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A Study on Air-gap Control for Transverse Flux Permanent
Magnet Type Magnetic Levitation Electromagnet System
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{Abstract)

In this paper, we proposes a study on air gap control for magnetic levitation of
transverse flux permanent magnet electromagnets. In general, mechanical systems have
a high failure rate of bearings. Bearings in particular are problematic because they
have high surface wear rate and degradations. To solve this problem, replacing the
bearing with a magnetic levitation electromagnet system can provide lightweight and
efficiency improvements. However, precise air gap control is essential to control the
magnetic levitation electromagnet system. Therefore, in this paper, we identify the
instable cause of gap control through a mathematical modeling and verify through
experiment a control algorithm that can use compensation.
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Fig. 1 Overall system block diagram of prototype
magnetic bearing
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Table 1. System of gap sensor

Driver model ECL101
Analog output 0~10 [VDC]
Resolution 0.008 % typical
Linearity 0.05%
Power supply voltage 12~24 [VDC]
Range 8 [mm]
Near gap 1.25 [mm]
Target material 1-6061 Al
Bandwidth 1 [kHzl
Probe model U25B

TABAE AW AXE= Fig 8olA & 4 3
o] olgAle] = AE $fet 7 Feje HA
ZH= 2709 AAA, T AD/DC/AC 7AHE, 3
=+ A S Y3t A Al G Ale] HEZ
Aoyt B Ao AREH Aol o ZEA|
A= TMS320VC33& ol8stdlen, A/D ZIH|E
5 5o 3= YA B WA o ARE HA
g Zro=g wglelgich =3t 7Y Al o g
A= ZAIH ARk Table 13 #th.

] ﬂJlo i

412 A 8 Znt
B ERE HA% ATANY AR A
28] PID 33 Ao/l &g A9 g2 Alof A
S WS gPl] Ay B3 Alel, B A9 W



YRR AAME A7| AR A 2819] 23ofo

sap

<—[4mm/div]

<« [4A/div]

w

i L/

|
0 [sec] 0.5

Fig. 9 Constant air gap control test of magnetic
levitation electromagnet system

=
=

LUP:2.Smmidiv

W

| 6lmm] | S|mm| | djmm] <—[2.5mm/div]

|
0 [sec] 10

Fig. 10 Air gap reference change test of magnetic
levitation electromagnet system

& 9 oHpolols ARF WM Al dde SR
o, Ad2 olgA A 29 [kgl, G AY
3.391Q1, A7 Z8k) 76.878 [N/Al, H] 74
(k,) 38,439.02 IN/ml, 84 A& 8 [Al,
o171 71 100 lusl, 291 Sk 10 [kHZ9| =
oA 271 914 7.6 [mml, 71 3= =
Argte] Y.

271 $1A 7.6 mmlollA 7% 3= 4 [mml=
AgE Fds o =3 A7 F¥= Fig. 99l

UERHSITE Fig. 9014 & 5= Sixel, AAl 3=

—
AN = o

LeCroyl

gap

gap”
6 . Lo

| 21A] - 1.3[A]

P ——

Livaa

ot A7

[

((Cl(e
1133

<« §ap
[0.4mm/div]

“livad
[L.5A/div]

0 Isecl 10

Fig. 11 Bias current variation test of magnetic levitaion

electromagnet system

4w
o
of
K
o,
(e
O
.
4

>

Q ol
rE
offl
=2
gl

>,

I
flo
i

1

o
VE'J
dQ
[‘1’: it

;

o

=)
e
8

39,

=N v)
ox ’
0,1:3—;

- oft JLQQ

2

H& HolFal Qlrk. Fig. 103 Fig. 11604 &

o 1 o

L L

Al =] e FEsL o UA

e

B R AN AR A2HS B

P GPANY A A FT Aol
& 3 /e e AAsgor, 5o A

Alet7] Al B AlLaE e A e 8-

Sobd welge St 4Ee A

.
Gk K4

91

o}
O AT, A7 AR AaE 22 A
A

4 A AEE =



rot
H
rx
18%
oo
o
il
jo_l:
i
Ho
X
Y
~
o~
i
Y
o~
fou

o
[o
i

_"
4
49 9 oAE Aople FEstua S,
A1 AR Azde] B B1E 5
B Al 9 B3 A W, Hololx A

bl
o
HEo] e 3= Ao A% B7F 59 Hde

§ 5 Ao} duelze] A= AEss,

<

dl

v

off du 1o N e

Ol

A} A}

2 Ae ANEERASATS] K AFAl o
ZEEAE AJEAY: FAARAA] 7]EE 3o
HE b A7 3AA A8 289t A E]7] 7
HE: 2023-DD-UP-0026 )3+ 2023W%=
ARSI AHom So|A]7]&E
7He] A1k wrob =8 AFA(141518667, X
oS5 200kgw HIBAE 84=Y 30kw
T A=A TeH AIAE .

Ol

e
g9

D2

[1] A. Chiba, T. Fukao, O. Ichikawa, M. Takemoto
and D. G. Dorrell, "Magnetic bearings and
bearingless drives", Newnos, pp. 1-15, 2005.

[2] K B. Kim, S. H. Im, D. Y. Um and G. S.
Park, Comparison of Magnetic Levitation Systems
Using Ring-Shaped Permanent Magnets, in IEEE
Transactions on Magnetics, 55(7) pp. 1-4, 2019.

[31 M. N. O. Sadiku and C. M. Akujuobi, "Magnetic
levitation," in IEEE Potentials, 25(2) pp.
41-42, 2006.

[4] H. Seo, J. Lim, G. -H. Choe, J. -Y. Choi and
J. -H. Jeong, "Algorithm of Linear Induction
Motor Control for Low Normal Force of Magnetic
Levitation Train Propulsion System," in IEEE
Transactions on Magnetics, 54(11) pp. 1-4,
2018.

[5] A. R Qian, D. C. Yin, P. F. Yang, Y. Lv, Z
C. Tian and P. Shang, "Application of Diamagnetic
Levitation Technology in Biological Sciences
Research," in IEEE Transactions on Applied
Superconductivity, 23(1), pp. 3600305-3600305,
2013.

[6] D. S. Acharya, S. K. Mishra, S. K. Swain and
S. Ghosh, Real-Time Implementation of Fractional-
Order PID Controller for Magnetic Levitation
Plant With Time Delay, in IEEE Transactions
on Instrumentation and Measurement, 71 pp. 1-11,
2022.

[71 L. E. Venghi, G. N. Gonzilez and F. M.
Serra, Implementation and Control of a Magnetic
Levitation System, in IEEE Latin America
Transactions, 14(6) pp. 2651-2656, 2016.

[8] A. Mohagheghi, H. Javanmardi, S.A.A Safavi,
M. Moallem. Air Gap Control of a Magnetic
Levitation System using Nonlinear Model
Predictive Control, 45th Annual Conference of
the IEEE Industrial Electronics Society, pp.
286-291, 2019.

[9] Mrinal Kanti Sarkar, Subrata Banerjee. DSP
based implementation of piecewise linear control
scheme for wide air-gap control of an
electromagnetic levitation system, 41st Annual
Conference of the IEEE Industrial Electronics
Society, pp. 001223-001227, 2015.

[10] A. El Hajjaji, M. Ouladsine. Modeling and
nonlinear control of magnetic levitation systemns,
in IEEE Transactions on Industrial Electronics,
48(4) pp. 831-838, 2001.

(84 2023.10.23. 98 2023.11.07. AR 2023.11.17.)




<<
  /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 /CMYK
  /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 true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 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
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /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
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /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 ()
  /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 <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /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.)
  >>
  /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 [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


