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Abstract

A new type of air-cored permanen magnet generator —
known as the “C-GEN” — is introduced. For both

linear and rotary types this machine removes the
normal component of Maxwell stress between the
stator and the moving part of the generator. By
eliminating the magnetic attraction forces, the

assembly process is easier than for conventional
machines. The performance matches that of
conventional PM machines but has the potential to
scale up to large power levels without the need for
large supporting structures.

1. INTRODUCTION

The power take off in a wave or tidal current egerg
converter transforms the motion of the prime-mawéo
high speed rotary motion. For example in a wave@ne
converter high pressure oil hydraulics converts the
reciprocating motion into high speed rotary motion
suitable for a conventional induction generator. A
gearbox performs a similar function on a tidal euatr
turbine. Such mechanical interfaces introduce aroth
loss component reducing the overall efficiency amate
moving parts leads to potential reliability issuégarbox
failures in multi-MW wind turbines are an increagin
problem for the wind industry [1]. In a direct i
system the generator is coupled directly to thengri
mover, leading to a potentially more reliable syste
Direct drive generators are dominated by permanent
magnet (PM) technology, which exhibit high partdoa
efficiencies. The major disadvantage of direct eliisv the
physical size and weight of the generator due éoldkv
velocities involved — in a wave device at most /2end

in a tidal current generator typically 10rpm. Direltive

has been shown to be commercially viable within the
wind industry by German manufacturer Enercon, wé® u

a field wound generator rather than a PM generator.
Vensys, Harakosan and Scanwind are examples of wind
turbine manufacturers pioneering PM direct drive
generators [2-5]. In 2008, Siemens Wind Power
embarked on a trial of direct drive PM generatoys b
retrofitting two different PM machines to the 3.6MW
machine [6]. There is increasing interest in digite in

the wind sector as turbine rating increases.

The potential of direct drive in marine energy agations
has been demonstrated by various researchers al mod
scale [7-9]. A MW-scale device incorporating direc
drive has been designed and built [8] and recently
Uppsala published results of sea trials of a heplbumoy
coupled to a seabed mounted linear generator [hO].
terms of tidal current energy, Open Hydro havazagd a

direct drive rotary PM generator, in which the gamer is
mounted on the rim of the turbine [11].

In [12] a number of generator topologies are comgar
and it was concluded that the current AWS prototyps
actually best, but the comparison only includedabive
materials in the generator, namely the iron, magaed
copper that contribute directly to the generatioh o
electrical power. A significant support structure i
required to overcome the large magnetic attradiboces

in an electrical machine and hence maintain a small
airgap between the stationary and moving parts.
Analytical tools for estimating the structural magdow
speed direct drive machines described in [13] etdi¢chat

it can be in excess of 60% of the total mass todamee

the magnetic attraction forces. Air-cored machinies,
which the stationary winding is supported in a non-
magnetic material rather than iron as in more
conventional PM machines, have been proposed ag/a w
of eliminating the magnetic attraction force [14].
However, in such machines the magnetic flux eféetyi
sees an infinitely large airgap, so that the fllensity
interacting with the coils decreases rapidly frohe t
magnet surface, resulting in a poor electromagnetic
machine. In [15] the authors presented the evalubiba

PM topology incorporating a stationary air-cored
winding, but with a finite gap in which the flux gty
interacting with the coils is now constant and at
magnitudes similar to that of conventional ironezbPM
machines. Reference [16] outlines the design proeeofu
this machine.

For completeness sake the authors will provide a
summary of the principles of this machine in th@qra
and will focus on the development of two prototypas
linear and a rotary machine to demonstrate théatés

of this new generator technology.

2. CGEN - a
GENERATOR

2.1. Summary of Evolution

The C-GEN machine is an air-cored design. Air-cored
machines do not have iron in the stator and scetier
little attraction between the rotor and stator. @rample

of a direct-drive air-cored generator in a windbioe is
given in [17]. In two-sided axial-flux air-cored wf@nes,

the two rotors have an attraction for each othefl1B],
iron-cored axial-flux permanent magnet machinesewer
compared with air-cored machines. The simple study
showed that air-cored machines have the poterttiflet
lighter for a range of power ratings. Figure 1(adws a

C-CORE PM
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double sided axial-flux machine. A force of attiaot reduce this bending moment, a logical developmend i
exists between the two PM rotors, which result in a increase the rotor shaft radius.

bending moment about the centre of the shaft. diemoto
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Figure 1. Cross section of double sided axial-flachine (a) Baseline design (b) Increasing rotortsadfus means that the
thickness of the rotor discs can be reduced (cd1@-machine with extra flux path (d) Radial-flux 6+ machine.
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Figure 2. Steel C-core module with magnets (a) Linalgnal flux path (b) Transverse flux path.
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Figure 3. (a) Conventional permanent magnet rdtlialgenerator, showing normal forces and theiraetpn all of the
stator and rotor structures (b) C-core machinewstgphow normal component of Maxwell stress isasedl within the C-
core and does not affect the rotor structure.
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Because the airgap normal forces act near to thetigum
of the shaft and the discs, the discs can be nfadeer
and therefore lighter. This is illustrated in Figut(b).
Taking this further leaves a ‘C’ cross section, wehtire
limbs carry the magnets and the stator windingdkl h
independently between them (Figure 1(c)). A furtstep
is to allow flux to cross the web of the ‘C’, andrtake
the rotor out of modules (Figure 2) each carryingaa
of magnets. By rotating the C-core modules by 80
radial-flux machine can be produced (Figure 1(&).
increasing the axial length, the radial-flux genara
torque rating can be increased without increasimg t
outer diameter. A more detailed description of the
evolution is available in [19].

2.2 Main Attributes

This topology has a number of advantages overiegist
ironless designs. A radial-flux ironless permarmaagnet
machine has a very large effective airgap [14].sT@#
core machine, however, has a finite airgap length so
higher flux densities and shear stress valuesassilple.

The new topology is structurally superior to anniro
cored machine. In a conventional radial-flux maehin
the large airgap normal forces can act at distamées
several metres from the points where these forarsbe
reacted against (Figure 3(a)). This implies that tbtor
and stator structures must be stiff, large and yeBy
contrast the new machine has no forces on therstato
Although the two limbs of the C-core are attracted
each other, the normal stresses are reacted atspoin
within the C-core — close to their point of applioat
(Figure 3(b)). This topology means that the staethie
C-core fulfils both active and inactive roles. ltshaeen
estimated that the total mass of the new genecatold

be up to 50% lighter than an iron-cored PM diratved
machine.

The C-core acts as a keeper for the magnets, sorbat
the magnets are attached they will not move. The
magnets and C-core can then be safely handled.idf it

desired to handle magnets demagnetized, the magnets

could be glued to the C-core and then magnetizesitun
once required. Regardless of the method of assethigly,
C-core PM system is safer to handle than in a
conventional arrangement.

The lack of iron in the stator winding and hencecés
between the stator and C-core iron makes the final
assembly less problematic compared to conventional
iron-cored PM machines.

The remainder of the paper will focus on the maciufa
and assembly of both rotary and linear C-GEN machine
prototypes to illustrate more clearly these atteisu

3. LINEAR TOPOLOGY

A linear module is formed by placing two C-coresefac
to-face as shown in Figure 4. The complete module
structure is shown in Figure 5, in which the begrin
arrangement is completely integrated into the medul
The rotor module is completely self supporting. The
dotted lines in Figure 4 show the magnetic fluxhgat
within the module, but when the modules are buttpd
against each other flux also flows between modudes,

shown in Figure 6. Intra-module flux is shown irudl
and inter-module flux is shown in red. 3D
electromagnetic finite element analysis confirmet flux
flows both within the module and between modules.
Details of electromagnetic and structural desige ar
provided in [16].
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Figure 4. Magnet pair A (a) single C-core module (b
front-to-front C- core modules.
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Figure 5. Integrated bearing and air-cored winding
inside the C-core iron translator.

Figure 6. Four modules of a C-core linear machiine
neighbouring modules are brought into contact so
that the flux is free to flow in both the x-y angry

planes.

Figur 7. 3D Finite Element nlysis of inar.

One aspect of large permanent magnet machinesis th
difficulty and cost of assembling them. This togpio
will be easier and safer to handle than existingegator
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types because the large forces of attraction am# déth
in the modules, rather than between the translanok
stator.

A prototype machine was built at the University of
Edinburgh based around some spare 20x60x80 mm
NdFeB magnets. Figure 8 shows how a C-core module
was assembled from common mild steel flat bar &id
channel sections. The 20x80 mm flat bar was madhine
at the ends (Figure 8(a)) to provide the correofagi
clearance. The next step was to slide a magnettbeto
steel surface (not shown). Figure 8(b) shows thduie
part-assembled, with ‘C’ channel sections, screwsd an
threaded bars (for location) ready to receive tehar
section. Figure 8(c) shows how the steel pieces fit
together. All of these parts are common and low;¢be
assembly process is easily scalable for larger inash

Figure 8. Steel components of C-core module (a)
machined flat bar (b) flat bar screwed to ‘C’ chdnne
sections and threaded bar (c) C-core module assémbl

without PMs.

Once the C-core module is assembled it is easyrtdléa
Figure 9 shows ten such modules which together make
up the translator. An air-cored winding (total Hwig
12mm), supported by an aluminium frame was buitt an
slid into the airgap, and was located by bearings a
shown in Figure 5. Inexpensive bearings can be used
because they only have to carry the weight of the
windings, rather than counteracting the normabative
force between the stator and translator.

An airgap flux density of 0.82T was determined frtira

the 3D finite element model shown in Figure 7. Adti
GMO04 gaussmeter gave peak no load airgap flux tdensi
readings in the region 0.80-0.83 T. The structural
modelling described in [16] gives a deflection #2102

mm forw = 21.3kN/m,l,,, = 80 mm,L = 250 mm andE =

200 GPa. The airgap clearance is 1 mm, so a stallow
flat bar (say, 15x80mm) could be used to make the
machine lighter.

A 50kW linear prototype is to be designed and built

within the next 18 months as part of the Carbon fTrus

Marine Accelerator Strand B programme.
-

§|'r "
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Figure 9. Small prototype machine on test rig, ety
slider-crank mechanism and small induction motor.

4. ROTARY TOPOLOGY

The rotary topology can be either radial-flux oriadx
flux, and in either case the C-cores and coils wél
made in the same way. A C-core, as shown in Figure
10(a), consists of 2 long sections of mild steeming

the upper and lower limbs of the C-core, and joihgd
short section at one end. In order to manufact@ecare

the C-core sections in Figure 10(b) are machined and
PMs mounted as shown in Figure 10(c). All sectiares
mounted onto a back plate to form the C-core rotor
shown in Figure 10(d), which is the radial-flux tdgpgy.
The stator winding consists of single coils, whiate
manufactured as shown in Figure 11(a), in whichpeop
wire is wound on a former, and then potted in epd@he
coils are then mounted inside a steel ring, FidLiréb),
which essentially forms a large jubilee clip to fxetbe
coils in position. The completed stator windingfgwn

in Figure 11(c). It should be noted that theredssteel or
iron in the stator construction. Figure 12 showss fihal
assembly of the stator inside the C-core rotor, vkias
achieved using an engine hoist and one persohetet
were iron within the stator winding such a
straightforward assembly would not have been ptessib
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Mild steel C-core

Figure 11. (a) Manufacture of single coils (b) $ngpils
mounted inside steel ring (c) Completed stator wigd

Figure 10. (a) C-core with magnets mounted (b) Un-
machined sections of the C-core (c) C-core sectivitis
PMs mounted (d) Complete C-core rotor.
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Figure 12. Final assembly of the stator winding itiite
C-core rotor.

Figure 13 shows the 20kW, 100rpm rotary prototyp&o
test rig used to drive the machine at various iatat
speeds. A variable resistive load was used to tigate
the variation of efficiency with rotational speedth the
results shown in Figure 14. The efficiency varies
between 90 and 95%, peaking at part load, which is
typical characteristic of PM generators.

The machine was run at rated load for 4%2 hoursnduri
which the average winding temperature was estimated
from resistance readings taken at regular inter¥adgire

15 shows that the winding temperature levels oabaut
82°C above ambient (2€ on the day of the test). Such a
temperature rise is typical and not unexpected.

Figure 16 shows scaling calculations for a C-GENRhw

a number of different active axial lengths) for edir
drive wind turbines [20]. These indicative resuitggest
that C-GEN could be 50% of the mass of conventional
PM machines.

Figure 13. 20kW, 100rpm prototype on the test rig.
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Figure 14. Efficiency results of the 20kW prototype
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Figure 15. Heat run for the 20kW prototype.
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Figure 16. Scaling for direct drive wind turbing®ifits
at torques of 12, 49, 138, 255, 391, 720 and 1N1@)k

5. CONCLUSION

In this paper the authors have described the avalwif

a double sided PM rotor machine with air-coredostat
winding — the C-GEN. Both the linear and rotary
topologies have been introduced, and in particther
method of assembly as described illustrates onthef
attributes of this topology: ease of manufacturel an
assembly compared to conventional iron-cored PM
machines. Efficiency results of a 20kW rotary maehi
show that the topology is capable of achieving eajent
performance to conventional machines. A 50kW(pk)
linear prototype is currently being designed andtbu
and the outcomes of this work will be presenteflitatre
ocean energy conferences.
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