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Abstract

This paper presents the study of a C-core topologdirect-

However, in order to produce the specified powetpot)
direct-drive synchronous generators require largareb
diameters in order to produce high torque. Compaced
standard conventional induction generators, dideice
synchronous generators are more expensive [1].r Tagje

drive PM synchronous wind generators (PMSGs) with-n diameters make them much larger and heavier thdurction
overlap iron-cored stator windings. Some of the tmogenerators.

common challenges regarding wind energy converaees
first considered, leading to the development of @weore
topology concept and the theory behind it. Resiutim the
finite element (FE) simulations are presented andll{ the
C-core topology is implemented into a conceptualS&vand
compared, on a 300 kW power level, to a PM conoeaiati
synchronous generator manufactured locally.

1 Introduction and problem statement

Most direct-drive synchronous generators are etadly

excited, but permanent magnet synchronous gensrator

(PMSG) are ideal for direct-drive applications hesm of
their high force density and high efficiency [4],[®)sing PM
excitation reduces the rotor material volume arichiahtes
all excitation losses in the rotor.

Because the magnetic excitation cannot be controllben
using PMs, the attraction forces between rotor statbr iron
parts, pose challenges during generator assemblyesua to

Environmental awareness has stimulated the usenefwable dominate the structural design [6]. Bulky structura
energy regardless of the cost disadvantages tipaisiés. For construction is often required in order to preveit gap
wind energy converters these disadvantages arethgrealosing after assembly and during operation. Bulky
influenced by the efficiency of the power transriuessystem construction is one of the largest contributorth® mass and
and the generator [1],[2]. cost of synchronous generators.

The three most common generator systems used foitexpn this study the attraction forces between therrand stator

wind energy today are the constant speed wind riarkiith
squirrel cage induction generator, the variableedpeind
turbine with doubly-fed induction generator and tleiable
speed wind turbine with direct-drive synchronousagator

1.

Induction generators require a mechanical gear ianihe
transmission to step up the rotational speed oftdhane to

iron part are address and the aim of the topologpduced
in this paper is to eliminate leakage flux. The Igmathis
study is also to reduce the structural material, llance mass,
using the presented rotor yoke topology.

2 Theoretical Concept Development

the desired generator operating speed. The coninum order to address the strong attraction forcesvéxen the

increase in rated power of wind turbines has led
unfavourable transmission ratios and the use ofbgeas
rated at double the operating torque just to wathdtthe high
rotor torque fluctuations caused by the pulsatiagure of
wind energy [2]. When efficiency and mass are abersd,
gearboxes are regarded unfavourable [3]. Gear lasdes,
component wear, maintenance, and noise emissiociumner
disadvantages of conventional mechanical transomissi

Synchronous generators can operate at very lowdspaed
therefore a direct-drive synchronous generatoresystioes
not need a heavy gearbox between the turbine anerager.

totor and the iron-cored stator a basic understendif
electromechanical-energy conversion principlesfisssence.
Figure 1 shows the general path of magnetic fluxain
conventional PMSG. Figure 2 is a simplified schemet the
electromagnetic circuit, portraying a pole pitchctgmn of
such a conventional PMSG, where the stator slotistaeth
are neglected.



Rotar From Equation (1) - (3) the field attraction forég,is

Magnet
Air Gap 2;2
_ BoAN*® 0 1
fria =55 ) (4)
Stator Slots .. . .
The schematic in Figure 2 shows the total effectiregap,
g(x) for the flux path to be
Stator Yoke g(x) = 2(go — x). (5)
Magnetic Flux

The constantg, is the design air gap length. Substituting
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Figure 2: Magnetic flux schematic: conventional RS length of the generator.

The following assumptions regarding the electronetign FOr conventional generators any closing of thegap results
circuits are made to simplify analysis: in an opening at the opposite side of the .generatm‘
«  Lossless system therefore a force imbalance on the stator and ristoreated.

- No flux leakages around magnet sides Even .If the air gap is equal everywhere in the GEtoe,
i Equation (7) shows that the presence of any fluxsiig in

¢ No flux fringing ; X .
. L i ¢ the air gap of conventional generators producescitbn
Inéar magnetic system forces between its stator and rotor. For this neasolky

. . . . mechanical structure is required to ensure sufftcsgiffness.
The stored co-energW'sq in the field (or air gapy) is a state g

function, where andx are its two independent state variable}s_\
The field attraction forcefyq produced by the magnetic field
is defined as the partial derivative of the magnstored co-
energy in the air gapy with respect to a displacemex,
while keeping the excitation current, constant. This is
written as

igure 3 illustrates a simple schematic of the neéigreircuit
of a PMGS with a double rotor topology. This topplo
introduces a second air gap. At each air gap leakiayes
(@, and @,) are present between the neighbouring magnets.
The mutual flux,®s, has a constant reluctancg € 4go),
independent of the stator position,and therefore does not

oW 1g(i) contribute to the magnetic field force experiendmsd the
fria = + . (1) stator.

L

The effective air gap for flux paid, is given by Equation (5)
and therefore the magnetic field force experienicethe air
gap is also described by Equation (6). Flux pathhas an
effective air gap length of

Because of the dominant air gap, the system isvaesslinear
(A=Li) [7]. The stored co-energy in the air gap is tfenee
defined as

W'pig =5 L)%, (2) 9(x) = 2(go +%). ®)

The circuit inductancd, is a function of the reluctance of théSubstituting Equation (8) into Equation (4) and
magnetic flux path@ and hence inherently dependent on tidifferentiating, gives a negative expression fag thagnetic
effective air gap lengthg(x) = (go - X). The expression for field force due to the second air gap.
inductance is
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Figure 3: Magnetic flux schematic: double-rotor RBAS
Figure 4: Magnetic flux schematic: C-core PMSG.
From Equation (6) and (9) it can be seen that wheriwo air
gap lengths are equat € 0), the resultant force on the stato
is theoretically zero. Any shift of the stator wilecrease the
reluctance of the closing air gap, therefore resylin a
increase of the attraction force. The oppositerus ffor the
opening air gap which experiences an increaseluttece
and therefore a drop in the field attraction force.

C-shape yoke

Stator with non-
overlap windings
Figure 4 shows a schematic where the rotor yokeedwst the Rotor
neighbouring magnets is removed. An alternativex fhath
between the magnet pairs is provided. The effecivegap
length for flux path®, and @, is 29, and for®; is 4gy. The
reluctance of the model stays unchanged for anyorsta
position,x. The field force due to the air gap flux denségts
only on the two rotor yokes. It is expected thag force
produced by the leakage flu®; and ®,, in Figure 3 will be
eliminated.

Blade Interface

This decoupling of the stator and its position fraie
magnetic field forcefyy is what led to the development of the
conceptual topology presented in this paper. Theh&ped
yoke provides the alternative path between the etagairs Figure 5: 300 kW C-core PMSG.
for the flux. Figure 5 presents the C-core topolagya

conceptual 300 kW PMS wind generator.

The air gap between every neighbouring pole pair yoke,

as seen in Figure 6, acts as a barrier for the lfletween
adjacent yokes and hence theoretically eliminakes ftux

leakage paths between neighbouring magnets, ad fagun
conventional and double rotor generators.

C-shape yoke

Magnet pair

Stator with non-

The pole pitchp, is governed by the inner diameter of the oxeilayinil

yoke arrangement, where they are closest to eabér.ot
Allowing for a spacing that is larger thamy2at the inner
diameter, the maximum allowable ratio of magnethip,, to
pole pitch is calculated to be 0.77, which is l#smn the 0.9
of the 300 kW conventional generator that was buil
Although a lower pole pitch ratio reduces the vodurof
material, it also has a negative effect on theuergroduced
by the generator. In a performed study it was fothat the
extent of this drop in torque is not more than 5%ew the
ratio of magnet pitch to pole pitch is reduced frof@ to 0.71.

Rotor Spoke

Figure 6: Head-on view of yoke placement.



3 Finite Element Analysis

3.1 Mechanical Analysis

Yoke dimensions and stator positianfluence the flux
density,B, in the air gaps. In this studize maximumB, in
the closing air gap never exceed&® T. The maximum
allowable air gap closing is taken to b@% of g,. The yoke
height,hy required ofthis condition is calculated to 152 mm
for the 300 kW generator ofigure 5. Magnetic FE
simulations show that this yoke heigtgtuss the yoke to be
deep in magnetic saturation, which hdsréting effect on the
Bg. The yoke height is increased in steps until a faable By
is obtained.

A yoke height of 85 mm prove® satisfy the air gap flu
density requirement. Deformatiocalculation, done on a
cantilever with uniform cross sectioghow thatthe air gap
closing reaches a maximum of 2.27A¢though the tapering
ends of the yoke, seen in Figurgare not accoued for, FE
strength analysis confirms this result fnedicing an air gap
closing of 2.95%. Figure 8 shows exaggerated graphic |

result, representing the deformationtbé C-core yoke. The
weight of a single poleinit (including the magnet pa is

calculated to be 33.5 kg for the geater inFigure 5.

Figure 7: C-core yoke.

Figure 8 Pole strength analysresults.

Non-overlap stator windingsrove tobe a good choice for the
stator winding configuration. T| stator thickness has a
uniform thickness which allows tFstator to be easily inserted
into the yoke arrangement from the froz-direction). Non-
overlap windings also allow ttstator to be manufactured in
modules/sectionshich has various advantages for asser
and maintenance purposes.

3.2 Magnetic Analysis

Magnetostatic FE analysehow ths, contrary to what was
expected, attraction forsebetween the rotor and i-cored
stator of the generatalo exis whenx # 0. These attraction
forces can onlye attributed to the presce of leakage flux in
the models described in the theoiThe study shows further
that the spacing between the ividual yoke units has very
little influence on the field force for a fixed stator positic
x > 0. But secondly it idound that the attraction forceare
attributed to the leakage flugcatedaround the magnet-yoke
interfaces.

To put the magnitude ofthese attraction forces into
perspetive, the forces are determined for thiscenarios —
first for the stator positior = 0, then for a 10% closing of tl
air gap (x = 0.8)) and finally an extreme case whehe air
gap closing is one fourth @f (x =0.253,). Table 1 shows the
result of the study wherédne¢se scenarios are applied he
three topologies discussed iaciion 2.A 2-pole pitch section
of each topolgy is modelled with a solid iron piece as
stator, as shown in Figure 1The force on the stator for the
conventional topologis found to be 12,9 kN arthis value is
taken as unity.

Topology x=0 x=0.1gy | x=0.25
Conventional 1 1.06 1.16
Double rotor <0.01 0.1 0.27

C-core <0.01 0.065 0.19

Table 1 Field force comparison wi solid iron stator at three
different statoipositions.

From Table 1it is noticeable thaboth the double rotor and
the C-core topologies arery effective in reducing the larg
field forces found in conventional geators. It is expected
that a solid iron stator wikxperience the greatest attract
forces compared to slottedtators at a specified stator
position,x. For the Ceore topology, the forces on two sta
designs arecompared to that of a solid iron stator
tabulated in Table Z'he effect that the sldron rib thickness,
t, as shown in Figure ®ias on the attraction field foris also
investigated. Table 8hows that the open slot stator des
can furthereduce the force on the stator by 7-90%.

o

Figure 9 Closed slot stator design with rib thicknet.
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Figure 10: Magnetic FE model. Conventional 300 kW PMS wind generator.
Stator configuration unity force
Solid stator 0.19% Magnets 3%
Closed slot —t=2.5mm 0.1
Closed slot —t=2 mm 0.08
Openslot —t=0mm 0.03

* value taken from Table 1 for the C-core topology.
Table 2: Stator design force resultxat 0.25),.

Depending on the stator construction, open sldbitehave
the advantage that coils can be pre-wound andydasirted
into the slots, where for semi-closed and closetl d#signs,
the coils need to be turned onto the stator teatlvery
laborious process.

4 Mass Comparison

The mass of the conceptual 300 kW PM synchronousl wi
generator, presented in Figure 5, is estimatecet6884 kg. ) o
This is 15% heavier that the estimated 6035 kgef300 kW Figure 12: Mass distribution of components:

conventional PM synchronous generator. The mass Conceptual 300 kW C-core PMS wind generator.
contribution of the different generator componetdseach
generator's own mass is presented in Figure 1TFande 12.

Generator components Conventional C-core
Figure 11 clearly shows that the stator and stratmaterial | Magnets 0.04 0.03
contribute two thirds of the overall mass of thengentional | Rotor yoke 0.08 0.39
PMSG. Figure 12 on the other hand shows a maggotor 0.21 0.23
contribution of 44% for the same components, 8%uctdn | Stator 0.36 0.24
in structural mass and 15% reduction in stator rizte Structural materials 0.31 0.26

Total mass contribution 1 1.15

One drawback of the C-core topology is the remdekab * The smaller magnet mass contribution is explaibgd
contribution the rotor yoke makes to the total mafshe the drop in thep, to py, ratio.

generator. This is easily seen from Figure 12. idep to

make the generators more comparable, the total ofatse Table 3: PMSG per unit mass comparison.
conventional generator is taken as unity. Theseltegire

tabulated in Table 3.



5 Conclusion

From this study and the results presented in thjgep the

following conclusions are drawn:

>

[4]

PMs make generator assembly very difficult whergda
stator and rotor units are involved. The modulaigie of

the C-core units, promise to make handling easiend

the assembly process. The modular design also sitlesv [5]
individual core units to be adjusted individuallygnsure
uniform air gap throughout the generator. The stesm
also be assembled from modular units if concerdrate
non-overlap windings are used. [6]

Attraction forces between rotor and stator irontpanf
both the double rotor and the C-core PMSG show a
dramatic reduction compared to the forces 7]
conventional PMSGs. Interestingly the difference
between the double rotor and the C-core PMSG ig ver
little. This is explained by the leakage flux arduthe
magnet ends that will always result in some degree
attraction force on the iron-cored stator. A furthe
reduction of these forces is found when an opet slo
design is used.

The C-core topology proved to reduce the structaral
stator material mass of the conceptual design Igreat
Unfortunately the total yoke mass counters thisicedn

in mass. Nevertheless, even though the overall nsass
larger, compared to the conventional generatds Kot
unrealistic. The conceptual design used is a dinst not
the optimum design.

The yoke height and therefore also the yoke mass, a
shown to be determined by the electromagnetic desfig
the pole core and not the mechanical strengthricnite
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