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NEW TECHNOLOGY FOR MANUFACTURING INDUCTORS
OF LINEAR INDUCTION MOTORS FOR MAGNETIC-
LEVITATION TRANSPORT

Background: Significant economic growth in many countries of the world can contribute
to an increase in the speed of movement of modern and fundamentally new vehicles. This will
increase the turnover of goods during the transportation of goods, revive international trade,
increase the comfort of passengers and reduce their travel time.

Aim: The solution of this problem is the development and wide application of high-speed
magnetic-levitation transport (HSMLT) with linear traction engines. It is promising to use linear
induction motors (LIM) for the HSMLT drive, which can have various design versions. Linear
induction motors come with a longitudinal, transverse and longitudinal-transverse closure of
the magnetic flux. LIM inductors can be installed on both high-speed transport crews and in
the HSMLT track structure, as it was done in the People’s Republic of China, where express
trains on magnetic suspension connect Shanghai with the airport and reliably operate for more
than 10 years. The main elements of the inductor of a linear induction motor are a magnetic
core (ferromagnetic core) a multiphase (usually three-phase) winding. With the development of
high-speed magnetic-levitation transport, the issues of improving the manufacturing technology
of various HSMLT devices, including the methods for producing inductors of linear induction
motors, will become increasingly relevant. Traditionally, LIM inductors are assembled from pre-
manufactured individual parts.

Methods: An integral technology for manufacturing inductors of linear induction motors
for high-speed magnetic-levitation transport is proposed and considered by the method of
spraying materials onto a substrate through replaceable stencils. The new technology eliminates
the alternate manufacture of individual assemblies and parts and their subsequent assembly to
obtain a finished product. A method for determining the size of stencils for manufacturing one of
the inductor variants of a linear induction motor is proposed as an example.

Conclusion: Integral manufacturing technology is promising for the creation of high-
speed magnetic-levitation transport.

Keywords: magnetic-levitation transport, linear induction motor, inductor, materials
spraying, replaceable stencils.
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HOBAS TEXHOJIOI'YUA U3I'OTOBJIEHUA UHAYKTOPOB
JUHEMHBIX ACUHXPOHHBIX JIBUTATEJIEM JIJIA
MATHUTHOJIEBUTAIIMOHHOI'O TPAHCIIOPTA

OobocHoBanue: CylIeCTBEHHOMY SKOHOMHYECKOMY POCTY BO MHOTHMX CTpaHax MHUpa
MOXET CIOCOOCTBOBATh YBEIMUYEHHE CKOPOCTHU JIBH)KEHHS COBPEMEHHBIX M MPHUHLHUIHAIBHO
HOBBIX TPAHCIIOPTHBIX CPEACTB. DTO MO3BOJIUT YBEJIIMUUTH IPy30000pOT NPU MIEPEBO3KE TOBAPOB,
OXHMBHUT MEXIyHapOIHYIO TOPIOBIIO, TOBBICUT KOM(OPT MACCaKUPOB M COKPATHT UX BpEMs
peObIBaHUS B MTyTH.

Heab: Pemenune 3Toii 3a1a4 — pa3BUTHE U LIMPOKOE MPUMEHEHNE BHICOKOCKOPOCTHOTO
MarHuTHOJeBUTAlIMOHHOTO TpaHcmopta (BMJIT) ¢ NTUHEWHBIMU TSITOBBIMH JBHUTATEIISIMHU.
[NepcriexTrBHO Hicnonk30Banue s pruBoaa BMIIT nuneitHbix acuaxpoHHbIX aurareneit (JIAJL),
KOTOPbIE MOTYT UMETh Pa3Iu4yHble KOHCTPYKTHUBHBIE UCIIOJIHEHUS. JINHEWHbIE aCHHXPOHHbIE
JBUTATENN OBIBAIOT C MPOJOJIbHBIM, MONEPEYHBIM U MPOAOILHO-TIONEPEYHBIM 3aMbIKAHUEM
MarHuTHoro noroka. Muaykroper JIAJ] MoryT ycraHaBIUBaThCs U Ha BBICOKOCKOPOCTHBIX
TPaAHCIOPTHBIX 3KUMaKaX, U B myTeBoi cTpykType BMJIT, kak aTo 6bu10 cnenano B Kuraiickoit
Haponnoii Pecniybnuke, rae skcrnpecchl HA MarHUTHOM MozBece cBs3biBatoT T. [llanxaii ¢
a’poropTOM M HaJexkHO padoraroT Oosiee 10 mer. OCHOBHBIMU 3JIEMEHTaAMU HHAYKTOpa
JMHEWHOTO aCUHXPOHHOIO JIBUTATENsl SIBJISIFOTCS MATHUTONPOBOJ ((PeppOMATHUTHBINA CEpIEUHHK)
u MHorodasHas (kak mpaBuio, TpexdasHas) oomorka. C pa3BUTHEM BBICOKOCKOPOCTHOTO
MarHUTHOJIEBUTAIIIOHHOTO TPAHCIIOPTA BCe 00Jiee aKTyaIbHBIMU Oy/TyT CTAHOBHUTHCS BOIIPOCHI
COBEPIICHCTBOBAHUS TEXHOJIOTUHM M3TOTOBJIEHUS pa3indHbIX ycTpoiictB BMJIT, B ToM uuncne
Y METOAbl MPOU3BOJICTBA MHAYKTOPOB JIMHEWHBIX ACMHXPOHHBIX JIBUrareneil. TpaauluuoHHO
uHIyKTOphl JIAJ] coOmupatoTcst U3 3apaHee U3rOTOBICHHBIX OTICIBHBIX JeTaleH.

Mertoasbr: [Ipenyaraercs u paccMaTpuBaeTCs HHTErPajibHasl TEXHOIOTUS U3TOTOBICHUS
UHIYKTOPOB JIMHEWHBIX ACHHXPOHHBIX JBUTAaTeNIed A1 BBICOKOCKOPOCTHOIO MarHMTHO-
JI€BUTALIMOHHOT'O TPAHCIIOPTA METOAOM HaIlblJIECHUS MATEpUAJIOB HA IIOAJIOKKY YEPE3 CMEHSIEMbIE
Tpadapersl. HoBasi TEXHOIOTHS HCKIIOYACT MOOYEPETHOE HM3TOTOBJICHHUE OTNEIbHBIX Y3JI0B
U JeTaneil ¥ mocienyonyo uX cOOpKy s MOIXy4eHus rotroBoro msaenus. Ilpeanoxena B
KauecTBe MpHUMEepa METOIUKA OTPENEICHUs] pa3MepoB TpadapeToB ik H3TOTOBICHUS OJHOTO
U3 BAPUAHTOB MHIYKTOPA JIMHEHHOTO aCHHXPOHHOTO JBUTATEII.

BeiBon: UHTerpanbHas TEXHOJIOTHsS HM3TOTOBJIEHUS IEPCIEKTHUBHA JJIs CO31aHMS
BBICOKOCKOPOCTHOTO MAarHUTHOJIEBUTALIMOHHOTO TPAHCIIOPTA.

Kntouegvie cnogea: MarHUTHOJIEBUTALMOHHBIN TPAHCIOPT, JMHEHHBIH aCHUHXPOHHBIN
ABUTAaTCJib, MHAYKTOP, HAIIBIUNICHUEC MAaTCpHUaioB, CMCHACMBIC Tpa(bapeTLI.

Received: 28.09.2018. Revised: 21.10.2018. Accepted: 17.11.2018. This article is available under license m

Transportation Systems and Technology. 2018;4(3 suppl. 1):351-364 doi: 10.17816/transsyst201843s1351-364



353 TPAHCIHIOPTHBIE CUCTEMBI U TEXHOJIOI'MU OPUT'MHAJIBHBIE CTATbU
TRANSPORTATION SYSTEMS AND TECHNOLOGY ORIGINAL STUDIES

INTRODUCTION

In the seventies and eighties of the last century, in many countries of the
world, including in the Soviet Union, scientists and engineers were engaged in
the development of high-speed magnetic-levitation transport. Numerous scientific
researches and experimental design developments in the field of magnetic-
levitation and linear traction drive of high-speed transport have been carried out,
many technical solutions, protected by patents for inventions, have been created,
experimental polygons have been constructed for carrying out experiments. These
studies for various reasons were either minimized or significantly reduced.

At the beginning of the two thousand years, the development of the
world economy required the creation of radically new high-speed vehicles for
the organization of freight and passenger transportation. Great interest arose for
the high-speed MLT after the successful implementation of the development of
scientists and engineers from the FRG in the People’s Republic of China. This was
the first successfully implemented commercial project: a high-speed magnetic-
levitation train provided fast and comfortable travel of air passengers between
Shanghai and the airport. All this contributed to the beginning of a new stage in the
creation, research and development of high-speed magnetic-levitation transport at a
new, higher level. Work has been intensified in the field of MLT and in the Russian
Federation, as evidenced by the modern publications of PSTU staff (St. Petersburg),
presented in serious publications [1-7]. OJSC «Russian Railwaysy is interested in
new developments [8—11]. Periodically, at the enlarged meetings of the scientific
and technical council OJSC «Russian Railways» issues are considered on the
development of new modes of transport.

One of the most important elements in high-speed MLT systems is a linear
induction motor, that converts electricity directly into the translational movement
of the transport crew, therefore, the issues of improving the technology for
manufacturing inductors of traction LIM are important and urgent.

AIM

Analysis of literature sources on the technology of electrical machines
showed that there is no special literature on the technology of manufacturing linear
electric motors. Although in the Russian Federation linear motors are not produced
in large series, a number of specialized enterprises organized their production.

The development of high-speed magnetic-levitation transport, as well
as flexible production systems, robotics, advanced types of in-plant transport,
automation systems and simple (in kinematics) electric drives will facilitate the
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production of an increasing number of electric linear machines. At the same time,
the production of linear motors in small series at different plants leads to the
fact that everywhere one develops its own technologies based on the traditional
methods of manufacturing electric machines, including the sequential manufacture
of individual elements of the structure and their subsequent assembly into a finished
product, which reduces labor productivity and increases the cost products.

For stamping the inductor plates of a linear motor, special matrices are made.
When manufacturing a small batch of linear motors, the magnetic cores are made
by milling the grooves for laying the winding.

Windings of inductors of linear electric machines are carried out by traditional
technologies, including winding and laying of sections, as well as impregnation
and drying.

The assembly of electric machines is the final technological process, in
which the nodes and individual parts are combined into a finished product. The
energy and operational parameters of the electric machine largely depend on this
technological process: efficiency, power factor, reliability and durability.

The inventions in the field of improving the technology of electric machine
building are relatively small, if we bear in mind technical solutions that are
fundamentally different from traditional ones. A number of inventions are devoted
to non-waste technologies for making cores of electric machines, containing twisted
yokes and corrugated tooth zones. Many developments on the manufacture of
magnetic cores from ferromagnetic powders of cermets-based. This method is also
suitable for the production of cores of linear electric machines.

All this indicates that there are practically no new, high technologies in
the production of electric machines, including linear ones. We have proposed a
new, integral technology for manufacturing inductors of traction linear induction
motors.

FUNDAMENTALS OF ANEW TECHNOLOGY FOR
MANUFACTURING INDUCTORS LIM

In the production of electrical machines to this day, technologies that make
extensive use of manual labor prevail. New technologies for manufacturing
inductors of linear induction motors allow to reduce the number of stages of
manufacturing the machine and significantly reduce the share of human participation
in the technological process, and in some cases — fully automate the production of
inductors of linear motors.

The technology is based on the methods known in the art for the manufacture
of parts by methods of powder metallurgy and the deposition of materials [12, 13].
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This technology can be used to manufacture inductors, chokes, transformers and
other electrical devices.

One of the promising technological methods related to high technology is the
deposition of materials [12, 13]. This method is increasingly used in various fields
of technology. The method of sputtering of materials is used in the production of
condenser tapes, for the production of anticorrosion coatings, for the restoration and
hardening of worn parts, for the application of case insulation of coils of electrical
apparatuses and for the making of slot insulation of some electric machines.

The technology of sputtering materials is divided into three main types:

1. Gas-flame or gas-thermal spraying, which uses the heat, generated by the
combustion of a mixture of combustible gas with oxygen. Depending on the state
of the sprayed material, it can be of three types: wire, rod and powder.

2. Gas-plasma spraying, based on the use of heat released during the
combustion of electric dust. In this method, the gas is heated to the temperature
at which the dissociation process takes place. The temperature of this process is
determined by the type of gas and pressure.

3. Vacuum deposition is widely used in space technology and electronics.
With this type of spraying, electron guns are used.

The new technology excludes the preliminary manufacture of individual
elements of the inductor structure and their subsequent assembly into the finished
product [14, 15]. The inductor is proposed to be manufactured by alternately
spraying a ferromagnetic material (the core of a magnetic core), an insulating
material (applying slot, interturn and intercoil insulation) and an electrically
conductive material (winding) to the substrate. As a result, immediately obtained
product — inductor LIM, ready for use on MLT. In other words, the new technology,
combining, summing up the individual stages of inductor production of a linear
induction motor, is integral.

The process for manufacturing the inductor core of a linear induction motor
(LIM) is shown in Fig. 1. The core can be completely sprayed with a gas-flame or
gas-plasma method, or a tooth layer is applied to the pre-prepared yoke (laminated
or solid) through the stencil.

A yoke 2 and a tooth layer 3 are deposited on the substrate 1, prepared for
deposition. For the spraying of the teeth, a stencil 4, having apertures 5, through
which ferromagnetic material 6 is sprayed through the desired places with the help
of a burner 7 which is movable in the direction of the arrows A and B, is used. The
stencil 4 1s fixed relative to the substrate and yoke by means of guides 8 passing
through the stencil holes 9. In Fig. 1 for reasons of clarity, the stencil is shown
elevated above the core, in fact, the stencil lies on the core, closing the slots of the
inductor with its jumpers.
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Fig. 1. The process of manufacturing the core of the inductor LIM

In Fig. 2, a sprayed solid yoke 2 is shown on the substrate 1. This is the
simplest method for manufacturing a magnetic inductor system of a linear motor,
but this manufacturing method will result in significant core losses during machine
operation. The structure of the core, similar to the laminated from individual
electrical steel plates, can be obtained using another stencil, with which the core is
not sprayed on top, as shown in Fig. 1, but on the side. In this case, the ferromagnetic
and insulating material is applied alternately in layers, and as a result, a core 1 is
obtained (Fig. 3), in which the ferromagnetic zones 2 are separated by layers of
insulation 3, in which can be used as alumina. We would like to draw your attention
to the fact that the thickness of the film of the insulating material can be equal to
the fractions of the micron, and consequently, the core filling factor of steel can
reach 99% and even higher values, which is completely unattainable with the use
of traditional technologies for manufacturing magnetic core of electric machines.

One of the stages of the new technology is the production of the first
coil layer. For this purpose, use the stencil (mask) shown in Fig. 4. The stencil
1 comprises apertures 2 that repeat the shape of the first coil winding layer, through
which a layer of electrically conductive material, usually copper or aluminum, is
sprayed. The jumpers, in the form of flags, cover the teeth of the core and do not
allow the coil to become short-circuited. To increase the electrical conductivity of
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Fig. 2. Solid yoke, produced by spraying
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Fig. 3. Yoke, produced by spraying, in which layers of a ferromagnetic alternate
with layers of insulation
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Fig. 4. Stencil for the manufacture of the first layer of coil winding coils of an inductor
winding of a linear induction motor
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the coil, the deposited conductive layer is subjected to the flame-burning operation
of the burner. The stencil is suitable for the manufacture of only one first layer
of coil windings of the inductor winding. It should be noted that the stencil for
spraying the windings should be made of a material whose melting point exceeds
the melting point of the electrically conductive material. But this is necessary if
the technological process involves the operation of melting the sprayed layers of
electrically conductive material.

DETERMINATION THE SIZES OF STENCILS FOR
MANUFACTURING OF INDUCTOR LIM

Let’s consider an example of calculation of the sizes of stencils for
manufacturing of inductor LIM with a winding consisting of the concentrated
coils.

To produce a series of similar inductors of linear induction motors, it is
necessary in advance to produce a set of stencils for spraying the core and winding
the machine. The set includes a substrate (base), on which the yoke of the inductor is
applied. Depending on the method of applying the material, a substrate is prepared.
Its surface is cleaned and roughened for gas-flame and plasma yoke sputtering, or
the surface of the substrate is polished by vacuum deposition of materials.

To determine the sizes of the stencils, the length and width of the inductor of
the linear machine, the number and dimensions of the inductor teeth, the number
and dimensions of the coils of the winding, the number of turns in each coil should
be specified.

When calculating the stencils, the following conventions are adopted:

L — length of inductor;

b — width of inductor;

L, —length of stencil;

2p —number of poles of inductor of linear motor;

T — pole division;

b, — width of inductor tooth;

[ — length of tooth;

b, — turn width of coil of winding of inductor;

0 — insulation thickness of coil turns;

bmp — width of stencil;

A — width of inter-turn connection;

n — turn number (by coil height);

W, —longitudinal dimension, showing the distance from the left inner corner
of the turn to the beginning of the inter-turn connection;
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W, — longitudinal dimension, showing the distance from the right inner
corner of the turn to the beginning of the inter-turn connection;

b — distance between inner sides of two turns of adjacent coils;

b,, b,, b, — distance between the protrusions of the stencils for the deposition
of insulation,;

¢ — height of the base of the stencil for applying insulation.

In Fig 5 shows a stencil for applying a tooth layer of the inductor core. To
determine the width of the winding coil, the values are given: b , b, [, 7, and the
dimensions of this stencil are determined by the size and number of teeth of the
inductor, and also by the width of the latter.

I B [ |
| - | |
| | l
I | :
I | |
_g bk bz DK“J| N |bn |
| | |
| | |
| | |
= | |

| : | ﬂ

Lmp

Fig. 5. Stencil for sputtering the tooth layer of the inductor core of a linear induction motor

Width of coil of winding without allowance for thickness of inter-coil
insulation:

b= (t/3 =b,)/2. (1)
Distance between inner sides of two turns of adjacent coils:
b, = 2b,=1/3 —b,. (2)
Length of inductor of linear electric motor:
L,= 2pt + 2b,= 6p(2b, +Db,) + 2b,. 3)

The stencil for the production of the «n-thy turn layer is shown in Fig. 6.
Width of turn:

b, =b, — 28. 4
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Fig. 6. The stencil for sputtering of the «n-th» turn layer of the coil of winding
of the inductor LIM
Length of stencil, m:
me =L, + 0,04. 5)

Distance from the left inner corner of the turn to the beginning of the inter-
turn connection:

W= (n— 1)(4+ 49). (6)

Distance from the right inner corner of the turn to the beginning of the inter-
turn connection:

W,=b.—W,— 43, (7)

A stencil for applying an insulation layer on the turns of the winding, that
closes the interturn connection, is shown in Fig. 7.
Longitudinal dimensions:

by=b,— 6, +W+ 0,02 + 459; ()
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Fig. 7. A stencil for applying an insulation layer on the turns of the winding

by=b + A. (10)

Thus, the dimensions of the stencils for manufacturing inductors of linear
induction motors are determined on the basis of calculation data and design
documentation.

CONCLUSIONS

1. The new integral technology for manufacturing inductors of linear
induction motors by the method of deposition of materials is high and will allow
to increase the quality of traction LIM for magnetic-levitation transport.

2. Manufacture of traction LIM inductors by the method of deposition of
materials will allow to automate the process of production of linear machines for
such promising modes of transport as high-speed magnetic-levitation, including
vacuum.

3. The proposed technology can be used in the production of transformers
and electric motors.
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