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Axial Flux Permanent Magnet Generator for
Wind Power Applications.

Asko PARVIAINEN, Lappeenranta University of Technology, Finland, Pentti KONTKANEN, Kylmétec Ky, Outokumpu, Finland.

are an attractive choice to

generate electrical power on
rural areas where the installation
of the distribution network is not
economically reasonable. In such
locations, e.g. on small islands,
wind power plants or solar sells
or both together can be used to
charge batteries or in direct heating
purposes. Concerning stand-alone
windmill applications the rated
power of which is below 10 kW,
the use of permanent magnet
machines as a generator has been
studied intensively during the last
decades. Recently, Lappeenranta
University of Technology design
and manufactured low-speed
axial flux permanent magnet
generator designed to use in a
1.6 kW  windmill  application.
During the design of the generator,
FLUX 3D finite element software
was an essential tool to verify
the performance of the design
before building up the prototype
generator. The prototype generator
is installed to the pilot power plant,
which has been on operation since
November 2003. Figure 1 presents
the experimental power plant and
illustrates the used generator
concept.

Small—scale wind power plants

Figure 1. Experimental wind power plant
and the used single sided axial flux
permanent magnet generator.
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Axial flux PMM
with duple layer
concentrated winding

The generator was realized with a
duple layer concentrated winding.
Concentrated stator windings are
an effective solution to reduce
Joule’'s losses in low-speed
permanent magnet machines, thus
to improve the overall efficiency of
the machine. By combining the
concentrated winding and axial
flux permanent magnet machine,
which offers a high torque to
volume ratio, a high performance
electrical machine is obtained.
Short end-windings decrease also
the overall external diameter of
the axial flux machine. Thereby
the overall space, required by the
generator, is decreased which is a
highly desired feature for the wind
power generators.

Permanent magnets are Nd-Fe-B
magnets and are installed directly
on the surface of the solid iron rotor
disk. As a drawback of the single
sided construction, illustrated in
figure 1, there appears quite a
large uncompensated attractive
force between the rotor and
the stator, which has to take
into account while design the

mechanics. According to the
performed 3D finite element
analysis the attractive force

between the stator and rotor is
6800 N for the generator under
no-load condition with nominal air

gap.

FE-model of the
machine

For the point of the modeling, the
geometry of the axial flux machine
is an actual 3D problem, which
cannot be reduced to the 2D plane
if an accurate electromagnetic
analysis is required. Thereby, the
machineis modeled asa 3D problem
by using FLUX 3D FE-software.
The used FE-model is illustrated in
figure 2 as well as the air gap side
view of actual prototype machine.
Due to the used consternated 3-
phase winding, one cannot model
only one pole since one rotor pole
does not represent the symmetry
on a stator side as it does with

Figure 2. The used 3D FE-model and an
actual generator stator presented from the
air gap side. The used generator structure
includes 12 slots in a stafor and 14 poles
in a rotor.

conventional integral slot 3-phase
windings. In this case the whole
geometry was described even
though the size of the FE-problem
comes very large. The total
amount of second order volume
elements used in a FE-model
was 116878. Computations were
performed with mechanical sets
in order to model the rotation
and with circuit coupling. 3D FEA
was performed both under load
and no-load conditions giving

(continued on page 5)
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AXxial Flux Permanent Magnet Generator for
Wind Power Applications. (continued)

Asko PARVIAINEN, Lappeenranta University of Technology, Finland, Pentti KONTKANEN, Kylméatec Ky, Outokumpu, Finland.

information, for example, from
phase voltages, torque ripple and
torque production capability of the
generator.

Results

Since the 3D-FE problem
was coupled to the circuit, it
was possible to analyse the
performance of the machine
in actual operation conditions
by introducing a time transient
FE-model. Figure 3 compares
the measured no-load phase
voltage (for the hot machine)
to the calculated one as well as
measured and calculated phase
currents under load condition. The
similarity between the obtained
curvatures is excellent, however
the amplitudes of the measured
ones are lower. This is mainly
related to the permanent magnet
operation temperature; it s
slightly higher than the calculated
one, giving actually lower B_ for
the Nd-Fe-B magnet than the used
one was in a FE-model.

One important property for
the direct-driven wind power
generator is a torque quality.
Low cogging torque is required in
order to allow the turbine start
easily even with low wind speeds.
Secondly, low amplitude for the
torque pulsations is required also
under load condition. Even though
the presented design uses totally
open slots, which were introduced
due to the extreme simplicity of
the manufacturing of the winding,
a low torque ripple was achieved.
Figure 4 presents the obtained
electromagnetic torque from the
computation under load condition.
The peak-to-peak value of torque
ripple is around 3 % from the rated
torque, which can be considered
as a good result for the structure
used.

Conclusions

Adirectdrive axial flux PM generator
designed to small-scale wind
power application was described
shortly. The 3D-finite element
analysis, performed by using FLUX
3D, was an essential tool to verify
the performance of the generator
before manufacturing of the
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prototype machine. A comparison
between the measurements and
the results offered by the 3D-FEA
shows good agreement. Even
though the 3D-FE model for the
fractionally wound PM machine is
relatively large, it can be solved
in a reasonable time and thus
it offers very detail and useful
information for the designer about
the performance of the design.

------ 3D-FEA
et — Measured

)

100

EI h V1
3 o
.l'."‘c-
s
»»’""w
|
P, |

I
£\ é

-150 £ ”"/

0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05 0.055 0
t[s]

------------- -

Figure 3. Measured and AN Py

Measured S

Pty

calculated phase voltage \ / x Y, //W
'

and measured and 5

calculated phase currents /7)“ . \
with resistive load. | = \
ES. /

£ \ // \
N \/ Y
5 “ o 22
AN PARN / >
Q\\ o R o RN ,
gS // v e 2o D
R i N 1 ‘i“jmv;’%’
1 0 ‘‘‘‘‘‘ L et I T
0.02 0.025 0.03 0.035 0.04 0.045 0.05
& ELTORQ 1 Y[S]

-850 |

0.03 0.035 0.04 0.045 0.0s 0.058

Post-processor of FLUX3D

Figure 4. Electromagnetic torque of the generator with resistive load.

N° 47 - January 2005 - CEDRAT - CEDRAT TECHNOLOGIES - MAGSOFT Corp.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.000 842.000]
>> setpagedevice




