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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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НОВАЯ ТЕХНОЛОГИЯ ИЗГОТОВЛЕНИЯ ИНДУКТОРОВ 
ЛИНЕЙНЫХ АСИНХРОННЫХ ДВИГАТЕЛЕЙ ДЛЯ 
МАГНИТНОЛЕВИТАЦИОННОГО ТРАНСПОРТА

Обоснование: Существенному экономическому росту во многих странах мира 
может способствовать увеличение скорости движения современных и принципиально 
новых транспортных средств. Это позволит увеличить грузооборот при перевозке товаров, 
оживит международную торговлю, повысит комфорт пассажиров и сократит их время 
пребывания в пути. 

Цель: Решение этой задачи – развитие и широкое применение высокоскоростного 
магнитнолевитационного транспорта (ВМЛТ) с линейными тяговыми двигателями. 
Перспективно использование для привода ВМЛТ линейных асинхронных двигателей (ЛАД), 
которые могут иметь различные конструктивные исполнения. Линейные асинхронные 
двигатели бывают с продольным, поперечным и продольно-поперечным замыканием 
магнитного потока. Индукторы ЛАД могут устанавливаться и на высокоскоростных 
транспортных экипажах, и в путевой структуре ВМЛТ, как это было сделано в Китайской 
Народной Республике, где экспрессы на магнитном подвесе связывают г. Шанхай с 
аэропортом и надежно работают более 10 лет. Основными элементами индуктора 
линейного асинхронного двигателя являются магнитопровод (ферромагнитный сердечник) 
и многофазная (как правило, трехфазная) обмотка. С развитием высокоскоростного 
магнитнолевитационного транспорта все более актуальными будут становиться вопросы 
совершенствования технологии изготовления различных устройств ВМЛТ, в том числе 
и методы производства индукторов линейных асинхронных двигателей. Традиционно 
индукторы ЛАД собираются из заранее изготовленных отдельных деталей.

Методы: Предлагается и рассматривается интегральная технология изготовления 
индукторов линейных асинхронных двигателей для высокоскоростного магнитно-
левитационного транспорта методом напыления материалов на подложку через сменяемые 
трафареты. Новая технология исключает поочередное изготовление отдельных узлов 
и деталей и последующую их сборку для получения готового изделия. Предложена в 
качестве примера методика определения размеров трафаретов для изготовления одного 
из вариантов индуктора линейного асинхронного двигателя. 

Вывод: Интегральная технология изготовления перспективна для создания 
высокоскоростного магнитнолевитационного транспорта.

Ключевые слова: магнитнолевитационный транспорт, линейный асинхронный 
двигатель, индуктор, напыление материалов, сменяемые трафареты.
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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 Railways» 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 A NEW 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 is 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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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 

Fig. 1. The process of manufacturing the core of the inductor LIM
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Fig. 3. Yoke, produced by spraying, in which layers of a ferromagnetic alternate  
with layers of insulation

Fig. 2. Solid yoke, produced by spraying

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:
Lu – length of inductor;
bu– width of inductor;
Lmp– length of stencil;
2р – number of poles of inductor of linear motor;
τ – pole division;
bz – width of inductor tooth;
lz – length of tooth;
bk – turn width of coil of winding of inductor; 
δ – insulation thickness of coil turns; 
bmp – width of stencil;
А – width of inter-turn connection; 
n – turn number (by coil height);
W1 – 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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W2 – longitudinal dimension, showing the distance from the right inner 
corner of the turn to the beginning of the inter-turn connection; 

bn – distance between inner sides of two turns of adjacent coils; 
b1, b2, b3 – distance between the protrusions of the stencils for the deposition 

of insulation;
с – 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: bu, bz, lz, τ, 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. 

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: 
  / 3 ) 2.( – /k zb b= τ   (1)

Distance between inner sides of two turns of adjacent coils:

  2  / 3 – . n k zb b b= = τ   (2)

Length of inductor of linear electric motor:

   2   2  6 2   2 .( )u k k z kL p b p b b b= τ + = + +   (3)

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

 1 –  2 .k kb b= δ   (4)
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Length of stencil, m:

  0,04.mp uL L= +   (5)

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

 1 ( )( ) –  1  4 .W n A= + δ  (6)

Distance from the right inner corner of the turn to the beginning of the inter-
turn connection:
 2 1– –  4 .zW b W= δ   (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:

 1 1 1–   0,02  4 ;kb b W= δ + + + δ  (8)

Fig. 6. The stencil for sputtering of the «n-th» turn layer of the coil of winding  
of the inductor LIM
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 2 2 1 2 –  4 ;kb W b W A= + + + δ   (9)

 3 1 . b 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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Fig. 7. A stencil for applying an insulation layer on the turns of the winding
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