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MULTIFUNCTIONAL LINEAR INDUCTION MOTOR
WITH LONGITUDINAL-TRANSVERCE MAGNETIC FLUX
FOR MAGNETIC-LEVITATIONAL TRANSPORT

Background: Traction linear induction motors (LIM) at the current stage of human
society development are the most promising for high-speed magnetic-levitation transport
(MLT) and are already used in a number of commercial projects. Linear induction motors can
be executed with longitudinal, transverse and longitudinal-transverse magnetic flux and have
a large number of design options.

Aim: In addition to traction efforts, LIM develops the forces of magnetic-levitation
and lateral stabilization (self-stabilization). The efforts of magnetic-levitation of linear
induction motors with longitudinal and transverse magnetic flux are very significant in the
zone of large slides (at low speeds) and decrease with increasing speed of the magnetic-
levitation transport. To a lesser extent, the decrease in slip (at high speeds) affects the
magnetic-levitation forces developed by a number of design variants of linear induction
motors with a longitudinal-transverse magnetic flux, in which magnetic fields traveling in a
transverse direction towards each other are additionally used. This is explained by the fact that
at high and low velocities MLT, the LIM slip will be equal to unity relatively oppositely
running in the transverse direction of the magnetic fields and the magnetic suspension forces
will be maximum,

Methods: Running towards each other in the transverse direction of the MLT
movement, magnetic fields cross the electrically conductive secondary element (playing the
role of the track structure of the high-speed transport system) and induce electromotive forces
in it, under the influence of which currents will flow.

Results: As a result, cross counter-directional mechanical forces are created which, in
the symmetrical arrangement of the MLT crew relative to the track structure, are mutually
balanced and do not have any effect on the motion of the magnetic-levitation transport. At
lateral (transverse) displacement of the high-speed transport on the magnetic suspension
relative to the track structure, the equilibrium of the transverse mechanical forces is disrupted
and, under the effect of the effort difference, the MLT crew will be automatically returned to
the original symmetrical position.

Conclusion: The distribution of magnetomotive forces (MMF) of a linear induction
motor with a longitudinal-transverse magnetic flux, whose magnetic system is formed by the
combination of longitudinally and transverse laminated cores, on the teeth of which the coils
of a concentrated three-phase winding are located, is considered. The relations are represented
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in the form of a double Fourier series for calculating the resultant MMF value in the air gap of
a linear induction motor with a longitudinal-transverse magnetic flux.

Keywords: Linear induction motor, Longitudinal-transverse magnetic flux, Magnetic
levitation, Lateral stabilization, Magnetomotive force.
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MHOTI'O®YHKIIMOHAJIbHBIN JTUHEWHBINA
ACHHXPOHHBIN IBUT ATEJIb C TPOJOJIBHO-
MONEPEYHBIM MATHUTHBIM IOTOKOM JIJISI

MATHUTHOJIEBUTAIIUOHHOTI'O TPAHCIIOPTA

OOocHoBanme: Tsrosele JuHeHHbIE acuHXpoHHble jBuratenu (JIAJ) Ha
COBPEMEHHOM  JTalle  pa3BUTUS  YEJIOBEYECKOro oOluiecTBa  SBIAIOTCA  Hambosee
NEePCIEKTUBHBIMU ISl BBICOKOCKOPOCTHOI'O MarHUTOJIEBUTAIIMOHHOTO TpaHcnopta (MJIT) u
YK€ UCIOJB3YIOTCS B PsAAE KOMMEPUECKHX NMPOEKTOB. JIMHEMHbIE aCHHXPOHHBIE IBUIaTENIN
MOTYT BBIIOJHATHCS C MPOJIOJIBHBIM, MONEPEYHBIM U MPOJ0JIBHO-TIONEPEUHBIM MarHUTHBIM
MOTOKOM M UMETh OO0JIBIIOE KOJIMUYECTBO BAPUAHTOB KOHCTPYKIUI.

Heasn: [Tomumo Tarossix ycunnid JIA/] pa3BUBarOT yCWIIMSI MarHUTHOW JIEBUTALIMM U
OOKOBOM cTabwim3anuu (camocTaOMIM3anuu). YCHIUS MarHUTHOW JIEBUTAIIMH JTMHEHHBIX
ACUHXPOHHBIX JIBUTaTesiell ¢ MPOJOJIbHBIM M IONEPEYHBIM MAarHUTHBIM IOTOKOM BEChbMa
3HAYUTEIbHBI B 30HE OOJBIINX CKOJBKEHUH (NP HU3KUX CKOPOCTAX JABWXKEHHS) H
YMEHBIIAIOTCS C POCTOM CKOPOCTH JIBM)KEHMS MarHUTOJIEBUTAL[MOHHOIO TpaHcropra. B
MEHbIIEH Mepe yMEHBIIEHHE CKOJIbXEHUs (IIPU BBICOKUX CKOPOCTSAX JBMKEHMS) BIHUSET Ha
YCUJIMSL MAarHUTHOM JIEBUTALIUY, Pa3BUBAEMBbIE PSOM KOHCTPYKTHBHBIX BapUAHTOB JIMHEHHBIX
ACMHXPOHHBIX JIBUraTelIell € NPOJOJIbHO-TIONEPEYHBIM MAarHUTHBIM ITOTOKOM, B KOTOPBIX
JOTIOTHUTEILHO HUCIIOJIb30BAHbI OErylue B MOMEPEYHOM JBUKEHHUIO HAIIPaBJICHUN HaBCTPEUy
Jpyr ApPYry MarHuTHBIE MOJA. DTO OOBSACHSETCS TEM, UYTO W IPU BBICOKMX M MPU HU3KUX
ckopocTsix aBumxkeHuss MJIIT ckonbxenus JIAJ] oTHOCUTENBHO BCTpPEYHO OErymux B
MOTIEPEYHOM HAIPaBICHUM MArHUTHBIX MOJIeH OyAyT paBHBI €IUHHIIE U YCUIMS MarHUTHOTO
nojaBeca OyayT MaKCUMaJIbHBIMHU.

Metoabl: berymue HaBcTpedy JIpyr ApYry B IOINEPEYHOM HAIpPABICHUU JIBUKEHUS
MJIT MarHuTHbIE TOJISI IEPECEKAIOT IEKTPONPOBOISAIINNA BTOPUUHBIA 3J€MEHT (UTparOLIUil
pOJIb IYTEBOM CTPYKTYPBI BBICOKOCKOPOCTHOW TPAaHCIOPTHOM CHUCTEMBI) U MHAYKTHUPYIOT B
HEM 2JIEKTPOJIBHXKYIIINE CHIIBI, IO JEHCTBUEM KOTOPBIX MOTEKYT TOKH.

Pesyabrarbl: B pesyinbrare CO31al0OTCS  IONEPEYHBIE BCTPEYHO HAIPABICHHBIC
MEXaHUYECKHE YCHIIUA, KOTOpbIE MPU CHUMMETPUYHOM pACIOIOKEHHH HKkunaxka MIIT
OTHOCHUTEJIBHO ITyTE€BOM CTPYKTYpPbI B3aMHO YPaBHOBEIINBAIOTCS M HE OKA3bIBAIOT HUKAKOIO
BJIMSIHUS Ha JBM)KEHHE MarHUTOJIEBUTALIMOHHOIO TpaHcnopra. [Ipu 60koBOM (monepeyHoMm)
CMELIEHUU BBICOKOCKOPOCTHOI'O TPAHCIIOPTAa HA MAarHUTHOM I10JIBECE OTHOCUTEIIBHO IIyTEBOU
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CTPYKTYpPbl PABHOBECHE IONEPEUHBIX MEXAaHUYECKUX YCWIMH HAPYIIUTCA M IOJ JEHCTBUEM
pasHocTH ycwnuii skunax MJIT Oyzer aBTOMaTHYECKHM BO3BpAIlEH B  HCXOIHOE
CUMMETPUYHOE II0JIOKEHUE.

BeiBoambl: PaccmorpeHno pacnpeaenenue marautoasuwxkymux cui (MJC) nuneitHoro
ACMHXPOHHOI'O [JBHUTaTeisl C MPOJOJBHO-IIONEPEYHbIM MAarHUTHBIM IIOTOKOM, MAarHUTHAas
chUcTeMa KOTOpPOro o0pa3oBaHa COYETAaHHMEM NPOJOJILHO M TMOMEPEYHO IIMXTOBAHHBIX
CepACYHHUKOB, Ha 3yOLlax KOTOPBIX PACIOJIOKEHbl KaTyHUIKH COCPEAOTOYEHHOH Tpexda3zHon
obmotku. IlpencraBiieHbl COOTHOLIEHUST B BUAE JBOMHOrO psga Pypee s pacuera
pesyapTupyromero 3HadeHus MJIC B BO3QyIIHOM 3a30p€ JIMHEHMHOIO ACHHXPOHHOIO
JIBUTaTes C MPOAOJIbHO-TIONEPEYHBIM MArHUTHBIM IIOTOKOM.

Knioueevie cnoea. nvuHENHBI ACUHXPOHHBIM JBUIATEllb, IPOIOJIBHO-TIONEPEYHBIN
MarHUTHBIN TIOTOK, MAarHUTHAs JIEBUTALMS, OOKOBast CTaOMIM3alys, MarHUTOABUKYIIAsl CUJIA.

INTRODUCTION

Magnetic levitation systems of high-speed transport, including vacuum
ones, can occupy a worthy place in the world transport communications in the
foreseeable future. Studies in the field of MLT and new technologies, using the
phenomenon of magnetic levitation, in Russia have intensified in recent decades.
The work on the creation and study of MLT and the use of magnetic suspension
in industrial installations is carried out by Russian enterprises and organizations
in Russia. The most significant results in this area of research have been
achieved in St. Petersburg [1-7], where various systems of magnetic suspension
are being developed and studied, scientific conferences and seminars are being
held where the aspects of the functioning of high-speed magnetic-levitation
transport are discussed, and an engineering cluster «Russian Maglev» was
created. In addition to magnetic levitation systems, it is necessary to carry out
work in the field of traction drive to create new types of MLT, where the main
element is a linear motor. Linear motors for high-speed MLT can be induction
and synchronous. At the present stage of development of high-speed transport
systems, in our opinion, the most promising are linear traction induction motors.
Traction LIM has been successfully operated in China for many years on a
magnetic-levitation train connecting Shanghai with the airport. Linear induction
motors can have various designs of magnetic cores (solid, discrete) and
windings (distributed, concentrated, three- and two-phase). In our opinion, LIM
with longitudinal-transverse magnetic flux is very promising for magnetic-
levitation and vacuum transport, since these linear motors not only create
traction and levitation forces, but also are capable of providing lateral
stabilization of high-speed crew.
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LINEAR INDUCTION MOTORS WITH A LONGITUDINAL-
TRANSVERSE MAGNETIC FLUX

In linear induction motors with a longitudinal-transverse magnetic flux,
magnetic systems allow magnetic lines of force to be closed in both longitudinal
and transverse directions, which expands their functional capabilities. In a high-
speed MLT, linear induction motors with a longitudinal-transverse magnetic
flux, in which the same magnetic fields «run» towards each other in each cross-
section of the LIM, can realize not only traction and levitation forces, but lateral
stabilization, which increases the safety of traffic. Note, that lateral stabilization
efforts when the crew is shifted are created automatically without any sensors
and additional devices, due to changes in the magnetic fields counter-running in
the transverse direction. Linear induction motors with a longitudinal-transverse
magnetic flux have different design versions, but for high-speed magnetic-
levitation transport, in our opinion, LIM is better suited, the multi-phase
windings of which have connection circuits forming the same order of phases in
the direction of vehicle movement, and in the transverse direction — to the
middle of the series one, and after the middle — the opposite order of the phases
[8-15]. The operating principle of the LIM data with a longitudinal-transverse
magnetic field will be the same. When a multiphase winding of the LIM
inductor is connected to a voltage source running magnetic fields are excited
that cross the electrically conductive track structure, which plays the role of an
anchor, and induce electromotive forces in it, under the influence of which
currents will flow in the track structure. When the magnetic fluxes, running in
the longitudinal direction, interact with the currents, inducted by them in the
electrically conductive track structure MLT, traction and levitation forces are
created. We note, that when the slip is equal to unity, the force of the magnetic
suspension will be maximum. Under the influence of tractive force, the crew of
the MLT will begin its movement. When magnetic fluxes running in the
transverse direction interact with the currents, inducted by them, counter-
directed lateral mechanical forces and magnetic suspension forces are created. If
the transport crew is symmetrically located relative to the track structure, the
lateral forces are the same, they balance each other and have no effect on the
motion of the magnetic-levitation transport. If the movement of the MLT crew is
displaced to the right or to the left (for example, under the influence of a strong
side wind), then the equilibrium of lateral mechanical forces is violated and
under the influence of the difference of these efforts the transport crew
automatically returns to the former, symmetrical position. As for the magnetic
suspension forces, created by the interaction of transversely running magnetic
fields with currents in the track structure, they will not depend on the speed of
the MLT. This is explained by the fact that the slip of the LIM inductor relative
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to the transversely running magnetic fields will always be equal to unity. The
design of a linear induction motor with a longitudinal-transverse magnetic flux
[16] is capable of developing large efforts of a lateral stabilization of magnetic-
levitation transport, by increasing the efficiency of the use of counter-current
running magnetic fields. LIM with a longitudinal-transverse magnetic flux can
be used in combination with an electrodynamic levitation system to accelerate
the transport crew to the required speed, after which induction motors will be
used in the lateral stabilization system of magnetic-levitation transport.

MATHEMATICAL MODELING OF THE DISTRIBUTION
OF THE MAGNETOMOTIVE FORCE LIM WITH
A LONGITUDINAL-TRANSVERSE MAGNETIC FLUX

For the electromagnetic calculation of LIM and determination of its
integral characteristics, it is necessary to develop mathematical models of the
machine taking into account the distribution of the magnetomotive force in the
air gap and in the electrically conductive part of the secondary element (track
structure MLT). Linear induction motors with longitudinal-transverse closure of
magnetic flux have an open magnetic system and in their operation longitudinal
and transverse end effects are manifested, which have a great influence on the
traction properties of LIM. Therefore, when calculating, it is necessary to take
into account the influence of end effects. In order to take into account the
influence of longitudinal and transverse end effects, a linear induction motor is
represented in the form of two computational models, which depict the
distribution of magnetomotive forces in two mutually perpendicular directions.
This approach to analyzing the properties of LIM will create a three-dimensional
theory of linear electric motors with longitudinal closure of the magnetic flux.
Later, an attempt was made to extend this theory to linear induction motors with
a transverse magnetic flux, which made it possible to obtain good results that
coincided with the experimental data. We use this approach to determine the
magnetomotive force of linear induction motors with a longitudinal-transverse
magnetic flux, the designs of which are intended for use on a promising high-
speed magnetic-levitation and vacuum transport.

We use for analysis a number of assumptions that make it possible to
obtain an analytical solution of the problem.

We assume, that the magnetic permeability of the magnetic circuit is
equal to infinity; the electric conductivity of the magnetic circuit is zero; the
inductor current is concentrated in an infinitely thin layer on the surface of the
teeth facing the secondary element (electrically conductive path structure MLT);
the current of the inductor generates in the direction of the «x» axis a
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sinusoidally traveling MMF wave; the components of the current density along
the «y» axis in the inductor and the secondary element are zero.

Let us consider a linear induction motor with a longitudinal-transverse
magnetic flux, intended for magnetic-levitation transport, whose magnetic
system is formed by transversely laminated I1-shaped cores, between each pair
of which a longitudinal magnetic circuit is located. The coils of the concentrated
three-phase winding cover the teeth of longitudinally and transversely laminated
cores. The design model of this linear induction motor is shown in Fig. 1. The
adopted coordinate system contains the “x™ axis, oriented in the direction of
motion, the «y» axis, located at the center of the rail section (secondary
element), and the «z» axis, directed transversely to the displacement of the
inductor. In the longitudinal direction, the MMF is distributed sinusoidally, and
in the transverse direction the inductor of the traction LIM with the longitudinal-
transverse magnetic flux is divided into 23 zones, for which the MMF
distribution is shown (Fig. 2). This representation of the MMF allows one to
take into account the influence of the transverse end effect. Magnetomotive
forces for each of the zones of this LIM in accordance with the calculation
models are presented as:

a)

&)

Fig 1. The design model of the LIM in the transverse direction:
a) the cross section of the LIM;
b) the distribution of the MMF in the transverse direction
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LIM with a longitudinal-transverse magnetic flux, the cross-section of
which is shown in Fig. 1, can be represented as the sum of five linear motors,
operating according to: three median, whose MMF change in the transverse
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direction with a period of T, =2L,, and two extreme, whose magnetomotive
force has a period of T, = 2L, along the «z» axis.

L inductor core
N0 p=a0; ;=0 PR
(2) air gap |
/@) secondary element =
Y .
JEmt——) F_|1—sin n(z—5a-4b-4c) J(M‘T:
~ 2c

JT e J_( z
U : x(z +5a+ 4b ~ 4c)} j(at=2)
/ Fu e

., i X2
| z

0
iy~ (o)
] \é{l_sl T(Z 22; b) jlot -

Fig 2. Design model and MMF of linear motor in the transverse direction:
a) the design model; b) distribution of MMF of median L1M; ¢) distribution of MMF
of extreme LIM

In this case, the calculation can be performed separately for LIM 1, and
the calculation results are doubled, and for LIM 2 (the results of the calculation
are tripled). Summing the results of the calculation of LIM 1 and LIM 2, we
obtain integral values of the parameters and characteristics of the LIM with a
longitudinal-transverse magnetic flux.

A more detailed design model of the LIM (Fig. 2) denotes three zones:

1 — magnetic inductor system;

2 — air gap;

3 — conductive secondary element (track structure MLT).

When analyzing design models, we use the assumptions made earlier.

Design models and assumptions made earlier (Fig. 1 and Fig. 2) make it
possible to represent the MMF of the extreme LIM 1 in the form of a periodic
function with the period T,= | along the «x» axis and with the T,= 2L;period
along the «z» axis in the form:
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T
Magnetomotive force of the median LIM-2 can be represented as periodic
functions with a period of T,=I along the «x» axis and with a period T,=2L,
along the «z» axis, given as follows:
j(ot=2x)

m 1

on condition —pt<x<pt, —(2a+b+c)<z<(2a+b+c);

F. [1—sin n(Z—Za—b)}eJ(wt—TU;
2C

F,(x,z,t) = (19)

on condition —pt<x<pt;, —(2a+h)<z<(2a+b+c);

F, [1+ sin 22 +22a i b)}ej(mtTX);
c

on condition —pt<x<pt;, —(2a+b+c)<z-(2a+hb);

Having performed a number of transformations, we represent the MMF of
the «extremey» and middle LIM in the form of double Fourier series
For the extreme LIM the magnetomotive force is obtained as:

8tF, Z. et
R(xz,t)=—=2>> n(an—)ve : (20)
ol TS L,
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where n — an integer, positive, odd number — order harmonic component
of the MMF in the «z» axis direction, with the period of the first harmonic being
2L,=2(2a+b+c);

v —harmonic order of the MMF along the «x» axis;

n, — a coefficient, that takes into account the MMF distribution in the
zone of the frontal parts of the LIM 1 winding;

v, — a coefficient, that takes into account the number of poles.

The magnetomotive force of the median LIM 2 is defined as follows:

8 (a2’
F(xz) = on sy, (m-Lye 0, (22)
7l o L,
N, = 2-{sin nn(a+b+c)2nico{nnibﬂ, (23)
nfL—(2n¢) | L, L, L,

where L,=2(2a+2b+2c).
CONCLUSIONS

1. The proposed method for modeling the distribution of the
magnetomotive force LIM with a longitudinal-transverse magnetic flux makes it
possible to reduce the real models of linear induction motors with a longitudinal-
transverse magnetic flux with the complex structure of the magnetic inductor
systems to the calculated mathematical ones. This can serve as a basis for
creating a methodology for calculating the parameters and characteristics of
traction LIM with a longitudinal-transverse magnetic flux, intended for use in
high-speed magnetic-levitation and vacuum transport.

2. Linear induction motors with a longitudinal-transverse magnetic flux in
high-speed MLT systems are capable, along with traction and levitation efforts,
to realize automatic lateral self-stabilization of the transport crew relative to the
track structure and are multi-functional devices.

3. Linear induction motors with a longitudinal-transverse magnetic flux in
combination with an electrodynamic system of magnetic levitation are
promising for magnetic-levitation transport.
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