavy. While many investigators have addressed
the masé of material that is actively involved in the electrical and magnetic
circuits, less attention has been paid to the mass of material which is needed

to maintain the structural integrity of the generator.

A consistent alternative approach has been adopted in Chapters 3, 4, 5 and 6.
The airgap flux density is used as the link between the electromagnetic
models and the structural models. Airgap flux density leads to shear stress
and ultimately to the generation of voltage and electrical power. It also gives
the normal component of Maxwell stress, which is the largest force in the

electrical machine. For the structural modelling, the deflection into the airgap
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is the most critical result. For all machines, a mode 0 deflection (deflection
into the airgap, uniform across the airgap surface) is assumed. In all cases,
the worst case scenario is addressed (i.e. assembly, when there is no
balancing and cancelling out of forces). Simplified structures are used to
model the deflection and wherever possible analytical expressions model the

deflection.

Chapter 3 focuses on axial-flux machines. Rotor and stator discs are
modelled using circular plate theory, with a uniformly distributed load to
represent the normal component of Maxwell stress. These models can be
verified with finite element analysis. For these machines, the rotor disé mass
dominates the mass of structural material; this in turn dominates the total
mass. Chapter 3 includes some simple optimisations for generators (for large
wind turbines) using two dimensional plots of T/m and T, and treating
aspect ratio, outer radius and airgap flux density as the independent
variables. Different designs are shown to be best when minimising only
electromagnetically active mass and then also including structural mass too.
Multistage machines are shown to come out well when structural material is

included in the optimisation process.

As most direct-drive generators for wind turbines are of the radial-flux type,
Chapter 4 focuses on these topologies. Several different structures are used,
those that are based around a disc and those that are based on arms. Because
it can be difficult to model the deflection of the airgap deflection analytically,
a hybrid finite elemer{t and polynomial method is used in Chapter 4. This
method makes use of simple, generic structures. The essence of these
structures is reduced down to four geometric variables and a further variable
of the normal component of Maxwell stress. From a large database of discrete
designs, attempts to synthesise functions relating these variables to the
airgap deflection are made for both the rotor and stator of radial-flux

machines. This method is quick to use once the polynomials are set up. The
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disadvantage is that it can take a long time to set up, which would have to be
done each time say a different material was chosen. Minimising the total
mass of generators based upon aspect ratios generally gives the lightest
machines when the axial length is 0.12-0.13 times the airgap length. The
- (outer) stator mass dominates and the mass of the structural mass dominates

the mass of the electromagnetically active material.

Because of the problems with the method in Chapter 4, analytical methods
are used to predict airgap deflection of radial-flux machines in Chapter 5.
The deflection of armed and disc structures for both the rotor and the stator
due to the normal component of Maxwell stress is found analytically. The
deflection due to gravity in the axial direction of the structures is analysed
and verified using finite element analysis. The mass is minimised using 2
dimensional plots, with structural variables used as the x and y axes and

mass, radial deflection and axial deflection plotted.

Chapter 6 uses the work on axial-flux and radial-flux machines to optimise
generators based upon total mass and a cost criterion. This cost criterion
includes material cost - both active and structural mass - and the cost of lost
energy. This chapter assumes a wind turbine subjected to a Weibull wind
speed distribution, so that energy lost over the whole operating range - not
just the nominal load point - is found. Machines rated at 2, 3 and 5 MW are

optimised.

In Chapter 7 an air-cored topology is introduced. This uses steel C-core
modules (witﬁ two permanent magnets in each module) to produce a finite
airgap length. The module is analysed so that the deflection of the steel
module into the airgap can be predicted. A simple lumped parameter
magnetic circuit is used to find the airgap flux density. After this, generator
designs for large wind turbines are produced and the scaling laws (linking
generator mass and power density to generator power and airgap radius) are

deduced.

197



Chapter 8 , Discussions and Conclusions

8.2 Discussions and conclusions

8.2.1 The approach to the problem

The broad approach of this thesis includes three main ideas:

1. Simultaneously design the mechanical and electrical parts of these
generators, using the airgap flux density at no load (and its corollary the

normal component of Maxwell stress) to link the two.

2. Use simple structures that can represent the airgap deflection/mass

characteristics of plausible generator designs used by industry.

3. Model the deflection of these structures using analytical expressions
wherever possible. This allows quick calculations, straightforward

optimisations and the identification of scaling laws.

The author believes that this should be the strategy for any design team
trying to produce a lightweight low speed, high torque generator. It should
be first used early on at the design study stage, so that the main design

parameters can be chosen with low mass in mind.

How well do the design tools presented in this thesis realistically predict the
actual mass of these generators? In Chapter 4, the amount of deflection (as a
- proportion of the airgap clearance) was varied so that the generator mass
matched that of a commercial design. Generator material is needed for other
roles: cooling, resisting thermal strain, bearings, helping transport and
manufacturing requirements. All of these add mass and they have been
ignored in this thesis. Every model is by its nature an approximation, and in
this case it has been shown that the design tools in this thesis give a more
sensible answer (to mass minimisation problems) than when just using active
material. At least by including the structural mass it is a more realistic
prediction than just using the active material for design studies and

optimisations.
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8.2.2 Revisiting the thesis statement
In Chaptér 1, the thesis is stated as:

“If there is to be a fair comparison to find the best topology for direct
drive generators and if each topology is to be optimised for minimum

mass and cost, then the inactive mass must be included.”

Chapter 6 illustrates how a fair comparison between each topology might be
conducted, and the results show how the exclusion of the inactive mass
skews the result away from the optimum. Chapters 3, 4 and 5 show in
greater detail the impact of not including the inactive mass on efforts to find
a lighter direct-drive electrical generator. Chapter 7 shows how
incorporating structural modelling in the design process can help to find

electrical machine scaling laws. Overall, the thesis has been proved correct.

8.2.3 Contribution to knowledge

This thesis has contributed to knowledge in a number of ways. Structural
design tools for large axial-flux and radial-flux machines have been
introduced and verified. These have then been used to carry out total mass
minimisations at what would be the early stage of generator design. The
importance and dominance of inactive mass has been demonstrated. Indeed,
it has been shown that these electrical machines can be made lighter (and
more cheaply) by including this mass in the analysis. Simple magnetic and
structural design tools for an unconventional PM machine have also been
introduced. Finally, scaling laws (which show how alternatives to
conventional PM machines may be needed for future, larger direct-drive

generators) have been found.

The work in this thesis has contributed to a number of other publications:
axial-flux machine modelling in Chapter 3 in [70] and [80]; radial-flux
machine modelling in Chapter 4 in [71] and [95] and Chapter 5 in [73]; mass
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and cost comparison of machines in Chapter 6 in [72]; scaling laws for

conventional PM machines in Chapter 7 in [74].

8.2.4 Further work

* In all of the design tools, a ‘mode 0’ deflection (whereby there is a uniform
deflection into the airgap at every point along the airgép surface) has been
assumed. Tavner and Spooner has shown using equivalent stiffness for the
airgap and spokes that a ‘mode 1’ deflection is more appropriate [121]. This
is where, say, for a radial-flux machine, the rotor cylinder maintains its shape
but the centre of this cylinder moves eccentrically from the original centre.
Because the strain energy needed for this type of deflection is less, the ‘mode
0" deflection is likely to underestimate the need for structural stiffness and.
therefore structural mass. Further work should include the extension of the

structural models to ‘mode 1’ deflection.

A further question that has been skirted by this thesis is where should one
draw the line between the generator and the rest of the wind turbine? Direct
drive machines are bespoke and tend to be integrated into the hub to some
degree, rather than connected to it by a rotor shaft, as in a geared drivetrain.
In these models the latter case has been assumed. This has allowed generic
comparisons with no assumptions about the rest of the wind turbine. In
individual cases where the likely hub and generator integration is known,

then some of these design tools should be altered accordingly.

An attempt was made in Chapter 6 to link the stiffness/mass characteristics
“ of the simple structures in Chapters 3, 4 and 5 to commercial structures. It is
unclear what the optimal structures for either the axial-flux or radial-flux
machines are. Further work should investigate what structures give the best

stiffness/mass characteristics.
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Flat circular plates

Flat circular plate constants
C, =4 ()n(g)+ 52 (5 - 2)
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"Cylindrical shells

Cylindrical shell functions
F, =cosh(Ax) cos(Ax)

F, = cosh(Ax) sin(Ax) + sinh(Ax) cos(Ax)
F, = cosh(Ax) sin(Ax) — sinh(Ax) cos(Ax)
F,= cosh(/'L(x - a))_ sin(/1<x - a)) — sinh(/l(x - a}) cos(/1<x - a))

Cylindrical shell constants
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D= Et
12(1-v%)
C, =cosh(A,)sin(Al,) +sinh(A, ) cos(A,)
C, =sinh(A)sin(A/,)
€, =cosh(AL,)sin(AL) ~sinh(Al,) cos(A1,)
C,, =sinh?(Al,)—sin’(A,)
C,, = cosh(Al,)sinh(Al,) - cos(AL, ) sin(Al, )
C,, =sinh? (AL ) +sin?(AL,)
C,, = cosh(A(l, —a))cos(A(l, — a))
= cosh(*4) cos(*4)
C,, = cosh(A(l, — a))sin(A(, — a)) +sinh(A(l, — a)) cos(A(, —a))

= cosh(*4) sin(*4) +sinh(*4) cos(*4)
K, = cosh(Al)sin(Al)+ sinh(A)cos(A)
K, = sinh(A!)sin(A])
K, = cosh(A!)sin(Al)— sinh({Al)cos(Al)
K,, = sinh?(Al)—sin’(Al)
K, = cosh[A(/ — a)]cos[A(l - a)]
K, = cosh[A(! — a)]sin[A(/ — a)]—sinh[A(/ — a)]cos[A(l - a)]
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The reader is referred to [93] for full details of the active modelling of permanent

magnet synchronous generators in Chapter 5. A summary is included below.

The generator is modelled as the equivalent circuit and phasor diagrams shown in

Figure B.1.
1 R S s JXso + Xem )ls
_Q_f\/\/\limv\r\__/‘vm_
# E,

2 (E

Figure B.1. Equivalent circuit of the permanent-magnet synchronous machine and the

applied phasor diagram (taken from [93])

Figure B.2. Sketch of a cross section of four poles of a permanent magnet

synchronous generator with full pitch winding (taken from [93])

The magnetising inductance is given as

L. = 6“015rs(ksz)2
sm 3 s
P&

(B.1)
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where /; is the stack length in the axial distance, r is the stator radius, N is the .
number of turns of the phase winding, &, is the winding factor, p is the number of
pole pairs and g is the effective airgap. For the permanent magnet machine,

8eff = ksatszgl : ’ (B.2)

The Carter factor for the stator slots is given by

T,
ke = s, (B.3)
< s — &1V
h
g =g+ lm B.4)
R
e b b )’
y=—= ﬂ—arctan[ = ]—log 1+(—&J , ®.5)
r| 2% 28, 28

where 7; is the slot pitch and by, is the slot opening width.
The factor representing the reluctance of the iron in the magnetic circuit is

1
Hggeff

kow=1+

[ B.6)

sat

where Hf. is the magnetic field intensity in the iron, taken from the BH curve. The

leakage inductance is made up of slot, end winding and airgap components:

Ly = Lsos + Lso,, + Lso, ‘ B.7)
2 p—
Ly, - 20l N (h 0.004 0.004J B.8)
rq 3b, bso
HoN5> (2 )
o, = _p——1.2 27, +0.01 (B.9)
5(g+hy)

L - 2“015N52 bso (BlO)

SOg rq 54 4(gb+ hm ) ’

50

where g is the number if slots per pole per phase and 7, is the pole pitch.

The flux density above a magnet in the airgap of a permanent magnet machine is
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B, = fm_p ‘ (B.11)
Hr 8etf

Using Fourier analysis, the fundamental space harmonic of this flux density is

A Tib
B, =B, isin[—f’] : , (B.12)
T 27,

where B; is the remanent flux density of the magnets and b, is the width of the

~magnets.

The no load voltage in stator winding is

E, =v2k, N @,rlB,, (B.13)

where wp, is the mechanical angular speed of the rotor. The phase resistance is

l u
R, =%“C—:— , (B.14)
where
lca =N, (20, +47, ), (B.15)
ACu - quﬁll\lfsavhs , ) (816)

s

where kgy, the fill factor is 60%, bs,y is the average slot width and 4 is the slot

height.

Specific iron losses are

A N2 2/~ N2

fe BFe fe BFe
P.. =2P, Ze | —re 2P, AN - 17
Fe FeOh[fo J[ B, } + FeOe(fO] (Bo J B.17)

where /. is the frequency of the field in the iron. Preon is the hysteresis loss per unit

mass of laminations and Pk is the eddy current loss per unit mass of laminations at
frequency fy and flux density By. (Preon = 2 W/kg and Pgege = 0.5 W/kg for fo =50 Hz

and Bp=15T).




Appendix B

In the slotted axial-flux machine, / is be replaced by (7,-7;). The calculation of the
slotted machine no load voltage is based on the idea that flux density is limited to a

certain value in the areas that saturation happens.

ki sat 1s the ratio of the saturation radius to outer radius,

maqb, B
kr,sat > 4% FsatB g (B.18)
Tpo Bpesat = 4

where By is the saturation flux density of the iron.

If the teeth at the inner radius saturate but the teeth at the outer radius do not saturate

(such as in Fig. B.3) then By in eqn. (B.13) is replaced by

ApoBg * (Api 3 mq(rlokr,sat —ti )bs )BFesat

. (B.19)
Ap
where 4, is the area of one pole and
k 2
Ap, = p(kr ;tj - (B.20)
Ay=A,-ApL,. (B.21)

Wide teeth —
no saturation

Narrow teeth -
saturation

Figure B.3. Slotted axial-flux permanent magnet machine with saturation in teeth at

inner radius and no saturation in outer teeth (taken from [41])
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Appendix C

I/m 0.4 0.6 0.8 1.0 1.2
Ry/m 052.° 043 . 037 033 .03
Poles 40 32 28 24 24
Coils 30 24 21 18 18
hy/m 0.015 0.015 0.015 0.015 0.015
hy/m 0.025 0.025 0.025 0.025 0.025
my/kg 107 122 136 145 155
mpy/kg 259 321 368 411 448
my/kg 1892 2910 4093 5516 7383
my/kg 2258 3352 4595 6072 7985
Table C.1 100 kW, 77 rpm
I,/m 0.4 0.6 0.8 1.0 1.2
R,/m 1.04 085 074 066 0.60
Poles 80 64 56 52 44
Coils 60 48 42 39 33
hy/m 0.016 0.016 0.015 0.015 0.015
hy/m 0.025 0.025 0.025 0.025 0.025
my/kg 214 241 267 289 310
mpwkg 535 656 737 821 896
my/kg 3530 5113 7076 9397 12025
my/kg 4279 6010 8080 10508 13230
Table C.2 250 kW, 49 rpm
Iy/m 0.4 0.6 0.8 1.0 12
Ry/m 1.75 143 1.24 1.11 1.01
Poles 132 108 96 84 76
Coils 99 81 72 63 57
hy/m 0.017 0.017 0.016 0.016 0.016
hy/m 0.025 0.025 0.025 0.025 0.025
my/kg 360 405 447 487 521 -
mpy/kg 987 1174 1316 1473 1558
my/kg 5668 8076 10960 14327 17984
my/kg 7015 9684 12723 16287 20063
Table C.3 500 kW, 34.5 rpm
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I/m 0.4 0.6 0.8 1.0 12
Ry/m 237 194 1.68 1.5 1.37
Poles 180 148 128 112 104
Coils 135 111 96 84 78
hy/m 0.019 0.018 0.017 0.017 0.017
h,/m 0.025 0.025 0.025 0.025 0.025
my/kg 488 550 606 658 707
mpy/kg 1454 1689 1895 2053 2250
my/kg 7539 10611 14161 18274 23086
my/kg 9481 12850 16662 20984 26042
Table C.3 750 kW, 28.1 rpm
I/m 0.4 0.6 0.8 1.0 1.2
Ry/m 2.94 2.40 2.08 1.86 1.70
Poles 224 184 160 140 132
Coils 168 138 120 105 99
hy,/m 0.020 0.019 0.018 0.018 0.017
hy/m 0.025 0.025 0.025 0.025 0.025
m./kg 605 680 751 815 877
mpy/kg 1902 2210 2484 2700 2876
my/kg 9186 12814 17050 21856 27478
my/kg 11693 15703 20285 25371 31232
Table C.5 1000 kW, 24.4 rpm
I,/m 0.4 0.6 0.8 1.0 1.2
R, /m 3.99 3.26 2.82 2.52 23
Poles 304 248 212 192 176
Coils 228 186 159 144 132
hy,/m 0.022 0.020 0.020 0.019 0.018
hy,/m 0.025 0.025 0.025 0.025 0.025
m./kg 821 923 1018 1105 1187
mpy/kg 2846 3245 3647 3867 4120
mgy/kg 12259 16850 22148 28170 35214
my/kg 15926 21018 26814 33142 40521

Table C.6 1500 kW, 19.9 rpm
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In/m 0.4 0.6 0.8 1.0 12

R/m 495 405 = 3.50 3.13 2.86
Poles 376 308 268 240 220
Coils 282 231 201 180 165

hy/m 0.024 0.022 0.021 0.020 0.020
h,/m 0.025 0.025 0.025 0.025 0.025

my/kg 1018 1147 1263 1372 1476
mpy/kg 3859 4333 4761 5192 5550
my/kg 15102 20602 26897 34103 42330
me/kg 19979 26082 32921 40667 49356

Table C.7 2000 kW, 17.2 rpm
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Appendix D
_£b2+4bc+c2
'3  b+c
A=1d(b+c)

(D.1)

(D.2)

The pole pitch and c are kept constant, but the depth, d is varied according to

d =0.05n (D.3)
n 1 2 3 4 5 6 7 8
c¢/m  0.0875 0.0875 0.0875 0.0875 0.0875 0.0875 0.0875 0.0875
b/m  0.0962 0.101 0.105 0.109 0.114 0.118 0.122 0.127
dm  0.05 0.075 0.1 0.125 0.15 0.17 0.2 0.225

A/m’ 00046 00071 0.0096

0.0123 0.0151 0.0180 0.0210 0.0241

Ilm*  9.56x10"  3.30x10° 8.00x10°

1.60x10°  2.81x10° 4.56x10° 6.93x10° 1.01x10™

Table D.1. Dimensions, area and second moment of area of trapezoids

Figure D.1. Cross section of steel piece for calculating second moment of area

0.030

0.025

y= o.saaax"-”’“/’/

0.020 /
0.015 +—

Area (m?)

~

0.010 /
0.005

0.000

0.00E+00 2.00E-05

4.00E-05 6.00E-05 8.00E-05 1.00E-04 1.20E-04
Second moment of area {m“.m?)

Figure D.2. Results from Table D.1. fitted with power trendline to find Ao [°
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