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ABSTRACT

ABSTRACT

Ground transportation system which would reach speeds up to 500 km/h needs to be
levitated. For this reason the linear motors are suitable as a propulsion system. The
principle of linear motor is explained. The main structural types are briefly described.
Then different types of levitation are mentioned. For levitated transportation systems is
used attractive or repulsive levitation, these two types are also explained. Finally, the

summary of development of the maglev systems in the world is told.

Key words: linear induction motor, linear synchronous motor, levitation, maglev



ABSTRAKT

ABSTRAKT

Pozemni doprava, kterd dosahuje rychlosti az 500 km/h musi byt levitovdna. Pro tyto
Ucely se jako pohony vyuZivaji linearni motory. V této prdaci je popsan princip téchto
motor(. Ze strukturalniho hlediska jsou zjednoduSené popsdny nejpouzivanéjsi typy.
Levitované dopravni systémy vyuzivaji bud' ptitazlivé nebo odpudivé levitacni sily, systémy
vyuzivajici tyto sily jsou také vysvétleny. Zavérem je shrnut vyvoj maglev systémi ve

svéte.

Klicova slova: linearni indukéni motor, linedrni synchronni motor, levitace, maglev



INTRODUCTION

INTRODUCTION

There always has been effort for fast and safe kind of transportation which would be
economically available. With increasing demands for speed of the ground transportation
there are only few options left. One of the most perspective possibilities is levitated
transportation, or more precisely — levitated trains. The first thoughts for levitated

vehicles came in 1930s and since then there has been a great development in this area.

Contactless trains need a suitable propulsion system. In case of magnetic levitation
(maglev) system is necessary to provide a linear motion. That can be achieved by
conventional rotational motors with transformation to the linear motion, but this
transformation could be avoided by using a linear motor. As for rotational motors, there
are two main types of linear motors — induction and synchronous. This thesis discusses
about these types of linear motors, describes their structural options, principles,

differences between linear and rotary motors and their applications.

Further, there are listed and briefly explained types of magnetic levitation systems which
are used for high-speed maglev transport systems. Applications of these systems are

mention at the end of this thesis.



THE LINEAR MOTORS FOR TRANSPORTATION SYSTEM

1 THE LINEAR MOTORS FOR TRANSPORTATION SYSTEMS

In past 50 years has been a great interest in implementation of transportation
systems with high-speed propulsion. To achieve speeds up to several hundreds of km/h is
necessary to realize a levitated vehicle. From this follows that propulsion system has to be

contactless. For this purpose are suitable linear motors. [5]

The main difference between a typical torque motor and a linear motor is, as the
name suggests, that linear motor produces linear force instead of rotational. Which
means the only degree of mechanical freedom is not a rotation but a translation [1]. This
is achieved by “cutting” the rotational motor radially and unrolled, as illustrated on Fig.
1.1. So in theory every type of motor (synchronous, dc, induction and reluctance) could
be operated as linear. But for economic reasons we usually want to motors without
secondary excitation, thus reluctance motor, induction motor and synchronous motor
with permanent magnets are suitable for the linear conversion [6]. However, in practice
we have to respect a thrust characteristics, efficiency, losses and structural complexity of
motor and because of that the most attention has been focused on linear induction

motors and linear synchronous motors [1].

Fig. 1.1: Rotary to linear transformation [6]
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THE LINEAR MOTORS FOR TRANSPORTATION SYSTEM

Lately these two types of propulsions have been associated with a linear motor-
powered transportation. The major advantage of these systems is that the linear motors
are able to produce a direct thrust. That means there is no need for transfiguration of
rotational energy into translational energy. This advantage provides thrust which does
not depend on adhesion between rail and wheel. Above that, linear motor gives a normal

force, which is used to support a vehicle [2].

As have already been said, based on type of construction, the linear motors for
transportation system are divided to induction and synchronous machines. According to
the length of stator (which is usually the active part) and rotor (passive part) are defined
the long-stator and the short-stator linear motors (Fig. 1.2). The main differences

between these two types are demonstrated on Fig. 1.3 [2].

In case of short-stator system, the stator with multi-phase winding is connected to
the vehicle, so with this design is necessary power transmission system for feeding
traction energy to the vehicle. From this follows that if the design speed increases the

weight of vehicle increases too [2].

On the contrary, the long-stator system has multi-phase winding installed along
the track which is fed by stationary power converters. So, the main advantage of the long-
stator linear motor is that the vehicle is the passive part and it is unnecessary to provide

traction energy for the vehicle, this allows high speeds up to 500km/h [2].

Linear motortypes for transportation systems

................................

Linear DC motor Multi-phase linear motor
Linear induction motor Linear synchronous motor
(LIM) (LSM)

Shortstator LSM ‘ Long-stator LSM

Fig. 1.2: Types of linear motors for transporatiton [2]
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@ passive part  (b) Active part with multi-phase winding

Active part with multi-phase winding

Passive part

Fig. 1.3: (a) Long-stator linear motor, (b) Short-stator linear motor [2]

1.1 LINEAR INDUCTION MOTORS
1.1.1 THE STRUCTURAL OPTIONS

There are several options for construction of linear induction motor (LIM). The
first type is induction motor with squirrel-cage (Fig. 1.4a), where the secondary is formed
by discrete conductors which are shorted on both sides by end-bars. This method is

similar to a conventional rotary squirrel-cage asynchronous motor [1].

Second option is to substitute the squirrel-cage with a sheet of conducting material
backed by iron (Fig. 1.4b). For the sheet is usually used aluminum, which is nonmagnetic
material but a magnetic material such as an iron or a copper, can be used as well. There
are two types of back iron — solid and laminated, but usually the solid back iron is used.
Despite to bigger ohmic losses, which are caused by eddy currents , the solid back iron
produce thrust which depends on the relative permeability of the back iron (lower

permeability means lower thrust and low power factor) [1].

Bar

Concuctor ™\ Back
R q (H===223]]
oLle o ‘Eoncucung

Sheet
L MUUWLFUL ST R (WWUUUUUUL FTRS
P'lmaw/ \anary/' Winding

Fig. 1.4: (a) LIM with a squirrel-cage secondary, (b) with conducting sheet for secondary [1]

If the LIM is constructed as single primary with secondary facing it, we talk about
single-sided linear induction motor — SLIM. The model which contains two SLIMs is called
double-sided linear induction motor, otherwise DLIM. With combination of two single-

sided motors, as it is illustrate on Fig. 1.5, the force is doubled [1].

12
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Primary 1
— e — Conducting
i" \ :’ ! d Sheet
[ 1__ | _!_
wr |3 Motor 1
Flux Line——3_ _ __7 ' _ _ _7 Back lon * o

= ~ ===y Backlron ‘ + Mator 2

Fig. 1.5 Double-sided linear induction motor [1]

1.1.2 THE PRINCIPLE

The principle of LIM is not so different from conventional rotary induction motor
[2]. But generally the LIM needs to be operated with larger air gap, then with rotational
ones. This is cause by worse capability of controlling the mechanical clearances. Unlike
the torque motor, the primary of linear motor has finite length and open end. This is
causing that electromagnetic field in the air gap is not periodic in space, but conversely is
fluctuating along the length of motor and extends beyond the motor’s length. In the field
of linear motors is this phenomenon known as the end-effect. Because of large air gap
and end-effect the efficiency and the power factor are substantially lower than with

rotating motors [1].

Theoretical analyze of LIM performance is quite difficult. The problem was
gradually simplified by using the one-, two-, and three-dimensional field solution. Which
means that for example in case of one-dimensional analysis is considered just one axis
(usually x). One-dimensional analysis is not quite accurate but is sufficient to analyze the

end effect [1].

The synchronous speed
The linear synchronous speed is given by:
Vg=2-T"f (1)

Where 1 represents the width of one pole-pitch [m] and f is the supplied frequency

[Hz]. From this is obvious that the linear speed of traveling magnetic wave is independent

13
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on a number of poles but it is given by the pole-pitch width. There are two options how to

achieve higher linear speed: design longer pole-pitch or higher frequency [2].
The slip

In case of slip there is no modification, the definition corresponds with the
conventional rotational induction motor and is given by (2). Practically, the slip of the LIM

is about 10 %.

Vs —V (2)

Where v, represent the linear synchronous velocity and v is the velocity of the rotor [6].
If we take these two equations, we can easily derive the velocity of the rotor:

v=(_1-5)" v, (3)

The thrust characteristics

If an ac current is connected to the primary windings of linear motor, a traveling
wave is produced. This wave induces currents in the secondary and by that create
secondary magnetic field. The reaction between primary and secondary fields is causing

creation of linear thrust [1].

The important indicator for rotary machines is torque, for linear motors one of the
most important defining values is thrust. On the Fig. 1.6 is thrust-speed characteristic of
linear induction motor. If the end-effect is not considered the thrust characteristic is
approaching to the characteristic of rotary induction motor, with the end-effect the
thrust is dropping below the ideal maximum value. For the LIMs with low-speed
characteristics, the end-effect causes positive thrust even at synchronous speed. In case
of LIMs with high-speed characteristics the thrust is lower than at low-speed case and at
synchronous speed the thrust has breaking character [1]. To determine the amount of the

thrust is formula:

14
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WFe 2DT

E.(x,t) = f f A(x, t) - Bs(x, t)dxdy (4)
0 0

Where wgrepresents the width of the iron core and 2p is the number of poles.

The Bg is the air-gap flux density which in case of the LIM is defined as:

Then, the final thrust of the LIM is given by (6) [2]

Thrust ——p

t 5
By = ¢ Ay — (5)
Om
T
2 6
Fo=c Ay A — (6)
m
Synchronous
Without End-Effect Speed
|
- =
\/ ~ }
7/ \ s
s \ | With End-E

Low MRN «

High MRN or G

Fig. 1.6: The thrust characteristics of LIM [1]

The thrust depends on the size and dimensioning of the machine and so linear

motors used for transportation could reach values up to several thousands of Newton [7].

To limit the end-effect and idealize the thrust characteristics is good to increase number

of poles [1].

The goodness factor

As the power is transfer from the primary to the secondary, it’s crossing the air

gap. Consequently, there are losses between the power transferred across the air gap and

the mechanical energy. The higher mutual reactance X, the better the performance of

15
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the motor, the same applies for lower resistance R,. These two values define the

goodness factor G. Higher goodness means better performance of the LIM.

_ 2k frT? (7)
T Ps* Po

G

Where f represents the input frequency, t is the pole-pitch of the primary
winding, ps is the surface resistivity of the secondary conducting sheet, p, demonstrates

the air gap and g is the permittivity of the free space [1].
The end-effect

As has been mentioned earlier, in the field of linear motors is phenomenon called the
end-effect. Generally, the magnetizing component of the primary current and air gap flux
decreases with the higher value of the slip. In case of LIM at entry end has flux density
small values and gradually rises until it reach the exit end. In some cases the flux density
doesn’t even reach the nominal level. Consequences of the end-effect are illustrated on

Fig.1.7 [1].

| '
 Slip 4 <8p <83 —— - Without End-Effact

| 51 | —— With Enc-Effect

Entr\;' End Exit End

Fig. 1.7: Spreading of the flux density in LIM [1]

The edge-effect

Next effect common in linear induction motors is edge effect. Reason is that the
travelling wave is only in the excited part, usually in the primary. The result of edge effect

is increasing of the secondary resistivity and by that decreasing of the performance [6].
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Center of
Primaries Center of

\ 1"/ Seccndary
|

_’:K [

1.1.3 THE CONSTRUCTION TYPES OF LIM
LIM with Solid Iron Secondary

In common models of the linear
induction motor the secondary is made as a
nonmagnetic sheet with a back iron. For the

sheet material is used copper and aluminum.

Offset &
(a) DLIM However, another possibility is an all-iron
Center of secondary, so this model represents a solid-
Primary Center of
\." e PacanERly rotor induction motor. There are two options
Primary 1
of DLIM which depend on thickness of the
[ — ! secondary. In case of thick secondary, the two
Back
Conducting fron primaries of DLIM act as two independent
Sheet ! :
; w!' SLIMs, this is caused by skin effect. On the
Offset &
(b) SLIM contrary, if the secondary is thin the primaries

Flg 1.8: The Transverse Asymmetry of (a) W|” Work as CIaSS|CaI DLIM. The thrust Of the

DLIM (b) SLIM . .
DLIM depends on the saturation of the iron.

In SLIM configuration, the secondary iron affects the magnetic circuit of the LIM.

Higher iron saturation means increase of the effective gap [1].
LIM with Transverse Asymmetry

If the transverse symmetry is considered, the lateral force between the primary and
the secondary is equal to zero. For some practical applications is exploit the resulting
lateral force. This is achieved when LIM topology is asymmetrical in the transverse
direction. Both, DLIM and SLIM can be operated with transverse asymmetry as illustrated
in Fig.1.8. In case of DLIM the asymmetry is not usually used, because the resulting lateral

force is not large and causes destabilization in a DLIM.

The asymmetry is rather used in SLIM configuration, for example in contactless
vehicle propulsion, where the lateral force induced by transverse asymmetry is used to
guide the vehicle along the track. The lateral force is increased with offset while thrust

and normal force are reduced (Fig.1.9) [1].
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Lateral
Force

LIM Forces —

Thrust and Normal Force
as Percent of Nominal Values

Otfsetd —

Fig. 1.9: Dependence of the LIM forces on the offset [1]

Tubular Linear Induction Motor

As has been explained earlier, if a rotary induction motor is unrolled then
circumference of the rotary induction motor represents the length of the linear motor. If
the pole pitch is larger than the LIM width, the resistance and the leakage reactance
increase because of the long end windings, so the motor will be inefficient. This can be
avoided by rerolling the LIM in the transverse direction as demonstrated on Fig.1.10. This

construction is usually used for door openers and electromagnetic pumps [1].

I
| .
g—— Pole Pitch -

———e

Width — —
Cail

Fig. 1.10: Tubular linear induction motor (TLIM) [1]

Transverse Flux LIMs

So far we have considered LIMs with longitudinal-flux — the air gap flux lines were in
direction of motion. In this case, with larger pole pitch, the flux per pole and maximum
flux carried by the primary yoke increase too. This brings problem with dimensions of the
machine. Thickness of the primary core and of the back iron and total length of the LIM
could increase beyond acceptable levels. Resolution of these problems is transverse-flux
configuration of LIMs (TFLIM). Primary coils are wound on each leg of the C-cores, which

are placed along the length of the LIM, the secondary is made by conducting sheet

18



THE LINEAR MOTORS FOR TRANSPORTATION SYSTEM

backed iron (Fig.1.11.). In this case, the air gap flux lines are perpendicular to the
direction of motion. There are not huge differences between thrust, lateral and normal

force characteristics of the TFLIM and the SLIM [1].

Primary Stacks

Man Flux Secondary Sheet

Back Ircn 1
I
I
I

Side 24— )—— Side
Fig. 1.11: Transverse Flux Linear Induction Motor (TFLIM) [1]

1.1.4 THE APPLICATIONS OF THE LIMS

The most extensive application of the LIMs in past several years has been in the
field of ground transportation. LIMs are used as propulsion systems for low-speed and
high-speed transportation of passengers and also booster-retarders. Because of quite
large air gap (up to 20 mm) the performance of the LIM cannot be compared with
performance of the conventional rotating motor. However, rotating motors are not
suitable for contactless propulsion systems, where is necessity for low-profile vehicle and

light design, so in this cases are LIMs more adequate [1][2].
Possibilities of application include [1]:

e Propulsion system for tracked levitated vehicles
e LIM-rotary motor hybrid system for high-speed rail vehicles
e LIM propulsion system for urban rail vehicles

e Booster-retarder in classification yards

19
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1.2 LINEAR SYNCHRONOUS MOTORS

1.2.1 STRUCTURAL OPTIONS

Basically the linear synchronous motors (LSM) have the same constructional
possibilities as LIMs — they can be short-stator or long-stator and also can be single- or
double sided [12]. Based on the geometry of the LSM there are several structural types

which were also described in chap.1.1.3:

e Flat or tubular
e Transverse flux or longitudinal flux
e Slotted or slotless

e |ron-cored or air cored [12]

Most of these topologies are suitable for all types of following excitation systems:

e Permanent magnets (PMs) in the reaction rail
e PMsinthe armature

e Electromagnetic excitation system

e Superconducting excitation system

e Passive reaction rail with saliency (reluctance motors) [12]

For transportation systems some of this topologies are uneconomic, because of this
reason are implement two kinds of topologies: the active-guideway LSM (electromagnetic
or superconducting excitation system), and the passive-guideway LSM (PM in the reaction

rail) [2],[12].
1.2.2 THE PRINCIPLE

Like LIMs, the linear synchronous motors are based on the similar principles as
rotary synchronous motors [2]. In case of LSMs, we don’t use designation primary and
secondary, because operation of a LSM doesn’t depend on which part is stationary and

which is movable [1].

The propulsion force has two components — synchronous component which is

produced by travelling magnetic field and dc magnetic flux, and reluctance component
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which is also produced by traveling magnetic field and changeable reluctance in the d-
and g- axis. The difference between d- and g- axis reluctances and traveling field can
cause the creation of the reluctance component of the thrust — this kind of motor is called
the ac reluctance LSM. The difference between d- and g- reluctances can be achieved by

salient ferromagnetic poles or using ferromagnetic and nonferromagnetic materials [1].
The speed of the moving part

The velocity of the moving part is defined as:
)
v=v5=2-f-T=;-r (8)

Unlike LIM the linear synchronous motor (LSM) has mechanical motion in
synchronism with magnetic field, in other words — the mechanical speed is the same as
the speed of the traveling magnetic field and it depends on the input frequency f and

pole pitch 7 [1].
The synchronous reactance
The synchronous reactance of salient pole LSM has two components:

Xsa = X1+ Xaa (9)

Xsq = X1+ Xaq (10)

Where X; = 2rf L, represents the armature winding leakage reactance (L, is the
armature winding leakage inductance), Xgq(or Xgq) is the d-axis (g-axis) armature
reaction reactance, in some publications also called the mutual reactance [1]. Practically,

in every case applies Xgq > X; and X,q > X4 (except for PM synchronous motors) [1]
[8].
The Voltage-induced
Voltage-induced in one phase of armature winding is defined by:
U; = tV2f Ny sk (11)

Nj is the number of armature turns per phase, k), is the armature winding factor and ¢y

represents the excitation magnetic flux density [1].
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The thrust

Electromagnetic thrust of LSM is given by:

(12)

In case of salient pole LSM, the reluctance component is added so the equation has form:
F = Fyn+ Fre (13)
where synchronous part is given by (14) and is demonstrated on Fig. 1.12:

= &UlUi sine (14)
o Vg Xsd

and reluctance part is:

P mUZ [ 1 1 i (15)
el = 20, \ Koy~ Xon sin2e

Where m; represents the number of phases and € is the force angle.

There are two options how generate the thrust, it could be generated as an action
of traveling magnetic field induced by an ac current in three-phase windings and a series
of magnetic poles, or magnetic field induced by an electronically switched dc current
windings and a series of magnetic poles [1]. Thrust characteristic of the LSM is illustrated

on Fig. 1.12.

Fdx__a00

200 Faz

-180° -90° 90° 180° €

- -200

Fig. 1.12: Thrust Fexand normal force Fg, as function of the force angle ¢ for typical parameters of LSM
(without reluctance part) [1]
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1.2.3 THE CONSTRUCTION TYPES OF LSMs

Linear synchronous motors have two arrays of conductors — the armature winding,
which carries the system of currents which induce the traveling wave and the field
winding, in other words the excitation winding. LSMs can be divided into two types —

heteropolar (active-guideway) and homopolar (passive-guideway) [9].

LSM with electromagnetic excitation

This excitation system is quite similar to the salient pole rotor of the conventional
rotary motor [12]. It’s heteropolar motor, also known as the active-guideway LSM. It uses
the long-stator topology and has either an iron core or an air core. As can be seen on
Fig.1.13, in case of iron core motor it could be use conventional electromagnets or

permanent magnets. Both systems are controlled by sensor of position [2].

Stator iron with multi-phase winding

N\ONO N\ ON SN

(@) %%% % %%% 7

Electromagnets with field winding

Stator iron with multi-phase winding

N
NONGNOG N\NEAN SN

S

L I »

Permanent magnets with control winding or mechanical support system

Fig. 1.13: Active-guideway LSM (a) controllable electromagnetic system (b) controllable PM system [2]
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Tubular LSM with permanent magnets

As it is with LIM, if the flat PM linear synchronous motor is wrapped parallel into
the axis direction of the motion as it is shown on Fig. 1.14 we will get a tubular LSM. This
model does not have end winding, which means it is not facing the edge effect and does
not have additional impedance. Tubular PM LSM has simple structure and it is suitable for
designing high-speeds levitation trains. But attention must be paid on cooling and starting

thrust which is vulnerable to voltage fluctuations [10].

=

Fig. 1.14: The transformation of flat LSM with PM to tubular LSM with PM [10]

High Temperature Superconducting LSM

To create higher magnetic field, the combination of high temperature
superconducting (HTS) bulk and permanent magnets could be used. Such model is
demonstrated on Fig. 1.15, where the primary is composed of three-phase copper
windings and the secondary is made by HTS bulks which are put in cryogenic vessels. The
PM-guideway is consisted of the NdFeB permanent magnets and assembled magnetic
iron. This construction has smaller volume, less weight, bigger propulsion and higher
power factor than conventional LSM. This system also has strong levitating force and
unlike other types levitated systems it has self-stabilizing nature, so there is no need for

air-gap control system [11].
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HTS bulks
(levitation and guidance)

HTS bulk magnets (propulsion)

oy

/quulci N, Cryogemc vessel \
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Base plate Primary 3¢ copper windings PM guideway
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Fig. 1.15: HTS LSM levitated by HTS - magnetic levitation system [11]

Permanent magnet LSM with passive-guideway

Economic utilization of PMs which can be implemented in transportation systems is
to apply PM excitation system to the short armature that magnetizes the long reaction
rail and creates magnetic pole in it [12]. This kind of motor is known as homopolar LSM.
Such a LSM is illustrated on Fig. 1.16. It’s double-sided type of LSM with two polyphase
armature systems. Each of this system contains stack with armature winding, PMs are
located between these stacks and U-type yoke, which provides mechanical and magnetic
connection. The reaction rail is passive, its poles are magnetized by PMs through the air
gap. The thrust is produced by traveling magnetic field of armature winding and salient

poles of the reaction rail. The PMs could be replaced by electromagnets [12].

Fig. 1.16: Double-sided PM LSM with passive reaction rail, 1 - PM; 2 - armature winding; 3 - armature
stack; 4 - yoke; 5 - reaction rail [1]
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1.2.4 THE APPLICATIONS OF THE LSMSs

The linear synchronous motors are mainly used in two fields — industrial
automation systems and transportation systems. As regards to transportation, linear
synchronous motors are implemented as propulsion systems for high-speed levitated
trains (mainly based on electrodynamic suspension — explained in chap. 2.2.2). Also there

have been researches for ropeless elevators which use this kind of propulsion [1].
From industrial automation systems can be mentioned [1]:

e Positioning stages
e Machining centers
e Welding robots

e Diamond processing laser systems, and so on
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2 MAGNETIC LEVITATION IN TRANSPORTATION SYSTEMS

2.1 THE PRINCIPLE OF MAGNETIC LEVITATION

The levitation can be realized by several options. In this thesis will be explain
magnetic levitation (in world literature also known as maglev) which uses magnetic field
for operation and its principle is important for High Speed Ground Transportation (HSGT)

(3].
2.1.1 LEVITATION WITH PERMANENT MAGNETS

The easiest physical principle of magnetic levitation is demonstrated on Fig. 2.1, the
system is using a repelling force of the same poles. This method can be used for magnetic

bearings [3].

oK K
NE s 5
5 N N
st NE
N[ s sf
H K N &

Fig. 2.1: Two types of demonstration of magnetic levitation by PMs [3]

Other option is utilization of behavior of diamagnetic material in inhomogeneous
magnetic field. Unlike a paramagnetic or ferromagnetic materials diamagnetic solid in
inhomogeneous magnetic field is repelled. Unfortunately natural diamagnetic materials

have relative permeability close to one, so levitation force is too weak [3].

That is the reason why lately the magnetic levitation is associated with
superconductors, since they are behaving as an ideal diamagnetic, which means its
relative permeability goes to zero and the levitation force is much stronger than with
natural diamagnetic [3]. When we put a permanent magnet above a superconductor
cooled by liquid nitrogen to temperature below the critical temperature the repelling
force is created and the PM is levitated (Fig. 2.2), such a phenomenon is called the

Meissner effect [13].
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Superconductor: Superconductor:
Above Critical Temp. Below Critical Temp.

Fig. 2.2: The Meissner effect [14]

2.1.2 TRANSFORMATION LEVITATION

If we put a piece of conducting material into the alternating magnetic field created
by excitation coil, the transformer voltage will be induced in this piece and causes eddy
currents. These currents will interact with magnetic field of the excitation coil so the piece
of conducting material will be levitated. This phenomenon is used in induction furnace for

levitation of melted metal. [3]
2.1.3 LEVITATION WITH HALBACH ARRAY

Few years ago was developed a levitation system with permanent magnets which
compared to existing models is cheaper, simpler and safer. It's array of NdFeB permanent
magnets which are rotate by 90° in different directions. This special arrangement
illustrated on Fig. 2.3 creates a strong magnetic field and it’s known as the Halbach array.
Because the magnetic fields of individual PMs are added, the resulting magnetic flux at
the bottom of the array has values about 1 T. If the moving Halbach array is placed above
the system of levitation coils than the repelling force is created. This levitation system is

used for a HTGS Indutrack, which will be described later [16].

MOTION OF TRAIN CAR ———»

HALBACH ARRAY MAGNETIC-FIELD LINES CANCEL
7
oo s 4 N SN e it I ot
ORIENTATION
OF MAGNET —. $

r\m\,. N‘Mr\r.‘ '\P\T\r\f"f\f‘rf\Y‘(\f

L h\’l].qTION CIRCUITS

Fig. 2.3: Levitation system with Halbach array [16]
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2.2 TYPES OF MAGLEV SYSTEMS
2.2.1 EMS

Electromagnetic suspension (EMS) is kind of levitation system which uses an
attractive force between electromagnets on the vehicle and ferromagnetic rails which are

mounted to guideway [17].

In EMS system the air-gap values are in the range of 0.5 to 2.5 cm [5]. Typical
values for maglev systems are: short stator LIM &9 = 12 mm, iron-core long stator LSM
60 = 8-12 mm. EMS systems operated with higher air-gap (20-25 mm) could be also

realized by permanent magnetic or superconducting excitation [2].

Unfortunately these systems are unstable which can be explained by Fig. 2.4. If we are
considering attractive force F which is smaller than the weight of ferromagnetic than the
force F is too weak so the ferromagnetic falls down. In other case when the force F is
greater than the weight of ferromagnetic than the ferromagnetic is attracted to the
electromagnet. Because of this a regulation system is necessary for optimization of
exciting current which leads to stable levitation. The feedback control system could be
realized as optical sensor of the air-gap or as RLC circuit [3]. From economical view the

EMS is not suitable for long distances [5].

A 4

A

——
o N -

Fig. 2.4: The principle of unstable EMS [3]
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2.2.2 EDS

Electrodynamic suspension (EDS) is repelling levitation system which uses a repulsive
force between magnets which are mounted on the moving vehicle and conductive
guideway [17]. Considering rectangular superconducting coil powered by dc excitation
current and mounted on the bottom of the truck which is placed above conductive
aluminium track, as it is shown on Fig. 2.5. If the coil is still there are no forces between
coil and track. However, if the coil moves the eddy currents are induced in the track,
which are in interaction with the excitation current of the coil [3]. The resulting repulsive
forces produce stable levitation, but for sufficiently large lift forces needs to be overcome
a critical speed which is approximately 40 km/hour. For this reason vehicle has to be

equipped with auxiliary wheels which are used during takeoff and landing.

a)
superconducting coil
P g S

conducting plate
mounted in guideway

NPT LI LR d T LT 2 Rd

Fig. 2.5: The principle of EDS with moving superconducting coil [3]
There are lot of researches and experiments with EDS systems, lately there has
been effort for utilization of superconducting magnets or Halbach arrays with permanent

magnets [16], [17] .

Unlike EMS systems the EDS systems are operated with larger air-gaps up to 10 to 25 cm

[5].Best known option propulsion for EMS maglev system is air-cored long-stator LSM [2].
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2.3 Development of linear motor-powered transportation

In the field of transportation there always has been effort to achieve a high speeds
with high operational reliability. First thoughts for levitated transport systems came in
1930s. Many scientists were involved in this development, when in 1934 the patent for

magnetic levitated train was given to German engineer Hermann Kemper [2].

2.3.1 GERMANY

For a long time Germany held a first place in developing and researching of the
maglev train system. With support of the Federal Ministry of Transport, the investigation
and application of high speed rails systems began in year 1969. The result of this research
was first passenger-carrying vehicle — Transrapid 01, based on electromagnetic levitation
system (EMS) by Messerschmitt-Bélkow-Blohm (MBB) with short-stator linear induction
motor propulsion system presented in 1971. This vehicle was tested on 660 meters long

trial track and reached speed 90 km/h [18].

Since then, Germany commissioned two prototypes — Transrapid 02 and
Transrapid 04 (appendix A), which were based on the same propulsion system as MBB

vehicle [18].

In 1979 the Transrapid 05 was exhibited at the International Transportation
Exhibition in Hamburg. This vehicle was operated on 908 meters long track and was able
to achieve 75 km/h. The Transrapid 05, illustrated on appendix B, was first vehicle

operated with EMS with long-stator LSM propulsion [18].

Since 1987, Germany had the world’s largest test facility for levitation vehicles
which was located in Emsland. It was a closed circuit with two loops and total length 31,5
km. The first vehicle tested on this trial track was Transrapid 06 (appendix C), which
reached speed of 400 km/h. Its successor was Transrapid 07 with speed up to 500 km/h
[18].
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At 1999 Germany presented Transrapid 08 and also signed agreement with China
for 30 km long Transrapid line from Pudong International Airport to Shanghai's city center

[18].

The Transrapid 08 uses the long-stator synchronous linear motor (illustrated on
Fig. 2. 6), which means that ferromagnetic stators are mounted along the entire track.
The support magnets, which represent an excitation part, are located on the both sides of
the vehicle and they are electronically controlled — the air-gap stays constant for the
whole time (nominally 10 mm). The lateral guidance of the vehicle is realized by guidance
magnets. The long-stator LSM is used both as propulsion and braking system. The speed is
regulated by changing the frequency of the ac current. The contactless braking is
achieved by reversing the direction of the traveling wave, then the motor becomes a

generator and the braking energy can be fed back into electrical network [18].

guidance magnets

Fig. 2.6: The Transrapid 08 system [18]
The latest German model was Transrapid 09, illustrated on appendix D, commissioned in

2007, its parameters are not so different from model 08.

Unfortunately the operation license for trial track in Emsland has expired in 2011
and the test track was closed. Germany was also planning maglev track between Berlin
and Hamburg for acceleration of travel, the plan has been canceled considering massive

cost overrun [20].
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2.3.2 JAPAN

In Japan are two maglev transportation operational systems. First is JR-Maglev,
suspension type is EDS which uses superconducting coils and it’s driven by long-stator
LSM, which powers the coils at the guide-way. The development started in 1969 and was
tested at the Miyazaki test track, where in 1979 was achieved record of 517 km/h. In
1997 the maglev test facility moved to Yamashi, which was originally 18 km long and now
is being extended to 42 km. The maximum tested speed - 582 km/h was reached in 2003
[19].

The JR-Maglev vehicles called MLU (appendix E) are based on repulsive forces
between superconducting magnets which are mounted on the board of vehicle and coils
which are located along the guideway. These coils are powered by ac current so they act
as strong electromagnets. The created traveling wave causes that superconducting

magnets are attracted and pushed [19]. This principle is demonstrated on Fig. 2.7.

superconducting

magnets R "1 §

'

electrical
power source

electromagnet

Fig. 2.7: The principle of superconducting Maglev system [24]

Second system is the High-Speed Surface Transportation — HSST, which was
developed in 1974. For levitation it uses EMS with short-stator LIM propulsion system.
The first commercial line of the HSST system is operating since 2005 and it’s called Linimo,
illustrated on appendix F. The track is 9 km long, maximum speed is about 100 km/h and

it connects suburbs of Nagoya [2].
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2.3.3 CHINA

As was mention in previous chapter, in 1999 China signed contraction with
Germany for subcontracting of Transrapid system. The construction began in 2001 and
was finished in 2002. The first high-speed maglev system for public transportation went
into operation in April 2004 in Shanghai (Fig. 2.7). It uses the Transrapid 08 with the
electromagnetic levitation system corresponding iron-core long-stator linear synchronous
motor in the guide-way. The maximum operation speed is 420 km/h and single journey

takes 7.5 minutes [18] [4].

Fig. 2.8: The first high-speed maglev system in Shanghai (TR 08 model) [18]

Research from October 2007 shows that in four years of operation the Shanghai
line traveled 4,36 M km and carried 13 M passengers. After Germany and Japan, China
became the third country with ground passenger transportation that would reach speeds

up to 500 km/h [4].

The Korean Maglev system is also under construction in Changsta, Tangshan and
Dalian. In these cities should be test facilities operated with EMS and short-stator linear

induction motor propulsion [2].
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2.3.4 UNITED STATES

After Germany and Japan, United States also started with research of High Speed
Transportation systems. The main discovery was made by Powell and Denby in 1968, who
led the research for utilization of superconducting magnets in electro-dynamic
suspension. This greatly improved the efficiency of EDS [23]. In the early 1970s, U.S.
started the Magplane project, where under the lead of Henry Kolm and Richard Thornton
was designed and built the first superconducting magnetically levitated high-speed

ground transportation prototype [2].

But unlike Japan or Germany, U.S. doesn’t possess a test facility for HST, so there
are two current projects — General Atomics and MagneMotion aiming to install an

operational system at Brooklyn Polytechnic University and at Old Dominion University

[23].

Nowadays there are maglev activities in Pennsylvania — General Atomics system,

which uses EDS with permanent magnets and long-stator LSM, or in Florida — Maglev

2000 using the same system [23].

System Location Country | Propulsion type Susr:::on Status
) Emsland | Germany| Long-stator LSM EMS Test facility

Transrapid - - -
Shanghai China Long-stator LSM EMS In operation

. Air-core long- -
MLU Yamanashi Japan stator LSM EDS Test facility
HSST Nagoya Japan Short-stator LIM EMS Test facility
Linimo Nagoya Japan Short-stator LIM EMS In operation
Daejeon South Short-stator LIM EMS Test facility

Korea
Changsta China Short-stator LIM EMS Test facility
Korean Test facility under

Maglev Tangshan China Short-stator LIM EMS y .

construction
Dalian China Wheels and PM EDS with Test facility L'.lnder
PM construction
M Motio | M h EMS with
agneMotio | Massachuse USA Long-stator LSM 5 wit Test facility
n tts PM

General Pennsylvani EDS with -
Atomics 3 USA Long-stator LSM PM Test facility
American | Virginia, USA | Short-stator LIM EMS Test facility

Maglev Georgia

Maglev 2000 Florida USA Long-stator LSM EDS In research

Tab. 2.1: Maglev activities to 2009 [2]
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Also in other countries there have been proposals of maglev transportation
system, for example Denmark, Switzerland, United Kingdom, India, and so on. But all

these projects are still in research part or were rejected (detailed overview at Tab. 2.1)

The main reason for rejection of maglev system is economical. So far the
mentioned models are expensive and complex. So lots of universities are trying to come
with new concept, which could solve this problem. For example are described two models

— SupraTrans and Inductrack.
SupraTrans project

SupraTrans system is based on superconducting levitation. It consists of
superconducting materials levitating in the static magnetic field created by permanent
magnets placed in guideway. The High-Temperature Superconductors create self-
stabilizing system, which stabilize lateral and vertical position of the vehicle in the
magnetic track. That is the advantage of this system — it doesn’t need an electronic
control to keep a constant distance between the vehicle and the track like it is needed
with magnetic levitation system. As propulsion is use the double-sided linear induction
motor. So far there has been built a model which is 1,3 meters long and it has been
tested on 7 meters long track (dimension were chosen so that it can fit in laboratory).
Further plans are to implement electrical cooling system without need of cryogenic
liquids and wireless power supply of the vehicle — by solving these problems the

SupraTrans system could be operated with speeds around 200 km/h. [21]
Inductrack project

This concept is finding simpler and less expensive possibility for HST systems. It
works on principle of Halbach array of permanent magnets (already described in chap....),
this arrangement of PM’s is mounted on the train and it provides necessary levitation
forces. With the moving vehicle the magnetic field from PM induces repelling currents in
a close-packed array of shorted conducting coils in the track. As a drive system could be
realize by special drive coils with levitation coils which are pulsed in synchronism with
field of PM’s or could be used the linear induction motor propulsion system. The
Inductrack project was funded by NASA — they wanted to implement a sloping maglev

track for launching large rockets [22].
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CONCLUSION

The aim of this thesis was to become acquainted with principles of linear motors and
their utilization for maglev trains. There were mentioned two main kinds — the linear
synchronous and the linear induction motors. Comparing to torque motors they have
lower power-factor and deal with the edge and the end effect, these difficulties are partly
handled by several structural options (for example tubular linear motors). Linear motors
product linear thrust without any conversion and their construction is low profile so they

are eligible for magnetically levitated vehicles.

There are two systems of magnetic levitation used in transportation — electromagnetic
suspension (attractive levitation) and electrodynamic suspension (repulsive levitation).
Both of these systems could use LIM or LSM propulsion system, but usually we deal with
EMS system using LIM propulsion (for shorter distances with low speed) and EDS system
using LSM propulsion. However, this has not to be rule — for example German Transrapid

system uses EMS with LSM propulsion suspension.

Many countries are interested in implementation of HSGT, unfortunately in present days
there is only one operating high speed maglev system in Shanghai (not considering the
low-speed maglev system Linimo in Japan). Expansion of maglev trains is limited by high
cost and complexity. The Transrapid system uses EMS which is inherently unstable, for
this reason the control system for electromagnets has to fulfill demanding standards, on
the other hand, the Japanese JR-Maglev system uses superconducting magnets so for
operation of this system the cryogenic cooling system is necessary. Because of this matter
there is effort for cheaper structural solution, for example the Inductrack project which

substitutes superconductors with Halbach array of permanent magnets.

Despite these problems the Maglev trains are perspective developing successors of the

conventional railway systems.
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