
Collaboration and Invisible Gap between Magnetics & Power Electronics 
Researchers 

 - Toward Better Magnetic Design of Inverter-Driven Equipment - 

Masahiro Yamaguchi 
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Many of the manufacturing industries meet revolutionary change in high-power electronics, controls, and 
communication links. Everyone in this scientific/technological field believes that magnetic and power electronic 
co-design/analysis greatly improve the equipment performance and extensively the quality of life. Nevertheless 
everyone also feels invisible gap between magnetic and power electronic approaches to solve the problems. In particular, 
design of non-linear magnetic core losses under non-sinusoidal wave excitation is a matter of common concern but 
differently approached by the two communities. 
This talk firstly reviews the magnetic approach to analyze the core losses, which is featured by physical and 
material-scientific interests. Then power-system approach from the power electronics community will be introduced. 
The author suggests magnetic researchers to try finding physical/material meaning of behavior models suggested by 
power electronics side, and power electronics researchers to develop tools to apply non-sinusoidal magnetic field source 
to magnetics side. 
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パワ－エレクトロニクス技術から見た磁気・磁性材料への期待 

清水 敏久 

(首都大学東京) 

SiC や GaN 等の次世代パワーデバイスの出現によって、パワーエレクトロニクス装置の小型・高性能化、低

コスト化の進展が期待されている。とりわけ、高速・高周波スイッチングによって変圧器・リアクトル、お

よび電力用コンデンサなどの受動デバイスの小型化が期待されているが、受動デバイスの発熱に伴う温度上

昇、および電磁ノイズの増加などの課題が明らかになってきた。 

本稿では、パワーエレクトロニクスのスイッチング回路に使用される磁気デバイスの損失計測手法を紹介す

ると共に、各種磁性体の損失評価手法、およびこれらを用いた変圧器・リアクトルの低損失設計手法につい

て解説する。さらに、今後のパワーエレクトロニクス技術の進展に対応した磁性材料への期待について紹介

する。 
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Table 1 Magnetic properties comparison between nanocrystalline alloys and conventional materials
 

Material Bs (T) P15/50 (W/kg) P10/400 (W/kg) P10/1k (W/kg) 

Fe-based AM 

2605SA1 

Non-field annealing 
1.56 

0.22 typ. 0.81 typ. 3.0 typ. 

Non-annealing － 2.2 typ. 7.4 typ. 

Fe-based 

NANO 

FINEMET
®
 FT-3M 1.23 － 0.12 typ. 0.57 typ. 

Fe82Cu1Nb1Si4B12
(1)

 1.78 0.20 1.3 4.4 

Fe80.8Cu1.2Si4B11P2
(1)

 1.79 0.18 1.8 6.8 

Fe80.5Cu1.5Si4B14
(1)

 1.80 0.27 1.6 5.8 

Fe81.8Cu1.0Mo0.2Si4B14
(2)

 1.75 0.28 1.5 5.0 

NO 

35H300 (t=0.35 mm) 2.0 2.4 typ. 18 typ. 78 typ. 

15HX1000 (t=0.15 mm) 2.0 2.0 typ. 9.3 typ. 33 typ. 

6.5% Si-Fe 10JNEX900 (t=0.1 mm) 1.8 － 5.7 typ. 18.7 typ. 
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One of the most effective methods to reduce core loss in motor cores is to use superior soft magnetic materials. 

Non-oriented electrical steel (NO) is generally used for motor cores and core loss is reduced by decreasing its thickness 

to suppress eddy current loss. The thickness of currently commercial NOs ranges from 0.35 mm to 0.15 mm. However, 

from the standpoint of core loss reduction, it is much more effective to change core material from NO to Fe-based 

amorphous (Fe-based AM) or Fe-based nano-crystalline alloys (Fe-based NANO).  

Table 1 lists magnetic properties of Fe-based AM Metglas
®
 2605SA1 (2605SA1), Fe-based NANO and NO. Core 

losses of 2605SA1 and Fe-based NANO are approximately 1/10 or less than that of a conventional NO (35H300). On 

the other hand, these materials have some disadvantages in manufacturing motor cores. 

Fe-based AM is obtained in the form of thin strip by solidifying molten metal at cooling rates of more than 10
6
 K/s 

which is faster than the growth rate of crystalline nuclei with single-roll rapid-solidification method. As-cast Fe-based 

AM has large internal stresses introduced by rapid solidification. Therefore, the stress relief annealing is essential to 

obtain better magnetic properties as indicated on “Non-field annealing” line in Table 1. However, the annealed Fe-based 

AM becomes slightly brittle. When the as cast Fe-based AM on “Non-annealing” in Table 1 is mainly considered in AM 

motor core, the core loss of the motor core is still much lower than that of NO. The thickness of an Fe-based AM strip is 

much smaller at approximately 0.025 mm, which is less than 1/10 of that of a conventional NO. And its Vickers 

hardness is 900, which is approximately 5 times that of NO. Therefore it is difficult to apply the conventional punching 

technique to Fe-based AM core manufacturing. Therefore IE5 efficiency class axial gap motors using Fe-based AM 

laminated stator cores manufactured with slitting and shearing methods, which are widely used for manufacturing 

Fe-based AM transformer cores, have been developed and commercialized. 

 Fe-based Nano is also cast by single-roll rapid-solidification method. Therefore the as-cast state has almost the same 

physical properties, such as thickness and hardness, as those of Fe-based AM. And Fe-based NANO requires high 

temperature annealing comparable with Fe-based AM in order to create nanocrystalline structure. Therefore Fe-based 

NANO is much more brittle than annealed Fe-based AM. In order to commercialize an Fe-based NANO motor, it is 

necessary to develop a core manufacturing method that is applicable to brittle alloy thin strips. 
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Magnetic materials are roughly classified into metallic magnetic materials and oxide magnetic materials by their 

composition. And, by their magnetic properties, magnetic materials are also classified into soft magnetic materials 

having the smaller coercive force (Hc) and hard magnetic materials having the large Hc. (figure 1) 

Ferrites are well known as typical oxide magnetic materials. Since OP magnet and CuZn ferrite core were invented by 

Kato and Takei at 1930’s, various kinds of hard/soft ferrites have been developed and used in many applications. 

Soft ferrites are one of the important materials for power electronics, even today. Generally, the saturation magnetic flux 

densities of ferrite materials are smaller than that of metallic soft magnetic materials such as permalloy and silicon steel. 

However, because of their higher electrical resistivity, ferrites have superior magnetic properties at high-frequency.  

Therefore, soft ferrites have been widely used as the core of inductor and transformer for high-frequency. 

MnZn ferrites and NiCuZn ferrites are well known as representative materials of soft ferrite. 

Since these ferrites have different magnetic characteristics, suitable applications are different. For example, as shown in 

figure 2, appropriate operating frequency range is different by their different permeability range.  

There are various magnetic materials, and even for only MnZn ferrite used as the core of transformer, there are many 

kinds of materials with different magnetic properties such as permeability, coreloss and saturation magnetic flux density. 

Therefore, it is important to understand magnetic features of various magnetic materials to select suitable materials for 

applications.  

On the other hand, it is becoming more and more important to consider actual operating condition and usage on recent 

development of magnetic materials. 

In the presentation, the recent topic on the development of ferrite materials and its application examples in power 

electronics will be reported. 

  

 

Reference 

1) T.Hiraga: Ferrite (in Japanese), p.89  (Maruzen, Tokyo,1986) 

 

Figure 1. The classification of magnetic materials, and  

representative materials 

Figure 2. Schematic image of relationship between initial 

permeability range of ferrites and its appropriate operating 

frequency range.1) 
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Magnetic material and magnetic measurement of the traction electric motor
for high efficiency and miniaturization

H. Nakai1 1 Toyota Central R&D Labs., Inc., Nagakute, Aichi 480-1192, Japan

Compared to other types of electric motors used in vehicles, traction electric motors, which are used in hybrid vehicles (HVs),

plug-in hybrid vehicles (PHVs), and electric vehicles (EVs), have a long operation time and a large output. In order to drive a vehicle,

a motor must have a wide operation area. Motors are most frequently used under light- to medium-load conditions, and are driven by

an inverter. Based on the above characteristics, traction electrical motors must be highly efficient and compact. In order for motors to

satisfy these demands, high performance is also expected for magnetic materials.

Miniaturization of motors can provide an increase in the output power with the same volume, or in other words an increase in the

output density. Increasing the rotation speed and torque are effective means for increasing the output density. It is desirable for the

rotor to be constructed of a high-strength core material in order to increase the rotation speed. High torque density can be achieved by

improving the saturation magnetic flux density and the space factor in the core material. In order to realize a high-efficiency motor, it

is necessary to lower the iron and copper losses. Iron loss is caused by magnetic flux fluctuations. Therefore, reducing unnecessary

magnetic flux, which does not contribute to the torque, and selecting an appropriate core material according to the flux fluctuation, are

effective strategies for improving the efficiency.

Magnetic flux in the motor exhibits various behavior. Alternating flux is dominant in the stator teeth and the stator back yoke, while

rotating flux is dominant in the tips of the stator teeth and in the joint of the stator teeth and back yoke. On a rotor, a DC flux is generated

by a permanent magnet and a fundamental waveform of stator currents. At the area near the air gap, the magnetic flux fluctuates due to

a change in the magnetic resistance. Moreover, an inverter superimposes high-frequency magnetic flux having a switching frequency

on the above-mentioned magnetic fluxes. On the other hand, various mechanical situations occur in the motor. For example, for the

case in which the stator is fixed by shrink fitting, a large stress is applied to the stator back yoke. In addition, when the coil end is

compressed in order to miniaturize the height of the coil end, the stator core is subjected to stress in the direction of the rotation axis.

As described above, the manner in which the magnetic flux flows and the manner in which the stress is applied are different for each

portion. In motor design, it is important to know in detail the types of phenomena that occur for each portion. Understanding each

phenomenon makes it possible to choose the appropriate materials in a suitable shape. Magnetic measurement is important in order to

determine the characteristics of the materials. The next paragraph describes two important measurement examples.

First, we show the apparatus for measuring the rotational magnetic flux1). In this apparatus, the number of teeth of the ex-

citation yoke is increased from four (in the conventional apparatus) to eight. The eight teeth are divided into two groups, a

main-pole and a sub-pole, and different currents flow in the exciting coil on the main-pole and the exciting coil on the sub-

pole. This makes generating a rotating magnetic field in the measurement part in the center of the specimen easy at high

magnetic flux density. By setting the ratio of the magnetomotive force distribution of the sub-pole to the main pole to 30:70,

Fig. 1 Measurement results for the rotational flux.1)

Fig. 2 Thin needle probe on a steel sheet.2)

this apparatus made it possible to measure the iron loss under the condi-

tion that there is a rotating magnetic flux up to 1.9 T, as shown in Fig. 1.

Figure 2 shows the thin needle probes on a steel sheet used to measure a

magnetic property under out-of-plane stress2). Measurement is performed

while pressurizing the measurement part from the normal direction of the

plate. Therefore, the wire diameter of conventional search coils is too thick

to generate uniform pressure. Therefore, thin-film probes were fabricated on

the surface of the sheet by sputtering, and the magnetic flux was measured

using the principle of the probe method. Since the probe formed by sputter-

ing is as thin as 20 μm, it is possible to perform measurement while applying

pressure. The measurement results revealed that the iron loss increased or

decreased depending on the direction of the magnetic flux by pressurization.

By measuring the magnetic characteristics, we can design an electric mo-

tor that considers these properties in detail, allowing the design of highly

efficient and high power density motors.

References

1) Y. Maeda et al., IEEJ Transactions on fundamentals and materials，Vol.131，
No.6，pp.460-465 (2011).
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Required Magnetic Material Excited by Power Electronics Equipment 

Keisuke Fujisaki 
(Toyota Technological Institute) 

Energy magnetic material of soft one as well as hard one is used in electrical energy circumstance in order to obtain 

high magnetic flux density in small external magnetic field. Electrical motor, transformer and inductor are its 

application. Because of power semiconductor development, power electronics technology is widely applied to electrical 

energy. So power magnetic material is said to be excited by and used in power electronics equipment. 

One of the most important key technologies in power electronics is a switching operation. By using it, the energy 

consumption in the power semiconductor becomes small, and then the electrical energy conversion such as AC to DC or 

DC to AC in any voltage and any frequency can be realized in high efficient and in high responsibility. So an electrical 

motor excited by inverter, a kind of power electronics equipment, makes it possible to rotate in variable velocity. Now 

the motor drive system can be applied to all the transportation vehicle such as automobile, ship and airplane. 

However, this tendency of power electronics excitation makes energy magnetic material in a new operated condition. 

Usually, it is excited in commercial frequency without harmonics components basically as far as it is used in connection 

with electrical energy network directly. In power electronics circumstance, an operating frequency becomes high and 

electrical current and voltage has harmonics components. High frequency operation is required to make the electrical 

components small, and harmonics components always generates because of the switching operation of power 

semiconductors. 

This tendency has been already realized in small electrical energy equipment such as mobile phone or notebook 

personal computer. The operating condition is MHz to GHz frequency in mW to W electrical power. However, the new 

tendency as transportation revolution and new material of SiC and GaN requires a new operation condition as kHz to 

MHz in kW to MW, which can be realized by power electronics research. New magnetic material is strongly expected. 
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Fig. 1. Required magnetic material by power electronics development for new transportation system. 

Reference 
1) K. Fujisaki, “Required Magnetic Property for Energy Magnetic Material,” Oct.29‐31, 2014, 3rd International Conference of Asian Union of 

Magnetics Societies (IcAUMS), A1‐03, 2014.10. 
2) T. Heidel : “ARPA-E Initiatives in High Efficiency Power Conversion”, APEC (Applied Power Electronics Conference and Exposition) 2014, 

Plenary Session Presentations, Fort Worth, (2014).  
3) J. W. Kolar, “Future Challenges for Research and Teaching in Power Electronics,” Presentation held at the 14th International Conference on 

Optimization of Electrical and Electronic Equipment (OPTIM 2014), Brasov, Romania, May 22-24, 2014. 

22pB  6

 216 


	22pB-1
	Reference

	22pB-2
	22pB-3
	22pB-4
	22pB-5
	22pB-6


<<
  /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
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /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
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /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
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /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 (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [1200 1200]
  /PageSize [612.000 792.000]
>> setpagedevice


