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Abstract:

The evolution, design and test results of a noeetanent
magnet generator for use in direct-drive wind toesi are
presented. The novelty in the concept lies in the
arrangement of electromagnetically active compaent
magnets, steel and copper — such that the striich&rss
can be reduced. It has also been designed sucluhiag

the assembly of large diameter permanent magnetinmes
there are no magnetic forces to worry about.

Keywords:  Direct-drive,

generator

permanent magnet

1 Introduction

As wind turbine unit rating increases there hasnbae
increasing number of gearbox failures [1]. Henocerehis
more interest in direct-drive  systems amongst
manufacturers, but the mass of such generators is a
significant issue. Work presented at EWEC 2007 hy t
authors showed that the structural mass of a diléet
generator can be in excess of 80% of the total rfgss
This structural mass is required to overcome thgnatc
attraction force between the stationary and moypiags of
the generator (Figure 1). This attraction forca i®esult of
the normal component of Maxwell stress. It can Beirhes
the torque producing shear stress (Figure 1 andriz.
airgap clearance between the rotor and stator rbast
maintained; otherwise the generator can be damaged.

A successful directly-driven generator will be akle
produce a moderate to high shear stress while rlgga
negating the effect of the magnetic attractionthis paper
the authors present a new topology which has thengial
to meet that challenge, without having to resorexotic
structural or magnetic materials such as superainchi

The innovative step in this new concept has beetake
the active materials in the machine — copper, magaed
steel — and change their relative positions to mise the
effects of the normal force. The result is a maehin
which the structure only has to support the masshef
active components, leading to a reduction in totabs in
the region of 55% compared to conventional permanen
magnet (PM) machines.
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Figure 1: Section of a conventional permanent
magnet generator showir(g) Shear stress an(d)
Normal component of Maxwell stress
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The paper will show the benefits of the new concept
compared to conventional machines by describing its
evolution using the conventional surface mounted PM
machines as a reference. Electrical and mechadéasn
tools developed have been used to demonstrate the
potential for mass reduction.

In order to demonstrate the potential benefitshig hew
generator concept, design results will be presetutesthow

a reduction in mass, whilst maintaining high eéffitty at

all loads. Experimental results of a 20kW, 100rpm
prototype will be presented to verify the expected
performance. In addition there will be a descriptaf the
build stage of the prototype to demonstrate thesfitsnfor
assembly.



2 A new air-cored machine

2.1 Introduction

The new machine is an air-cored design. Air-cored
machines do not have iron in the stator and setisdittle
attraction between the rotor and stator. One exaropla
direct-drive air-cored generator in a wind turbisegiven

in [3].

In two-sided axial-flux air-cored machines, the tradors
have an attraction for each other. Because thepiitga
density,B is lower than for an iron-cored machine, then the
shear stress; is lower as shown by equation (1),

o =BK, (1)
whereK is the electrical loading [4].

In order to produce the same torque,the axial-flux
machine outer radius, must increase to accommodate the
lower shear stress because

T =2m[" RdR= 201 [1-K?). @

wherek; is the ratio of inner to outer radii. The increase
machine radius (when moving from iron-cored tocaired
designs) can cancel out the reductions in structuess

2.

The company Evolving Generation has proposed an
ironless radial-flux generator which has no airgsgsing
force [4]. This is due to using an ironless outats. The
generator has a very large radiBsand this is held in place
by a lightweight spoked structure. The ironlesstosta
produces a large effective airgap, meaning that flilne
density and shear stress are small. Such a largapai
radius is needed because of the low shear strgssitiBn

(3) is the radial-flux equivalent of equation ()herel is

the axial length,

T=2moR?l . (3)

In [2], iron-cored axial-flux permanent magnet maels
were compared with air-cored machines. The simpidys
showed that air-cored machines have the poterdidet
lighter for a range of power ratings.

2.2 Development of a ‘C’ core machine

A logical development of such axial-flux disc maws (as
shown in Figure 3) is to increase the rotor shattius.

Because the airgap normal forces act near to tratigumof
the shaft and the discs, the discs can be madeethamd
therefore lighter. This is illustrated in FigurebB(Taking
this further leaves a ‘C’ cross section, where tineb$
carry the magnets and the stator winding is held
independently between them (Figure 3(c)). A furtstep is
to allow flux to cross the web of the ‘C’, and to kaahe
rotor out of modules (Figure 4) each carrying ar i
magnets. By rotating the ‘C’ core modules by @0adial-
flux machine can be produced (Figure 3(d)). By iasieg
the axial length, the radial-flux generator’s tceqrating
can be increased without increasing the outer dimme

This new topology is introduced in [5] and the patis in
[6].

2.2.1 Finite airgap length

This topology has a number of advantages over iegist
ironless designs. A radial-flux ironless permaneignet
machine has a very large effective airgap. This ¢Gte
machine, however, has a finite airgap length antigber
flux densities and shear stress values are possible
corollary of this is that less permanent magnetent is
needed to produce the same flux density, so thgrdesll
be cheaper.

This machine also has the advantage that therdware
main flux paths (longitudinal and transversal asvah in
Figure 4) not just the one. Given that the amouft o
magnetically active steel is dependent on its radnration,
this should be a lighter machine than the axiat-fluo disc
machine.

2.2.2 Combination of active and inactive material

The new topology is structurally superior to amuared
machine. In a conventional radial-flux machine, thee
airgap normal forces can act at distances of sewertes
from the points where these forces can be reagathst
(Figure 5(a)). This implies that the rotor and atat
structures must be stiff, large and heavy. By cehtthe
new machine has no forces on the stator. Althohghwo
limbs of the ‘C’ core are attracted to each othee, niormal
stresses are reacted at points within the ‘C’ coctose to
their point of application (Figure 5(b)). This tdpgy
means that the steel in the ‘C’ core fulfills botttiee and
inactive roles.
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Figure 5: (a) Conventional permanent magnet radial-flux genaradbowing normal forces and their impact on all
of the stator and rotor structurgb) ‘C’ core machine, showing how normal componeri¥lakwell stress is
isolated within the ‘C’ core and does not affea totor structure



3 Prototype build

A 20kW, 100rpm generator was designed at the Usityer

of Edinburgh and built by Fountain Design Ltd. [This
section describes the build process and highlights
topology’s manufacturing advantages.

The rotor of the prototype ‘C’ core machine was mage

of 32 modules, each module carrying a pair of peena
magnets similarly orientated. In this small machihe ‘C’

core module was assembled from three trapezoigaepi

of mild steel, with the magnets being slid onto theer

and outer pieces. For larger machines the magoetd be
glued in place in an unmagnetised state and then
magnetised in situ. This would ease the problems of
handling very large magnets. The modularity alldarge
scale volumes to be produced cheaply and effigientl

Once a module is assembled it is quite benign afelte
handle, as there is relatively little leakage fuxtside the
confines of the ‘C’ core. The modules can be brought
together and fixed to a common rotor structurehlncase

of the prototype machine this is an aluminium disc.

il

Figure 6: Lowering the ‘C’ core stator to meet the
rotor is simpler and safer than for a conventioRa
machine.

The bringing together of the rotor and the statm be a
difficult and dangerous task in a conventional paTent
magnet machine because of the large magnetic titmac
forces. This is liable to pull either the rotor stator off
centre (i.e. eccentrically) and produce an unbadnc
magnetic pull, thereby closing the airgap clearaecen
further. One of the features of the ‘C’ core machiméhat
because there is no iron in the stator, there iforee of
attraction between the rotor and stator. This makes
threading of the stator winding into the rotor very
straightforward. Figure 6 shows how the statorhef hew
macine was lowered into place using an engine hoist

The stator in the prototype is made up of 24 psearde
shaped concentrated coils, clamped between twos ring
(Figure 6). The discrete nature of these coils rmehey
can be replaced relatively easily. This will bes@nificant
advantage in larger machines, as electrical fautisone of
the more common causes of failure for direct-drive
generators in wind turbines [8]. Again, it is womlbting
that the modular nature of the stator lends itselhigh
production manufacturing.

4 Results

Figure 7 shows the 20kW prototype machine on tkerig
machine at Edinburgh University. Figure 8 shows the
perfectly sinusoidal no load voltage waveform of7261z
frequency at 100 rpm. Figure 9 gives the mechan@:al
electrical efficiency of the prototype generatoepa range

of speeds for a range of loads, typical for thiz shachine.
These results show that the generator can match the
performance of conventional PM synchronous machines

5 Designs for larger machines

Conventional PM machines tend to have optimal aspect
ratios (the ratio of axial length divided by airgdigmeter)

[9]. In terms of electromagnetically active matkriess
material is needed with a small aspect ratio argklairgap
radius,R. This is because the active mass is approximately
proportional to the airgap surface areaR} whereas the
torque, according to equation (3), is proportiotalR?l.
Increasing the radius therefore increases the fapémique
(with respect to the active mass).

There are though two main limits to how small tispext
ratio can be. There is a practical limit to how thig airgap
diameter can be so that the generator can be trerdp
[10] and fit into a nacelle. The other limit is te&uctural
material: the structural mass of radial-flux maeisinis
proportional to the square of the airgap radiug @
constant axial length and for a deflection fixedrétation
to the airgap clearance) [2].

The ‘C’ core machine follows the same scaling laorstiie
active mass, but has a different law for the stmadt
material. In the ‘C’ core modules, the limbs deflito the
airgap as modelled by a cantilevered beam of lehgthd
a second moment of arekwith a uniformly distributed
load, w (a product of the normal component of Maxwell
stress and the breadth of the limb),
wl?

yU I (4)
wherey is the deflection [11]. For a fixed axial lengtidaa
trapezoidal cross section, the mass of structuiaernal
(needed to limity to a fixed proportion of the airgap
clearance)my, is related to the airgap radius thus,

m,, OR%*. (5

This means that the specific torque with respect to
structural mass also rises with increased airgdjusg12].
Figure 10 shows the generator mass based on theot€’
generator concept design for 100kW to 2MW wind



turbines. The electromagnetic design used the dmmie
pole pitch layout as the 20kW machine, with the banof
poles and coils varied proportionately to the girgadius.
The airgap clearance above and below the coil alkentas
0.1% of the airgap diameter. The magnetic flux was
modelled using a simple lumped parameter magnitiait
approach and the iron was not allowed to satuFaiethe
structural modelling, the maximum deflection of tt@&
core limbs was restricted to 10% of the airgaprelece.

Figure 10 shows the results for five different &dative
lengths. As would be expected, the designs witlactive
length of 0.4m are lightest, as both the active stnactural
mass is reduced. At larger ratings these axiallgrtsh
machines may cease to be practical because ofltrgi

airgap diameters. Even using the axially longestehis
great promise, as these designs are not yet optinfisr
minimum mass.

Table 1 gives a mass comparison of a 100kW, 72rpm
direct-drive ‘C’ core generator with a commercially
available permanent magnet generator.

| Northwind 100 | ‘C’ core design

Machine mass (kg)| 6587 | 2790
Table 1: Comparison of ‘C’ core generator mass and

published figures for the Northwind 100 machine
(100kW, 72rpm}13]

Figure 7: The 20kW, 100 rpm prototype generatoadast rig at the University of Edinburgh
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Figure 8: No load voltage at100 rpm
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6 Conclusions

A novel PM generator topology has been introduaed i
which the relative positions of the active matari@opper,
magnets and iron) have been chosen to counter the
magnetic attraction forces inherent in all ironembr
machines. As a result the structural support oak/to bear
the mass of the machine. A comparison with a cotimeal
PM rotary machine topology shows that the new togyl
rotary machine mass is reduced by over 55% forQk\a0
machine. In comparison to other air-cored PM maghin
topologies the PM material in the new topology viié
minimised, which will have a positive impact on toA
modular construction is employed in both the ratod the

References

[1] Capital Grant Scheme for Offshore Wind Annual B&p
- January 2005 - December 2005,
www.berr.gov.uk/files/file34791.pdf, last accessed
December 2007

[2] A.S. McDonald, M.A. Mueller, and H. Polinder,
“Structural mass in direct-drive permanent magtettdcal
generators,”IET Renewable Power GeneratioEWEC
2007 Special Issue

[3] J.R.Bumby and R. Martin, “Axial-flux permanent-
magnet air-cored generator for small scale wind
turbines,”IEE Proc. Electr. Power Appl 152, 5, pp.
1065-1075, 2005

[4] E. Spooner, P. Gordon, J.R. Bumby, and C.D.
French, “Lightweight ironless-stator for direct\i
wind turbines,”IEE Proc. Electr. Power Appl152, 1,
pp. 17-26, 2005

[5] M.A. Mueller, A.S. McDonald, K. Ochije, and J.
Jeffrey, “A novel lightweight permanent magnet
generator for direct drive power take off in marine
renewable converters,” iProceedings of therth
European Wave and Tidal Energy Confererieerto,
Portugal, 11-14 September 2007

[6] UK Patent UK0605298.9, filed March 2006

[71 www.fountaindesign.co.uk, last accessed

December 2007

[8] P.J. Tavner, G.J.W. van Bussel, and F. Spinato,
“Machine and Converter Reliabilites in Wind

stator, so that large scale production is possilenajor
benefit of this topology is that assembly is maidgte and
straightforward because the attractive force betwetor
and stator has been removed.

Acknowledgements

The authors would like to thank Scottish Enterprise
providing funds and the University of Edinburgh for
providing facilities for this project. The authossuld also
like to thank M. and M. Galbraith of Fountain Desigtd.
for their work on building the prototype generator.

Turbines,” inProc. 3rd IET International Conference
on Power Electronics, Machines and Drives (PEMD
2006) Dublin, Ireland, 2-6 April 2006, pp. 127-130.

[9] A.S. McDonald, M.A. Mueller and H. Polinder,

“Comparison of generator topologies for direct-driv

wind turbines including structural mass,” in
Proceedings of the International Conference on
Electrical Machines (ICEMO06) Chania, Crete, 2-5

September 2006

[10] C.J.A. Versteegh, “Low speed direct drive PM
generator for application in the Zephyros Z72 wind
turbine” inlEE Seminar on Electr. Aspects of Offshore
Renewable Energy SystemsNaREC, Blyth,
Northumberland, UK, 2004

[11] R.J. Roark, and W.C. Young, “Roark's Formulas
for Stress and Strain,” McGraw-Hill International
Editions, Singapore, 1989"@dn.

[12] A.S. McDonald, “Structural analysis of low
speed, high torque electrical generators for dideiee
renewable energy converters,” Ph.D. dissertation,
School of Engineering & Electronics, University of
Edinburghto be submitted

[13] A. Grauers, “Design of direct-driven permanent
magnet generators for wind turbines,” Ph.D
dissertation, Department of Electric Power
Engineering, Chalmers University of Technology,
Goteborg, Sweden, 1996

[14] NorthWind 100 wind turbine, www.distributed-
energy.com/wind_power/100kw.html, last accessed
December 2007



