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Thrust Performance Improvement of a Linear Induction Motor

Hyung-Woo Lee’, Chan-Bae Park* and Byung-Song Lee*

Abstract — The end effect of a linear induction motor (LIM) has been known for several decades, es-
pecially in high speed operation. The exit part of the primary is not dealt as extensively as the entry
part because of its minor effect. However, the exit part is one of the keys to weaken the dolphin effect,
which occurs in high speed operation. In this paper, the concept of the virtual primary core is intro-
duced, and chamfering of the primary outlet teeth is proposed to minimize the longitudinal end effect
at the exit zone. For this, LIM for the high-speed train is designed and analyzed by using finite element
method. Results confirm that chamfering can improve thrust performance effectively.
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1. Introduction

A linear induction motor (LIM) is a conventional rotary
motor whose stator, rotor, and windings have been cut open,
flattened, and placed on the guide way [1]. Fig. 1 repre-
sents the configuration of an SSSP (Single-Sided Short
Primary)-type LIM and a practical application for railway.
The primary is installed on the bogie under the vehicle and
moves against the secondary, which is installed between
rails on the ground. Although the operating principle is
exactly the same as that of a rotary induction motor, the
linear induction motor has a finite length of a primary or
secondary parts causing a “longitudinal end effect” and a
“transverse edge effect.”

Among the various LIMs, the SSSP is generally used for
railway system because of the cheap construction cost.
This SSSP-type LIM has numerous of advantages, includ-
ing (1) excellent Accel. and Decel., (2) lower construction
cost, (3) capability of climbing steep gradients, (4) ability
to conduct flexible route planning by travelling through
sharp curves, (5) less susceptibility to weather conditions,
(6) quiet and smooth running operation (no mechanical
couplings), and (7) less maintenance cost [2]-[5].

Yet, despite the advantages possessed by the non-
adhesion propulsion system, LIM has low energy effi-
ciency from the drag force and the leakage inductance re-
sulting from the end effect and large airgap [1]. This
chronic end effect is generated from the finite length of the
primary part. Major longitudinal end effect is caused at the
entry part of the LIM, and the minor end effect is caused at
the exit part.
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Fig. 1. Linear induction motor and sample practical appli-
cation.

2. End Effect of the High-speed Traction System

Fig. 2 shows the peak magnitude of the airgap magnetic
flux density of the LIM in the longitudinal direction. The
magnitude of the B, at the entry and exit parts are different
and are not uniformly distributed as the speed of the pri-
mary increases. Consequently, the primary experiences a
different kind of normal force apart from the original nor-
mal force.

In other words, asymmetric airgap magnetic flux density
at the end parts of a linear motor produces unbalanced
normal force; as such, the airgap tends to increase at the
entry and decrease at the exit part. This is called the “dol-
phin effect.”
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Fig. 2. Airgap magnetic flux density.

This airgap magnetic flux density of a LIM can be di-
vided into the following:

By(x’t):Bl(x’t)+Bentrj/(x’t)+Bexit(x’t)s (1)
B (x,t) = |Bs|cos(wt —kx+0; ), ()
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where B, is the peak value of the wave travelling with syn-
chronous velocity v,, and B; and B, are the peak values of
damped entry-end and exit-end waves travelling in the
positive direction, respectively. In the above,

v =%, kzz(rad/m).

s
T

From the unevenly distributed airgap magnetic flux den-
sity, the thrust force can be calculated as:

1 *
F, =5Re IJeByds , %)

where J, is the induced current density, B, is the y com-
ponent of the airgap magnetic flux density, and d; is the
differential surface element.

Several researchers in the past have developed proper
modeling techniques to analyze and explain the end effect,
and some of these have proposed additional hardware to
compensate for the flux at the entry part [7]-[16]. Although
their proposed methods seem plausible, the installation of
the additional part may be too difficult to practice. There-
fore, although the end effect at the exit part is minor com-
pared with the entry part, it cannot be ignored.

Given that additional hardware at the entry part cannot
be installed in practice, the end effect at the exit part should
be minimized by modifying the teeth shape in order to re-
duce the dolphin effect and improve the performance.

3. Proposed Design Methodology

Fig. 3 shows the airgap magnetic flux existing at the exit
zone in the LIM. For a rotary induction motor, this flux
does not exist inherently and every flux line makes an end-
less loop. Therefore, by introducing the concept of the vir-
tual primary core, it can be assumed that a core similar to
Fig. 4 [17] exists in the virtual core. The virtual primary
core generates drag force and uneven normal force at the
exit zone.

Accordingly, the exit end effect can be minimized by
chamfering off the primary outlet teeth at the exit part and
consequently removing the virtual core (Fig. 5). The angle
o in Fig. 4 is 51° in the Mosebach model, but the angle will
be changed depending on the airgap length and the tooth
length of the analysis model.
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Fig. 3. Airgap magnetic flux at the exit zone.
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Fig. 4. Virtual primary core at the exit zone.
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Fig. 5. Chamfering the primary teeth off at the exit zone.
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4. Simulation

To verify the proposed methodology, an experiment
must be conducted using an actual size motor. However,
doing so may prove to be difficult due to the high costs of
such an experiment. The LIM needs at least several tens of
meters of long distance reaction plates along the track to
reach the steady state and bogie with the wheels to attach
the primary. Mobile measuring instruments should also be
on board. Therefore, finite element analysis has been con-
ducted in this research.

4.1 Analysis Model

Table 1 shows the main specifications of the LIM for the
high-speed train. The rated output power was set to 100
kW and the power supply was DC 1,500 V. The LIM de-
sign was single-sided, short primary type, with 4 poles at
the primary. The air-gap of the LIM was 9 mm and the pole
pitch was 252 mm. The length of the LIM primary unit was
1,183.5 mm and the primary stack length was 230 mm. The
double layer short-pitch winding and the 4 slots on each
pole per phase resulted in the winding of the last 8 slots to
become a single layer.

Given that the fringing flux at the exit part is nonlinear
and varies with the geometric dimension and magnetic
strength, the authors considered various cases of the cham-
fering angles ranging from 12.5° to 78°. Therefore, the out-
let tooth of the primary core was divided into 4 equal parts
of 11 mm in length, and the last 3 teeth were used for ex-
amination. Hence, the outlet tooth length changed from 11
to 33 mm based on the reference tooth length of 44 mm.

Table 1. Main specification of the LIM

Contents Specification
Rated Output Power of LIM 100 kW
DC-link Voltage 1,500 V
Maximum Design Speed 165 km/h
Phase / Poles Jea/4ea

Air-gap / Al-Sheet Thickness 9mm/5 mm
Pole Pitch / Slot Pitch 252 mm/ 21 mm
Number of slots per pole per phase 4ea
Primary Stack Width 230 mm

(a) Reference model

(b) Proposed chamfered model

Fig. 6. Analysis models.
4.2 Analysis Results

Fig. 7 shows the magnetic flux density vector distribu-
tion of the reference model and chamfered model at the
exit zone. The velocity in the analysis is 165 km/h. For the
reference model, the outlet tooth was saturated severely
and the flux flowed outside from the last tooth as expected
because of the longitudinal end effect. On the other hand,
the magnetic flux of the chamfered model flowed almost
evenly through the first, second, and third tooth from the
outlet; the flux which flowed outside from the last tooth
decreased. Therefore, severe flux saturation did not occur
on the teeth, and the fringing flux also decreased.

Airgap flux density is represented in Fig. 8. The refer-
ence model had a relatively large amount of flux density,
which resulted in the dolphin effect in a linear motor on the
last tooth. However, the airgap flux density of the cham-
fered model has been diminished at the outlet. Conse-
quently, normal force also decreased by about 5.12 % from
2,097.16 to 1,989.76 N.

Even with the decreased dolphin effect, thrust force
should be maintained to satisfy the performance. Authors
have analyzed several cases of varied chamfering models
and obtained similar results (Fig. 9). Thrust force was almost

s

(b) Chamfered model

Fig. 7. Magnetic flux density vector distribution at the exit
zone.
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Fig. 8. Airgap flux density at the exit zone.

the same on both models, confirming that chamfering did
not result in lost traction force. In addition, the thrust ripple
decreased by about 4.5 %.

Results confirmed that chamfering effectively weakened
the dolphin effect so as to decrease the thrust ripple with
the same thrust force as the reference model.
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Fig. 9. Thrust forces of each model.

5. Conclusion

The exit end effect of a linear induction motor for the
high-speed train propulsion system was considered in this
paper. The exit end part created minor effect compared
with the entry part, but it weakened the dolphin effect.
Therefore, the concept of the virtual primary core was in-
troduced and chamfering of the outlet teeth was proposed
and simulated by using FEM. Results confirmed that cham-
fering was effective in reducing the thrust ripple without
losing thrust force.

References

[1] Hyung-Woo Lee, Ki-Chan Kim and Ju Lee, “Review
of maglev train technologies,” IEEE Trans. Magnet-
ics, Vol. 42, No. 7, pp. 1917-1925, 2006.

[2] Hyung-Woo Lee, Sung Gu Lee, Chanbae Park and
Hyun-June Park, “Characteristic Analysis of a Linear

[11]

[12]

[13]

[14]

[15]

[17]

[18]

Induction Motor for a Lightweight Train according to
Various Secondary Schemes,” International Journal
of Railway, Vol. 1, No. 1, pp. 6-11, 2008.

Sakae Yamamura, “Theory of linear induction mo-
tors,” University of Tokyo Press, 1978.

I. Boldea and S. A. Nasar, “Linear motion electro-
magnetic devices,” Taylor & Francis, 2001.

Korea Railroad Research Institute, “Linear Electric
Railway System,” pp. 1-8, 2007.

Japan Subway Association, “Linear Metro System,”
pp- 1-28, 2004.

T. Hirasa, S. Ishikawa and T. Yamamuro, “Equivalent
circuit of linear induction motors with end effect
taken into account,” Electrical Engineering in Japan,
Vol. 100, No. 2, pp. 65-71, 1980.

J. F. Gieras, G. E. Dawson and A. R. Eastham, “A
new longitudinal end effect factor for linear induction
motors,” IEEE Trans. Energy Conversion, Vol. EC-2,
No. 1, pp. 152-159, 1987.

Y. Mori, S. Torii and D. Ebihara, “End effect analysis
of LIM based on the wavelet transform technique,”
IEEE Trans. Magnetics, Vol. 35, No. 5, pp. 3739-
3741, 1999.

N. Fuyjii and T. Harada, “A new viewpoint of end ef-
fect of linear induction motor from secondary side in
ladder type model,” IEEE Trans. Magnetics, Vol. 35,
No. 5, pp. 4040-4042, 1999.

T. Higuchi, S. Nonaka and M. Ando, “On the design
of high-efficiency linear induction motors for linear
metro,” Electrical Engineering in Japan, Vol. 137,
No. 2, pp. 36-43, 2001.

N. Fuyjii, T. Harada, Y. Sakamoto and T. Kayasuga, “A
compensation method for the end effect of a linear
induction motor,” Electrical Engineering in Japan,
Vol. 143, No. 3, pp. 58-67, 2003.

N. Fujii, T. Kayasuga and T. Hoshi, “Simple end ef-
fect compensator for linear induction motor,” /IEEE
Trans. Magnetics, Vol.38, No.5, pp.3270-3272, 2002.
J. Jamali, “End effect in linear induction and rotating
electrical machines,” IEEE Trans. Energy conversion,
Vol. 18, No. 3, pp. 440-447, 2003.

A. H. Selcuk and H. Koeroem, “Investigation of end
effects in linear induction motors by using the finite-
element method,” IEEE Trans. Magnetics, Vol. 44,
No. 7, pp. 1791-1795, 2008.

R. C. Creppe, J. A. C. Ulson and J. F. Rodrigues, “In-
fluence of design parameters on linear induction mo-
tor end effect,” IEEE Trans. Energy conversion, Vol.
23, No. 2, pp. 358-362, 2008.

H. Mosebach, “The effects of finite length and
width in linear induction motors for both the short
primary and the short secondary types,” Ph.D disser-
tation (in German), Technical University of Braun-
schweig, Germany, 1972.

H. Lee, C. Park, B. Lee and H. Park, “Exit End Effect
Reduction of a Linear Induction Motor for the Deep-
underground GTX,” will be presented in /CEM, 2010.



Hyung-Woo Lee, Chan-Bae Park and Byung-Song Lee 85

Hyung-Woo Lee received his B.S. and
M.S. degrees in Electrical Engineering
from Hanyang University in Seoul,
Korea, in 1998 and 2000, respectively.
He obtained his Ph.D. in Electrical
Engineering from Texas A&M Univer-
sity, College Station, TX, in 2003. In
2004, he became a Post-doctoral Re-
search Assistant at the Department of Theoretical and Ap-
plied Mechanics, Cornell University, Ithaca, NY. He served
as a contract Professor at the BK Division of Hanyang
University in Seoul, Korea in 2005. Since 2006, he has
been a Senior Researcher at the Korea Railroad Research
Institute in Uiwang, Korea His research interests include
design; analysis and control of motor/generator; power
conversion systems; applications of motor drives, such as
in Maglev trains, robots, and modern renewable energy
systems.

Chan-Bae Park received his B.S. de-
gree in Electrical Engineering from
Chungnam National University in Tae-
jon, Korea, in 2001. His M.S. degree in
the same field was obtained from Seoul
National University, Seoul, Korea, in
2003. He is currently enrolled in the
Ph.D. program in Electrical Engineer-
ing at Hanyang University in Seoul, Korea. From 2003 to
2006, he worked as a Senior Engineer in Digital Appliance
R&D Center at Samsung Electronics Co., where he devel-
oped various motors for home appliances. Since 2007, he
has been a Senior Researcher at the Korea Railroad Re-
search Institute in Uiwang, Korea. His research interests
include design and analysis of motor/generator, trans-
former, and superconducting devices for energy conversion
systems. Currently, he is developing a linear propulsion
system for railway transits.

Byung-Song Lee received his B.S.
degree in Electrical Engineering from
Seoul National University of Technol-
ogy, Seoul, Korea, in 1988. He ob-
tained both his M.S. and Ph.D degrees
in Electrical Engineering from Chung-
Ang University, Seoul, Korea, in 1991
and 1995, respectively. From 1996 to
1997, he worked as Senior Researcher in Railway Vehicle
R&D Center at KHRC (Korea High-Speed Rail Construc-
tion Authority), where he developed a propulsion system
for high speed trains. Since 1998, he has been a Senior and
Principal Researcher at the Korea Railroad Research Insti-
tute in Uiwang, Korea. His research interests include IPT
(Inductive Power Transfer) and energy conversion systems
for railway trains. Currently, he is working to develop an
IPT system for railway vehicles.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /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 false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 1800
  /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 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1800
  /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 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1800
  /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 (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<


    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>



    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 6.0 e versioni successive.)
    /JPN <>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>


    /SKY <>

    /SUO <>
    /SVE <>
    /TUR <>

    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 6.0 and later.)
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


