DESIGN OF A LINEAR INDUCTION MACHINE
FOR RAILWAY SYSTEMS USING FINITE
ELEMENT CALCULATION

Dem Fachbereich 18
Elektrotechnik und Informationstechnik
der Technischen Universitat Darmstadt
zur Erlangung des akademischen Grades

einer Doktor-Ingenieurin (Dr.-Ing.)
vorgelegte Dissertation
von
Martina Hofmann
geboren am 15. August 1973
in Gross-Umstadt

Referent: Prof. Dr.-Ing. habil. Andreas Binder
Korreferent: Prof. Dr.-Ing. Dave Rodger
Tag der Einreichung: 2. Juli 2001

Tag der mindlichen Priifung: 3. Dezember 2001

D17
DARMSTADTER DISSERTATIONEN



Berichte aus der Elektrotechnik

MartinaHofmann

Design of a Linear Induction Machine
for Railway Systems
using Finite Element Calculation

D 17 (Diss. TU Darmstadt)

Shaker Verlag
Aachen 2002



Die Deutsche Bibliothek - CIP-Einheitsaufnahme

Hofmann, Martina:
Design ofaLinear Induction Machine for Railway Systems
using Finite Element Calculation/Martina Hofmann.
Aachen: Shaker, 2002

(Berichte aus der Elektrotechnik)

Zugl.: Darmstadt, Techn. Univ., Diss.,2001
ISBN 3-8265-9953-5

Copyright Shaker Verlag 2002

Allrightsreserved. No part of this publication may be reproduced, storedina
retrieval system, ortransmitted, inany form or by any means, electronic,
mechanical, photocopying, recording or otherwise, without the prior permission
ofthe publishers.

PrintedinGermany.

ISBN 3-8265-9953-5
ISSN 0945-0718

Shaker Verlag GmbH « P.O.BOX 1290 » D-52013 Aachen
Phone: 0049/2407 /9596-0 « Telefax: 0049/2407/9596-9
Internet: www.shaker.de « eMail:info@shaker.de




To Frank.



vi

Then I saw all the work of God, and that man may not get
knowledge of the work which is done under the sun; because, if a
man gives hard work to the search he will not get knowledge, and
even if the wise man seems to be coming to the end of his search,

still he will be without knowledge.

FEcclesiastes 8:17
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Abstract

This work deals with the design of a linear induction machine for the application in the railway
system. The railway regulations and standards give the boundary conditions for the design.
The main design tool is the Finite Element program MEGA.

In the first part, fundamental laws and design constraints are given to introduce the reader
to the tools used further on. Due to railway restrictions, the available space for the design is
limited.

The second part deals with the linear eddy current brake. This machine has been available
for measurements and is therefore used for verification of the calculations. Measurement data
derived from own measurements as well as from publications is compared with calculation
results.

The third part involves two possible designs for the linear induction machine, which are
compared with each other. These designs arise from the space restrictions and are namely the
fractional slot winding and the integer slot winding approach. For the design it is assumed to
use water cooled coils to obtain maximum forces.

In the last part, the measurements on a linear induction machine are presented, which
were carried out in the laboratory of the Institute of Electrical Energy Conversion. These

measurements were made with the modified eddy current brake.
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Introduction

In these days, the need for fast transportation devices requires new concepts for effective drives.
There are different kinds of drives available for every kind of application. Their common feature
is the conversion from different forms of energy (mostly chemical and electrical) into mechanical
energy which is then driving a vehicle. One of the most important vehicles nowadays is the
electric locomotive running on a rail. It is widely used throughout the world for transportation
of goods and passengers over long distances. For this task, it is necessary to use effective drives
at the locomotive in order to save energy and to provide safe and predictable transportation.
The locomotive must be enabled to generate the needed tractive effort, which is the force
moving the train. This force is often generated by conventional rotary machines which are
located on a wheelset. They produce a torque on the wheel axis which leads to a rotation of
the wheel itself. The wheel is carried by the rail. There is a mechanical contact between wheel
and rail. Different forces are acting on the wheel-rail contact. The weight of the locomotive
multiplied with the gravitational constant is acting as a normal force and the torque of the
wheel-axis is generated by a tangential force due to friction between wheel and rail. This
tangential force is causing an acceleration of the locomotive depending on the slip between
wheel and rail. The generation of the tractive effort of a locomotive is explained in detail in
chapter 1.1.8.

The increase of tractive effort can be put into practice by several methods. One possibility is
to find the optimum of adhesion between wheel and rail for any condition. This can be done by
controlling the slip between rail and wheel (which is already developed and put into operation
[1]). Another method is to introduce an additional device which is independent of mechanical
contact. One step into this direction was done by a German company (Knorr-Bremse) [2],
which has developed a linear eddy current brake for the new German high speed train ICE 3.
This linear brake is mounted between the two wheels on the bogie. It works independently
from weather conditions and wheel-rail-adhesion. But this device can only generate braking
forces in combination with attractive forces (see Figure 1).

Depending on the velocity of the locomotive, the maximum normal and tangential force
components are designated. So, there was the idea to develop a similar linear machine which
has additional features. It should be able to generate braking, accelerating and attracting

forces, independent from the train speed.
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Figure 1: Measured forces of the six-pole eddy current brake [2]. The force was measured at
an excitation of 67 kA ampere-turns per slot.

In order to realize this aim, an (asynchronous) linear induction machine (ALIM) will be de-
signed and investigated. A general characteristic of an induction machine is shown in Figure 2.

Assuming that the machine is supplied by a frequency inverter, the characteristic curves
could be shifted by changing the supply frequency. This makes it possible to obtain a wide
variety of force components. Within the thermal limits of the machine and the inverter ca-
pability, the set of normal and tangential force can be chosen according to the characteristic
curve independent of the train speed.

The induction machine will be designed as a linear short stator with the massive iron rail
as secondary. The primary part with the three-phase winding will be mounted beneath the
bogies (two ALIMs per bogie). It will operate as a booster to enhance the tractive effort of
electric locomotives under wet weather conditions, when the tangential force of the wheel-rail
contact is reduced.

The booster will provide additional accelerating and braking forces. The attractive force
between wheel and rail can be used to amplify the vertical force on the wheels to compensate
bad adhesion conditions. Furthermore, by choosing a frequency which is according to a zero
tangential and a big normal force component, the locomotive will be pulled to the rail. This
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Figure 2: Force curves of a linear induction machine with different frequencies applied.

may be used to increase security of high speed trains in case of strong crosswind to hold the
locomotive on the track.

The application of linear machines in railway systems has a long history and started in 1892
with a patent of the electro-magnetic brake [3, 4]. It continued in 1905 with the publications
of Wilson [5] and Zehden [6, 7]. Then, it took more than half a century until this idea was
revived for high-speed transportation systems in the 1970s. Since then, many countries (like
Germany, Japan, USA, Canada, UK and Romania) have contributed to the ongoing design of
linear machines mainly for high-speed applications.

The German research on linear machines for railway systems focuses mainly on the Trans-
rapid [8] and the linear eddy current brake [2], [9], [10], [11]. This thesis arose from the endeavor
of the German railway company Deutsche Bahn AG to develop a linear machine similar to the
existing eddy current brake, but with additional features. Therefore, the work on linear eddy
current brakes ([2], [11]) has been the basis for the computation of linear machines. For the
further investigations on linear induction machines, it was possible to use fundamental work
from some time ago [12] as well as today’s research [13].

This work is an attempt to investigate the application of linear induction machines in the
railway system of the German railways. It is intended to be a feasibility study for the currently
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available technology and environment.

In the following chapters, the mainly used fundamentals in electromagnetics will be listed.
The linear machine will be introduced with its historical context and the design constraints.
Then, a chapter on the linear eddy current brake shows the initial considerations on the
numerical approach for linear machines and presents calculated and measured results. The
main part of this thesis is the chapter on the linear induction machine. The design of two
different approaches will be shown. They are compared with each other by electrical parameters
like flux density and power and by mechanical aspects like forces and their effect on the train.
Finally, the measurements which were performed in the laboratory of the Institute of Electrical
Energy Conversion are shown and discussed.

Calculations have been carried out using numerical and analytical methods. The numerical
calculations have been performed with the Finite Element program package MEGA on a DEC
Alpha workstation 500 ey with 512 Megabyte RAM running on Digital Uniz.



Chapter 1

Fundamentals of linear electric
machines and electromagnetics

In the following subsections, some fundamental laws are given, which are essential for dealing
with numerical calculation and the design of electrical machines. All variables are listed in
chapter 6.

1.1 Theory of linear induction drives

When confronted with a linear machine, many people have difficulties with imagining the work-
ing principle. Even though the linear machine was invented in 1841 [13] and is used in many
industrial applications nowadays, the rotary machine is still more popular. A simple method
of understanding linear machines is to imagine that the primary member of a conventional
rotary motor has been cut by a radial plane and then unrolled, as shown in Figure 1.1 [7].

The rotor is replaced by a conducting sheet or plane. The stator is then designated as the
primary and the rotor as the secondary®. The primary now has a finite length with a beginning
and an end.

The presence of these two ends leads to the phenomenon of longitudinal end effects which
does not exist in conventional rotating machines. In Figure 1.2, a DC-excited linear machine
is shown for different velocities.

The flux lines are shown to demonstrate the longitudinal end effect. The upper sketch
shows the linear machine with zero velocity. One can see that the inner poles are alternating
between north and south poles with almost constant flux line distribution. At the left and
the right end of the machine, the flux lines are shaped differently. The flux is weakened and
distorted. At a velocity of 18 km/h, the end effect is amplified. There is still a weakened flux
at both ends. Additionally, due to the motion, there is a distortion of the flux even at the
inner poles. Whereas the velocity of the primary is going to the negative z-direction, the flux

!In the following chapters, the primary part will correspond to the stator and the secondary part to the
rotor. This is important for the nomenclature of the variables.
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primary

Figure 1.1: Imaginary process of unrolling a conventional machine to obtain a linear induction
machine: a) rotary machine, b) rotary machine cut by a radial plane and started to unroll, c)
completely unrolled rotary machine gives linear machine

lines in the secondary seem to be moving into positive z-direction. Thus, the flux at the entry
end of the linear machine is weakened and the flux at the exit end is amplified.

This effect is increased with increasing velocity, decreasing number of poles and decreasing
length of the primary [14, 15]. A more detailed investigation of longitudinal end effects will be
shown in chapters 3.2 and 4.4.

Another phenomenon in an electric machine is called transversal end effect. It appears
in every kind of machine (linear and rotating) due to the finite width of the machine itself.
The transversal end effect might be compared with the longitudinal end effect at zero velocity
and zero frequency as shown in Figure 1.2 a). It is not depending on the velocity, because
the velocity is acting perpendicularly to the width of the machine. It only depends on the
geometry of the primary part in y-direction.

To avoid misunderstandings in the definition of the direction of motion: In the FE models
presented in this thesis, there is often a velocity applied. This velocity acts on the secondary
part in the models into positive z-direction because this simplifies the modeling. For the
presented results, it is always assumed, that the primary is moving to the negative z-direction
as shown in Figure 1.2.
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Figure 1.2: Sketch of a linear machine with flux lines at zero speed (a) and at 18 km/h (b) for

DC excitation.

1.1.1 The traveling magnetic field and the definition of slip

For rotating machines, the slip is defined as the difference between the rotational speed of the

traveling magnetic field (synchronous speed) and the rotational speed of the rotor related to

the rotational speed of the traveling magnetic field (1.1).

1.1)

this definition is not

For the linear short stator induction machine with fixed secondary,

valid.

Assuming that the frequency is fixed, the synchronous speed of a rotating machine is

1.2), where 7, (pole

(

replaced by the synchronous velocity of the linear traveling magnetic field

pitch) is the geometric length of one pole.

1.2)

=2f1

Usyn

1.3).

(

This leads to a slip definition for linear induction machines as shown in

(1.3)
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In order to illustrate the slip definitions, the different slip values for a linear induction
machine are given in Table 1.1 related to Figure 1.3.

Figure 1.3: Sketch of a linear induction machine with indicated direction of the traveling
magnetic field (vsy,) and the direction of motion for the primary part (v). The secondary part
is not moving.

Table 1.1: Survey of the slip values for different velocities of the primary part at constant
primary frequency (equivalent to fixed synchronous velocity).

velocity of primary U > Ugyn U= Ugyn V=VUgp...0 v<0
slip s<0 s=0 s=0..1 s>1

1.1.2 Equivalent circuit

According to [13] the equivalent circuit of a linear induction machine could be developed like
shown in Figure 1.4.

I
o >
1
U Z Rrel | X 7z
s e§ F h §
Zh
v
o

Figure 1.4: T-type equivalent circuit of a linear induction machine

The general behaviour is the same as for a rotary machine. The influence of the typical
linear induction machine behaviour is expressed by an additional impedance Z,. Equations
(1.4) to (1.7) give the elements of the equivalent circuit.
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JXnERFe
= . , 1.4
"™ jXn+ Rpe L4
Z,= R, +jX, (1.5)
RI
! - 14
and Z,= ST +jX, (1.6)

can be calculated in the same way as for a rotary induction machine as shown in [16], [17]
and [18]. The impedance Z, includes the end effect factor k., which is a complex equation. It
can be derived by analytical calculations.

g _ 1=k 7,7

= e 1.7

1.1.3 Winding peculiarities

In electrical machines there are always space harmonics with higher ordinal number due to
the Fourier series expansion of the magnetic field distribution of the stator. These harmonics
result from the distributed arrangement of the coils, the shape of teeth and slot openings.
They move along the rotor with a higher or lower frequency than the fundamental wave and
are heading in the same or the reverse direction of motion. This leads to time harmonics in
the rotor e.m.f. with different frequencies. These rotor e.m.f.s cause rotor currents, which
are interacting with the magnetic flux to produce driving or braking forces. Considering the
principle of superposition, the generated forces of all harmonics are added to produce the final
driving or braking force in the machine. These additional space harmonics lead to a force
ripple and usually lead to lower values of the total force than the fundamental would produce
alone.

One way of reducing this effect is to choose a fractional-pitch winding (chorded winding)
with a proper pitch factor. This could drastically reduce the harmonic content of the machines
output with only a small decrease in its fundamental component [19]. Chording of the coils
reduces the fundamental linkage of the flux by the pitch factor

kp, = sin (ug:;) ) (1.8)

where v is the ordinal number of space harmonics, w the equivalent coil span and 7, the
pole pitch.
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In some cases (like ¢ = 1, chording of 2/3), chording leads to an undesirable reduction of
force generating flux (see Table 1.2). Therefore it is not recommended for this application,
where ¢ = 1 is considered.

The ordinal numbers of space harmonics produced by a winding can be calculated with
(1.9). It has to be calculated differently for different types of winding.

Integer slot winding: v =142-m-r (1.9)
(g integer)

2
Fractional slot winding: v -(I+m-r) (neven)
n

(g=%; 2, n integer)

v :i-(1+m~r) (n odd)

with: r=0,%+1,£2,43,.--

One of the most troublesome harmonics in AC machines are the slot harmonics. Their
peculiarity is that they have the same distribution factor k4 (1.12) as the fundamental wave
(v = 1). Therefore, they usually have a negative impact on the e.m.f. in the rotor. A way to
reduce the slot harmonics is to skew rotor conductors. The ordinal number of slot harmonics
can be calculated using (1.10).

1/=1+’I"Q, with r=41,4+2 43, (1.10)
p

When the fractional slot winding is applied, the number of slots per pole and phase (g)
is usually an improper fraction ¢ = ?. The relation between g and other important winding
parameters is given in (1.11) [18]

_Q
0=y (1.11)

where @ is the number of slots, m the number of phases and p the number of pole pairs.

If the winding is not concentrated in one slot, but spread over more than one slot, the
effective flux linkage of an uniformly distributed winding is expressed by the distribution factor
k4 [16]. The distribution factor can be calculated using (1.12). This equation is valid for integer
slot windings and for odd integer ordinal numbers of space harmonics v of fractional slot
windings. For all other ordinal numbers of fractional slot windings, the distribution factor has
to be calculated by geometrical addition of effective e.m.f. phasors divided by the arithmetic
sum of these phasors (see [16] and [20]).
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by = 2 0) (1.12)

where z is the numerator of ¢ in case of a fractional slot winding.
The resulting influence of chording and winding is expressed by the winding factor

Ky = kpy + ay- (1.13)

For space harmonics with odd integer ordinal number, the fractional slot winding has the
advantage of behaving as an integer slot winding with z slots per pole and phase. However, its
disadvantage is the generation of more space harmonics with higher or lower ordinal number
[16]. This effect is shown in Table 1.2 with a comparison of the distribution factors of fractional
slot windings and integer slot windings.

Table 1.2: Winding factors for the space harmonics of different winding concepts. The number
of phases m = 3.

ordinal number ¢=1 :;zl g=1 ;zg qzé :;zg q=§ Z:Z
of space distrib. pitch  distrib. pitch distrib. pitch distrib. pitch
harmonics factor factor factor factor factor factor factor factor
v O o N % ™) B 1% B 1" N | % B ™
; - - - - - - 0.2588 0.2588
_27> . R - - - - 0.5 0.5
‘% - - - - - - 0.866  0.866
-? - - - - - - 0.966  0.966
1 1 1 1 0.866 1 0.866 0.966 0.966
-? - - - - - - 0.866  0.866
170 - - - - - - 0.5 0.5
-171 - - - - - - 0.2588 0.2588
173 - - - - - - 0.2588 0.2588
-2 - - - - 1 0.866 0.5 0.5
3 - - - - - - - -
4 - - - - 1 0.866 0.866 0.866
-5 1 1 1 0.866 1 0.866 0.2588 0.2588
6 - - - - - - -
7 1 1 1 0.866 1 0.866 0.2588 0.2588

-8 - - - - 1 0.866 0.866  0.866
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In the special case of ¢ = 1/2, the distribution factor is not reduced compared to ¢ = 1.
However, for ¢ = 2/7, the distribution factors are smaller than for ¢ = 1. The disadvantage
of the fractional slot winding can be seen for ¢ = 2/7. Here, a big number of harmonics of
lower and higher ordinal number are generated. Even for ¢ = 1/2, there are more harmonics
of higher ordinal number compared to g = 1.

1.1.4 Coil parameters

The coils of the linear machine can be modeled in the Finite Element program in a very special
way as reduced scalar regions (see chapter 1.2.1). This means, that they are considered in the
numerical models as carrying the current. But it is not possible to obtain the resistance of
the coil out of the reduced scalar region. The resistance of the coils has to be calculated
analytically. For AC problems, depending on the frequency, the current will not flow through
the whole conductor surface due to the skin effect. The penetration depth [21] of the current
in the coils is calculated using (1.14).

1
= 1.14
b \/  fun (1.14)

The skin effect acting on the resistance of the coils can be separated into first and second
order effect [16].

The first order skin effect is occurring when the conductor is divided into parallel wires
which are connected either at the end of each turn or each coil or at the terminals. First, the
worst case will be investigated with the connection of parallel wires at the end of each turn
(see Figure 1.5).

Linked by different flux due to a different geometrical position in the slot, a voltage will be
induced in the conductors, driving an additional eddy current through the conductors. The
increase of resistance due to the higher eddy current losses in the conductors (first order skin
effect) can be estimated using (1.15)-(1.19).

ki =@(&) +n-(n+1)-9(&) (1.15)

sinh 2€ + sin 2¢

. 1.1
cosh 26 — cos 2£ (1.16)

e€)=¢

sinh§ —sing

cosh & + cos& (117)

YE)=2-¢-
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_ ho - a lFe
£= 5, \/lc (1.18)

best case: n = — (1.19)

worst case: 7 = e ,
2 2

In the best case, the parallel wires would be connected at the terminals. The order of the
conductors in the slot could be changed in layer 2 with respect to layer 1 (see Figure 1.5), so

that the induced current would be very low.

Ity |
[ ——

7 /

e —————
US|

a) . L b)

Galnag-e
[SHATEY

Figure 1.5: a) Sketch of a two-layer winding. The order of conductors for layer 1 is from
bottom to top, whereas the order of conductors for layer 2 is from top to bottom (best case).
b) Sketch of a winding with three parallel wires connected at the end of the turn (worst case).

In this case, the first order skin effect could be neglected within one coil. By the use of
Roebel bars, the first order skin effect can be eliminated also for one bar per slot [22]. This can
be achieved by varying the position of each wire throughout the whole width of the machine
(= length of the slot). The use of Roebel bars is only possible if the width of the machine
allows each wire to change place with every other layer a whole number of times.

The second order skin effect is due to the (slot) stray field of each wire acting on the other
wires in the slot. The second order skin effect factor can be calculated with (1.16), (1.17),
(1.20) and (1.21).

kra = @) +pp- (pp— 1) - $(£") (1.20)

* __ hD
£ = Y (1.21)
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In the winding overhangs, this effect is small enough to be neglected here. Therefore, the

factor

Ne-a

b= [ Do)+ -1 i) (1.22)

¢ pp=1
has to be averaged on the whole turn by (1.23).

kelpetlo—lpe

k L

(1.23)

For high current densities (J > 14 A/m?) in the conductors, the coils need to be cooled
to prevent a thermal overload of the machine at continuous operation. This can be achieved
by using hollow conductors. In order to calculate the resistance of a hollow conductor, the
”hollow conductor coefficient” vy, has to be used as an additional factor. The parameters of
(1.24) are shown in Figure 1.6.

_ (wo - B3 — w; - B3) + (wp - By — w; - By)

Vp
2. pd
wO ho

(1.24)

Wo

Figure 1.6: Hollow conductor with main parameters.

Finally, the coil resistance including the skin effects and the hollow conductor coefficient
can be calculated using (1.25) and (1.24).

R.g = RO . (1 + (kﬂ - 1) vy, + (l{} - 1) I/h) (125)

Eddy current losses in the winding overhangs due to the stray field are neglected.
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1.1.5 Power flow and losses

The power flow diagram of an AC motor is shown in Figure 1.7.
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Figure 1.7: Power flow diagram of an AC motor. The input power flowing into the primary
part (left side) is reduced by the primary copper losses and the primary core losses. Then it
crosses the air gap and is again reduced by the secondary copper losses and the secondary core,
friction and windage losses. In the end, the rest is transformed into mechanical power.

There are different categories of losses in AC machines:

e Constant losses
- Losses in the active iron (Ppg.)

- Losses due to friction and total windage losses (Py)

e Load losses
- Primary load loss (Peys)

- Secondary load loss (P,)

e Additional load losses (Prr)
- Active load losses in metal parts other than the conductors

- Eddy current losses in conductors caused by current-dependent flux pulsation

The resistance of the rotor and stator coils can be measured. By knowing the supply
current, the rotor and stator load losses can be calculated using (1.26).

Py=m-I*-R (1.26)
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By measuring the input power at no-load, the constant losses can be determined. The
additional load losses are usually taken to be 0.5% - 1% of the output power of the machine
[23].

If the electrical voltage and current at the terminals of a motor are given, then the input
power can be calculated using (1.27) to (1.29) [24].

S=m-U-T* (1.27)
P =m-Re{U-I'} (1.28)
Q=m Im{U - I} (1.29)

The air gap power (1.30) could then be calculated by subtracting the losses in the primary
from the input power.

Py = Py — Peys — Ppes — Pris (130)
The mechanical power can be expressed with (1.31)

Ppee = M-w for a rotating machine, or

Phee = Fi-v for a linear machine. (1.31)

The power factor cos g is given by (1.32).

cosp = I‘D;" (1.32)

1.1.6 Thermal loads and conventions

The thermal load of an electrical machine is an important quantity for the design. It might be
expressed by the multiplication of the current-sheet A and the current-density J. The current-
sheet simply expresses, how much current is flowing related to the surface of a machine (see
Figure 1.8). It can be calculated with (1.33).
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1<

Figure 1.8: Sketch of two slots in the primary part of an electric machine. The slots are filled
with N, wires. Each wire carries the current 1.

A=

2-N,-I
z (1.33)

The current-density represents how much current is flowing through the conductor cross-
section. Using the parameters shown in Figure 1.6, the current-density will be calculated
according to (1.34),

I
J=
w,,~h,,—w,-~h,~

(1.34)

where [ is the current flowing through one single conductor. The current-density is only an
overall design parameter. The reduction of the conducting cross-section due to the skin effect
is not considered for the calculation of J.

1.1.7 Flux density

The flux density is a very important phenomenon for dealing with electrical machines. The
principle of electrical machines is based on the transformation of electrical energy to mechanical
energy and vice versa by carrying energy across an air gap. This energy flow, already introduced
as the air gap power, consists of the interaction of the primary and secondary electromagnetic
fields.

Several laws, arising from Mazwell’s equations, are given for dealing with this transforma-
tion [25]. Ampere’s law (1.35) states how moving charges cause magnetic fields.

]{I-? - ds =/ 8612 +J)-d4 = /f dA (for low frequency) (1.35)
E] A

A
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Faraday’s law (1.36) states, how changing magnetic fields cause electric fields.

L. 9B -

B-ds=— -dA 1.
j{ ds - (1.36)
F] A

In both equations we can see the flux density if we substitute B = p- H in (1.35). Also for
the calculation of forces, the flux density is essential, as shown in (1.37) and (1.38) [26].

B2 — B?
F,= [ " 7t 44 1.37
/ 20 (1.37)
B,-B
th/ ‘L dA (1.38)
Ho

A sketch of the used directions including normal and tangential direction and x, y and z as
coordinates is shown in Figure 1.9.

Figure 1.9: Sketch of used arrangement and direction definition.

In the following chapters, the flux density will always appear as a tool to explain processes
and tendencies of the linear machines. It is significant for understanding and calculating effects
in electrical machines. Besides, it is a measurable quantity which makes it even more important
for the comparison of calculated and measured results.

1.1.8 Tractive effort

The tractive effort of a locomotive is the force that it exerts on the rail to overcome resistance
such as inclines, wind drag and rolling resistance in order to drive or brake the train. It
is dependent on the traction due to the wheel-rail contact and the torque transmitted from
the drive to the wheels. Figure 1.10 shows a sketch of a locomotive with indicated tractive
effort and forces between wheel and rail. A linear machine with a normal and tangential force
component is included to show its influence on the tractive effort.
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Figure 1.10: Sketch of the locomotive with indicated tractive effort, forces at the wheel-rail
contact due to the adhesion coefficient and additional linear motor arrangement.

The tractive effort can be calculated with (1.39)

SF=(Q+F) fit+F (1.39)

The biggest force component for the tractive effort is the force at the wheel-rail contact
due to the torque of the main rotational drive. This torque can only be transformed into a
tangential force if there is an adhesion between wheel and rail. The adhesion is depending on
the surface conditions of the mechanical contact. For bad weather conditions (= wet/icy rail,
slippery leaves on the rail), the adhesion conditions are poor with an adhesion coefficient of
about f, = 0.15. For good weather conditions (= dry rail), the adhesion coefficient is increased
to a value of about f, = 0.33% [27]. The weight force @ and the normal force F, are pressing

2For very good conditions, the adhesion coefficient can be even more than f, = 0.4. Here, the value f, = 0.33
is used as an average value for good conditions.
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the locomotive onto the rail and are thus determining the maximum transferable tangential
force at the wheel-rail contact depending on the adhesion coefficient f;. In general, the drive
motors of the locomotive can produce the maximum transferable force at the wheel-rail contact.
Therefore, the force calculation of (1.39) is always valid and moreover, care has to be taken
to prevent the wheel from slipping. The tangential force component produced by the linear
machine is directly added to the tractive effort.

1.2 Electromagnetic theory

The Mazwell equations are the fundamental set of equations which are used to define the
electromagnetic field characteristics.

When the frequency of the exciting current or voltage is low (here: f < 1 kHz), the
displacement currents (%13) can be neglected and the following subset of Mazwell’s equations
((1.40)- (1.43)) [25] can be used.

VxH=J (1.40)
. 0B

E = 1.41

VxE+ ot 0 (1.41)

V-D=p (1.42)

V-B=0 (1.43)

The constitutive relations are

B=yuH (1.44)

D=ck (1.45)

1.2.1 Numerical methods in electromagnetics

There are different techniques available to solve electromagnetic field problems. These tech-
niques can be classified as experimental, analytical or numerical. Experiments can be expen-
sive, time consuming and even dangerous. Usually there are not many parameters which can
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be varied within an experiment and sometimes vital parameters for understanding the physical
behaviour of tested objects cannot be measured.

Analytical and numerical methods might be applied for problems which involve newly de-
signed objects. Analytical methods are well tested and with the classical methods of separation
of variables and integral equation solutions a wide range of electromagnetic problems can be
solved. However, analytical methods require a high degree of ingenuity, experience and effort
and only a narrow range of practical problems can be investigated due to complex geome-
tries [28]. Therefore the need for numerical methods arises. These methods give approximate
solutions of sufficient accuracy for engineering purposes.

Numerical computation of electromagnetic problems can be done by different methods.
Some of the widely used possibilities are the Finite Element Method, the Finite Difference
Method and the Finite Integration Technique.

The Finite Difference Method is one of the older differential schemes. In its original form,
it requires a simple rectangular mesh, which has to be uniform. For example, the potential at
the grid points of the rectangular mesh is computed by discretizing the governing differential
equations for the electrostatic potential [25].

The Finite Element Method was intended to overcome difficulties of the Finite Differ-
ence Method by using other methods such as numerical evaluation of the variational integral,
weighted residuals or the Galerkin approach [29]. It is a general technique for the solution
of differential equations and at present the most advanced method for the solution of electro-
magnetic field problems [25]. The mesh does not have to be uniform and it might consist of
elements with different shapes, such as triangular and quadrilateral in two dimensions (2-D)
and tetrahedral and hexahedron in three dimensions (3-D).

The Finite Integration Technique has been developed specifically for the solution of Maz-
well’s equations. It presents a transformation of Mazwell’s equations in integral form onto a
grid pair. The Finite Integration Technique is a general numerical method for all electrody-
namics and other subjects (e.g. acoustics, elastodynamics and temperature problems) derived
from a generalization of the Finite Difference Time Domain method [29]. The grid is composed
of elementary volumes, which are filled with a homogeneous material. Depending on the prob-
lem in hand, an appropriate grid type can be chosen, which might be triangular, quadrilateral
and even irregular [30].

The numerical approaches have the advantage of allowing users to carry out calculations
without knowledge of higher mathematics or physics. Nevertheless, it is required of the users
to have a basic knowledge of physical laws to be able to detect errors within the numerical
calculation. These errors might be due to an inappropriate mesh, wrong boundary conditions,
wrong material properties or even misapprehension of the program itself.
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1.2.2 On the Finite Element Program MEGA

The program MEGA, which is used in this thesis, is based on the Finite Element Method. It
solves the low frequency subset of Mazwell’s equations, including a wide variety of 2-D and
3-D problems [31]. The basic steps of the Finite Element Method are according to [32]:

e Discretization or subdivision of the domain
e Selection of the interpolation functions
e Formulation of the system of equations (forming a matrix)

e Solution of the system of equations

The solution of the whole system is approximated by a finite number of unknown coeffi-
cients. The most important capabilities of MEGA for this thesis are according to [31]:

o Steady-state AC with eddy currents using a complex number representation in 2-D and
3-D.

e Moving conductor problems in which the cross-section of the conductor normal to the
velocity is invariant using the Minkowski transformation in both 2-D and 3-D.

o Non-linear permeability. Transient, DC or pseudo steady state using a complex number
representation in 2-D and 3-D.

e Voltage or current forced wire wound coils. Can be connected to external circuit.

The MEGA program can solve time transient, DC and steady-state AC non-linear problems.
All the schemes use the same solver module. A non-linear problem is solved by starting at
the demagnetised state® and solving the problem for constant permeabilities [33]. Then, the
next value of permeability is taken from the B(H) curve according to the solution results. The
solver stops, when the magnetic flux density remains constant between non-linear iterations.
The used value of change is 0.5 %. In addition, the residual* must reach a value of 1-107%

In numerical calculations mainly two different error types appear. The first is the dis-
cretization error, which is due to replacement of the continuous problem by the discrete model
[34]. This error is decreasing with a decreasing mesh size (smaller and more elements). The
second error is called round-off error. It appears when the discrete equations are not solved
exactly. Thus, it is present in iterative solutions since the iteration is only continued until no
change takes place up to a certain number of digits [34]. This error will be small for increasing
mesh sizes (bigger and fewer elements). This leads to the trouble, that decreasing the mesh

3Magnetic flux density and magnetic field intensity are zero.

1The residual is an internal parameter which takes care that the solving process does not go completely
wrong.
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size (refining the mesh) not necessarily increases the accuracy of the solution. For this reason
care has to be taken with mesh sizes and furthermore, there is a strong need for comparing
numerical solutions with measurements in order to validate their accuracy.

Forces derived from the numerical solution have been calculated integrating the Mazwell
stress tensor over the surface of the secondary.

If a problem to be calculated is symmetric, then symmetric or periodic boundary conditions
might be applied. This allows us to reduce the size of the mesh and thus makes the calculation
faster and more stable.

Symmetric boundary conditions might be applied if the magnetic flux density is known
to be directed normal to a surface or tangential to a surface. In all 3-D models presented in
this thesis, only one half of the geometry is modeled. On the symmetry plane, the symmetric
boundary condition is set to tangential flux.

Periodic boundary conditions might be applied if only a periodic part of a geometry is
modeled like one pole instead of eight poles. For a linear machine, the use of periodic boundary
conditions makes the program consider an infinitely long machine. Thus, longitudinal end
effects are not taken into account and have to be investigated separately.

The periodic boundary conditions have to be assigned to nodes, which are called master
and slave nodes. They have to be marked in the same order so that each slave node can
be mapped correctly onto the corresponding master node. Furthermore, the phase difference
between master and slave nodes has to be specified. If there is only one pole modeled, the
phase difference has to be chosen to be 180 degrees. When two poles are modeled, the phase
difference is zero. If the geometry allows us to model 2/3 of a pole, the phase difference will
be 120 degrees. The phase differences of the periodic boundary conditions for the models
presented in this thesis are shown in Table B.2 on page 131.

1.2.3 2-D Problems

The 2-D Cartesian problems in this thesis are calculated using the magnetic vector potential
A,,. The reason for choosing this approach is that currents in one conducting material are
flowing in one direction perpendicularly to the considered 2-D plane, yielding two components
of the flux density B within the 2-D plane. In reality, the currents are not flowing in only
one direction. At least, they have to change direction in the winding overhangs, which leads
to the transversal end effects already mentioned. Nevertheless, it is possible to use the 2-D
calculation to get a quick and rough insight. Moreover, the 2-D models can be used to estimate
the longitudinal end effects, which cannot be taken into account with the 3-D models (due to
hardware limitations).

The solution is carried out for a single component of the magnetic vector potential, A',,, =
A'mz = Ap,€,. The field quantities are derived from A'm. The induced electric field is
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o aA'mz
=— 1.4
=0 (1.46)
and the magnetic flux density is
B=VxA4,,. (1.47)

For velocity problems, the Minkowski transformation can be used [25, 32]. The electric
field in the moving part can be regarded as having two components. The first part is the
normal transformer effect due to the changing flux in the frame of reference (1.46). The second
part is an electric field in the conductor frame of reference due to the motion, which gives the
apparent electric field in the conductor frame of reference [31]

—

OAm.

E=-"0

+7x B. (1.48)

The equation to be solved is then

-

1 - A -
VxNVxAm—i—mam—meVxAm:O, (1.49)

ot

using (1.40) and J = kE. Equation (1.49) can be reduced for 2-D Cartesian problems to

04,

o~ RTXV X Ay =0 (1.50)

—v-lvlmﬁn
u

1.2.4 3-D Problems

The classical method of representing electromagnetic fields is using the magnetic vector poten-
tial 4, and an electric scalar potential V' [25, 31, 32]. Thus, (1.47) and (1.51) are used.

04,

E=—
ot

—-vV (1.51)

If the eddy current region of the problem has constant conductivity, the electric scalar
potential can be set to zero and the field can be represented using the magnetic vector potential
Anm.

1 " 84,
VXMVXAm—i-Ii(at)— (1.52)
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For problems with materials with low conductivity or at very low frequency, convergence
problems can appear, as the matrix tends towards a singular system® [31]. This problem can
be overcome by introducing a penalty on the divergence of Am.

Y

5 =0 (1.53)

1 - 1 -
V x VXA,,,—{ VV-A,,,}+H
H® Ho
In order to fully gauge fi'm, the normal component of A, on the conductor surfaces should
be set to zero.

For problems with moving conducting regions, the apparent electric field in the conductor
frame of reference is

-

agt"‘ ~VV +7xB. (1.54)

E=-—
The electric scalar can be substituted by V = A - 7.
Using 7% V X A,, = V(A7) — (7- V) A, gives the equation for solving moving conductor
problems [31].

V x iv X Am+ £ (agt"‘ +(7- V)Zm> =0 (1.55)

3-D models in MEGA are built in a very special way. First, there has to be the geometry
modeled in 2-D. This 2-D model is then taken as the base plane for the 3-D model. The base
plane is expanded in the z-direction to form a 3-D mesh. This is the only way to create a
3-D model. There is no possibility to have an element shape different from a rectangle in the
third dimension. Therefore, the most complex geometry should be modeled in the base plane.
Figure 1.11 shows a 3-D model with its base plane and a cut view showing the third dimension.

5A system of equations is singular, if the determinant of the system matrix equals zero [35].
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Figure 1.11: Base plane and cut view on the symmetry plane of model L3PF§6M. In the cut
view, the air is neglected.



1.2 ELECTROMAGNETIC THEORY 27

1.2.5 Difference of 2-D and 3-D calculations

The general difference between 2-D and 3-D is shown in Figure 1.12 on the example of eddy
currents in the secondary.

3 I LN
IB®I 7 B~V 1

Figure 1.12: Scheme of the eddy current distribution in a) 2-D and b) 3-D models. The eddy
currents I (indicated by arrows) could perform a whole loop in the 3-D model, whereas they
will curl in the 2-D model in the infinity. The flux density is assumed to point into the surface
with a cross and to point out of the surface with a dot.

Looking from above onto the surface of the secondary, the eddy currents will be considered
in the calculation as expressed by vectors. The exciting flux density is indicated by a cross
as pointing into the surface and by a dot as pointing out of the surface. Assuming the same
induced voltage in the secondary, the eddy currents in the 2-D models will be stronger than
those of the 3-D models. This is due to the larger ohmic resistance of the secondary for the
3-D models. Here, the eddy currents have to curl around the inducing flux, whereas they are
simply perpendicular to the 2-D plane in the 2-D models.



Chapter 2

Initial considerations for the linear
machine design

2.1 Definition of design constraints for linear machines
in the railway system

The German railway system is a huge network of railway tracks with a great variety of elec-
tromagnetic devices (such as the inductive electromagnetic security device INDUSI and axle
counting devices) near or at the track. The track runs over standard ground, over bridges,
through tunnels and even goes up and down on slopes over mountains. Each part of the railway
system is standardized to obtain uniform components throughout the country. Railway tracks
are classified as suitable for low speed, high speed, planar, slope, ete. Thus, for every type of
railway track and for every single type of train, the geometrical dimensions of the track, the
train and all the periphery are determined as minimum and maximum values. These regula-
tions are given by the ”Eisenbahnbundesamt” (EBA) and collected in the ”Eisenbahn- Bau-
und Betriebsordnung” (EBO)[36].

If a new device has to be integrated into the railway system, the first task is to figure out
the design constraints, meaning the available space at the supposed place, the temperature
and mechanical limits.

For the design of the linear induction machine, the following regulations and limitations
have to be abided:

e Standards and regulations of the EBO and the UIC (Union International des Chemins

de fer)[37]

o EMC (electro magnetic compatibility) regulations by EN 50121 Part 1-5 [38]

o Interference current limit by the EBA [39]

o Maximum rail temperature of 70°C on bridges and 100°C on other places. The time
interval between the passing of two trains has to be considered, if eddy currents will heat
up the rail.

e The maximum transient mechanical peak acceleration is 50 g.

28
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o The braking power of the linear induction machine should be similar to the braking power
obtained by the eddy current brake. Thus, the eddy current brake might be replaced.

o The input power has to be feasible for the locomotive ” BR152” (for details see Appendix
D).

e The geometric conditions have to be chosen according to the EBO and UIC.

The following items are desirable:
e The normal force for the operating modes ”braking” and ”accelerating” has to be mini-
mized®.
e The normal force should be used to compensate aerodynamical effects.
e As far as possible, the brake should be regenerative.

The standards and regulations of the EBO and the UIC will be considered in the following
chapters. The interference current limits are depending on the frequency of the interference
current and its duration. The rail temperature is mainly depending on the eddy currents
induced in the rail. This will be considered in chapter 4.5. The transient peak load has to be
abided in the mechanical design. After finishing the electrical design, a mechanical strength
investigation should follow. Since a prototype of the machine has not been built, the mechanical
strength investigation has not been done here. The obtainable forces are part of the Finite
Element calculation and will be discussed in detail in the corresponding chapters.

The rail itself as the mechanically essential and electrically supporting part of the track is
shown in Figure 2.1 [40].

For different railway applications, different rail profiles are available. The German railway
company uses the rail profile UIC60 for the tracks with high loads and high speed trains.
Some examples for other profiles are $41 and 549 for trams and subways and 564 for tunnels
and surface mining [41]. The difference between the profiles mainly lies in the geometrical
dimensions, but also in the chemical composition. Depending on the application, different
percentages of the particular elements (Carbon, Manganese, Silicon, Chromium, Phosphorus
and Sulfur) are used (see Appendix A).

1This is desired mainly for the region around railway stations. There could be a mechanical damage to the
track when moving parts are attracted and removed by the linear machine.
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Figure 2.1: Rail profile UIC60 with main dimensions given in mm [40].
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2.2 Feasibility of different kinds of linear machines in
railway applications
There are many ways of mounting a linear machine in the railway system. Some of them

were already documented [13]. The common way of integrating a linear machine in rail cars is
mounting it on the undercarriage. Figure 2.2 displays four different methods.

Single sided primary mounted on vehicle Single sided primary mounted on track

Double sided primary mounted on vehicle Double sided primary mounted on track

Figure 2.2: Different methods of mounting linear machines on rail cars [13]. The yoke of the
primary part is colored in light grey. The secondary part is colored in dark grey. The primary
iron is supposed to be laminated and the end turns are shown on both sides of the primary
iron.

Basically, the primary can be mounted on the undercarriage as well as on the rail track,
and the primary can be single or double sided. All possibilities have their advantages and
disadvantages. The main aspects of the different approaches are collected in Table 2.1.

Comparing the features of the possibilities already mentioned of linear machines in railway
applications with the constraints listed in chapter 2.1, they are not in agreement. The problem
mainly lies in the geometric boundary conditions of the German railways. Generally, it is
hardly possible to mount any additional device in the railway track. Therefore, a solution
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Table 2.1: Main aspects of different linear machine configurations.

Configuration: Features:

Single sided primary Short primary, excitation on rail car, asymmetrical air gap

mounted on the car possible

Single sided primary Short secondary, excitation along the whole track, asym-

mounted on the track metrical air gap possible

Double sided primary Higher force generation than single sided approach, excita-

mounted on the car tion on rail car, much space needed in vertical direction

Double sided primary Higher force generation than single sided approach, excita-

mounted on the track tion along the whole track, much space needed in vertical
direction

has to be found, which is in agreement with all the given conditions. The installation of an
additional primary or secondary in the middle of the track is very expensive. The advantages of
a linear machine in this place do not offset the high costs. Therefore, this is not an economical
solution.

The simplest method is to mount the primary in the rail car and to use the rail itself
as secondary. Of course, the shape of the rail together with its material would not be the
first choice for developing a new electric machine, but it fulfills all the requirements and will
therefore be the approach to be discussed further in this thesis.

2.3 Determination of maximum available space for the
linear machine

In order to make sure that the linear machine will operate with an air gap as constant as
possible, the wheel-set in the bogie was chosen to be the most suitable place for mounting
it. Contrary to the body of the rail car, the wheel-set belongs to the non-suspended mass.
Therefore it will keep a steady position to the rail most of the time. Thus, the linear machine
will be mounted on the bogie between the wheels above the rail. This is the same principle of
mounting as already realized with the eddy current brake for the ICE 3 [2] (see Figure 2.3).

Figure 2.4 shows a cut view of the railway track with the rail, the wheel and the guard-rail.
The guard rail takes care of the tracking of the wheel at track junctions. The wheel itself is
shown with its maximum displacement on the rail. The vertical movement of the wheel will be
approximately 1.5 mm [43]. In order to avoid mechanical contact between the linear machine
and devices on the track, the possible width is small. The marked region shows the space
available on the bogie. The geometrical values of a rectangular box fitting in the available
space are given in Table 2.2.
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linear machin

available space

Figure 2.3: Principle of mounting the linear machine on the bogie [42]. The linear machine is
mounted beneath the wheels above the rail. On the rear part of the bogie, the available space
is marked. The bogie belongs to the German high speed train ICE 3. The latest linear eddy
current brake, shown in this figure, could be substituted by the linear induction machine

Table 2.2: Maximum geometrical sizes available for mounting the linear machine.

length width height
1413 mm 135 mm 250 mm
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Available space

Guard-rail

Figure 2.4: Cut view through the railway track with marked occupied and free space. The
guard rail is shown in a view of all possible distances to the rail. The wheel is shown in its
maximum displacement in the direction of the guard rail.



Chapter 3

Numerical calculation of the linear
eddy current brake

3.1 Introduction

The linear eddy current brake is a device which has already been built, tested and put into
operation in the German high-speed train ICE 8. One very early prototype of this machine
has been available for measurements at our department. Furthermore, there was published
data from former measurements available [2]. This has been a good prerequisite for starting a
new design: First investigating an existing prototype of a linear eddy current brake and then
use the validated procedures for the new design of a linear induction machine.

The measurements will be compared with the results from Finite Element (FE) calculations
to verify the numerical models.

3.1.1 Geometrical considerations

The geometry of the eddy current brake is shown in Figure 3.1.

Six poles, forming the primary are excited by DC-current yielding a stationary magnetic
field in the air gap § between primary and rail. Different models have been considered to
calculate the eddy current brake for different train velocities v, taking the non-linear material
property B(H) of the iron parts (primary, rail) into account. The holes in the primary part of
the eddy current brake, which are essential to connect the coils, but reduce the cross section
of the iron back, are not considered in the FE models.

3.1.2 Finite Element modeling

Two different B(H)-curves have been considered, based on [11] and are shown in Figure 3.2.
The shown magnetization curves are measured by the manufacturing company for a rail
profile 549. Since no other measurements have been available, this curve has been used for the

computation.

35
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Figure 3.1: Geometrical dimensions of the eddy current brake [2]. The poles are fixed individ-
ually on the yoke by a screw which can be seen on top of the poles at the yoke. The coils are
connected with screwed clips, which are hidden behind the circular caps on the yoke.
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Figure 3.2: B(H)-curves of the primary part of the eddy current brake and the rail. The
primary part of the eddy current brake is made of steel St 37, whereas the rail iron is made of
a material composition according to the profile § 49 [11].
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The rail dimensions and the conductivity (see chapter 4.6.2) are taken for the profile UIC60
(see Figure 2.1), because it is used by the German railways for the investigated application®.

For the convergence of the FE-models it is necessary to obtain the second derivative of
the B(H)}-curve steady for every point of the curve. This has been achieved by using an
implemented tool of the FE program MEGA. This tool uses a spline fit on the data points and
produces warning messages if the curve has any negative slopes.

The computational approach of the eddy current brake has been performed in four steps.
First, two kinds of two-dimensional models have been created®. One model (E2P) has been
built with one pole and periodic boundary conditions, the other one (E2E) with six poles and
a long rail allowing longitudinal end effects. Then two kinds of three-dimensional models were
set up with different rail shapes. The first rail shape (E3PR) was rectangular to facilitate the
model generation and the solving process. The second rail shape (E3P, E3Px2.5) was chosen
according to the dimensions of the UIC60 profile. The main features of these models are
collected in Table 3.1.

Table 3.1: Main features of the different Finite Element models for computation of the eddy
current brake.

Model E2P E2E E3PR E3P E3Px2.5
Considered dimensions 2 2 3 3 3
Longitudinal end effects no yes no no no
Transversal end effects no no yes yes yes

Rail shape no no no yes yes
Number of elements 1144 12411 33600 45680 45680
Air gap height 6.5mm 65mm 65mm 65mm 6.5mm

Ampere-turns per slot 67kA 67TkA 67kA 67kA 67 kA
Rail conductivity / S/m  5-106 5.108 5.108 5.105 2.5.10°

For the models E2P, E2E and E3PR, the rail is considered to have a rectangular shape.

1The chemical composition of S49 and UIC60 are shown in Appendix A Table A.1.
2A complete survey of all created models with their main features and their nomenclature is given in
Appendix B Table B.2
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Model E3P is built with the correct rail shape. It has not been possible to build a model of the
complete machine with a suitable rail length to include all induced eddy currents. This case
would increase the number of elements over 200000, which is the hardware limit. Therefore,
it has not been possible to consider the complete brake geometry including longitudinal end
effects. These effects are calculated only with 2-D models, where the transversal end effects
are neglected. By comparing the results of the different models, a correction of the 3-D results
for considering longitudinal end effects can be obtained (see chapter 3.2 ).

The forces calculated with model E2P and E2E are referred to a width of the primary of
80 mm (which is about the width of the rail). The air gap of model E2P, E2E and E3PR has
a constant value of 6.5 mm. Model E3P was created with the original rail shape and therefore
the air gap is not constant in z-direction. The air gap of the model equals 6.5 mm at the
symmetry plane. In [44], it is proposed to introduce an equivalent air gap for the 2-D models.
This equivalent air gap takes into account the flux density distribution along the rail shape,
integrating over the different air gap heights. Furthermore, in [45] it is proposed to use the
Russell and Norsworthy? factor [46] to take into account the finite width of the secondary by
reducing the conductivity. Both proposals have not been applied to the 2-D models, since they
are not designed to calculate the real behavior of the linear machine, but to estimate the end
effects.

According to the published measurement [2], for all the calculations a number of ampere-
turns per slot equal to 67 kA was applied.

3.2 [Evaluation of longitudinal end effects by two-dimen-
sional calculations

Throughout the recent literature, it is hardly possible to find publications with the estimation
of longitudinal end effects in linear eddy current brakes. Some researchers omit the end effects
[47, 48], and some have proposed to evaluate the influence of longitudinal end effects by two-
dimensional calculations [10, 49]. It has been suggested to use the end effect factors of linear
induction machines with zero frequency as an approximate representation [45]. As already
pointed out, the longitudinal end effects could not be included in the 3-D models because
of hardware limitations. This leads to the decision of evaluating the longitudinal end effects
with the two-dimensional models. It can be done by comparing two-dimensional models with
different boundary conditions.

3Russell and Norsworthy give in their paper analytically calculated expressions for the current-density
distribution in screened-rotor induction motors with a thin cylindrical conducting shell situated in the air gap

of the motor. These equations are valid for the central (inner) region as well as the overhang region of a
conducting shell.
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The first type of model was built with only one tooth and anti-periodic boundary conditions
(see Figure 3.3a, model E2P). These boundary conditions let the program assume that the
length of the model would be infinite with alternating poles. Thus, Model E2P does not take
into account any end effects.

air d

\ antisymmetric

= boundary

conditions
primary
Z
coil
yox
rail

N

.

primary air

b)

Figure 3.3: Two-dimensional models of the eddy current brake. a) Model E2P with periodic
boundary conditions, b) Model E2E with six poles and longitudinal end effects. A plot of the
flux lines for model E2E is shown in Figure 1.2 on page 7.

The second type was modeled with the complete geometry, containing the end poles (see
Figure 3.3b, model E2E). It takes into account the longitudinal end effects, but transversal
end effects are not considered. The rail is modeled long enough to bear the eddy currents of
the longitudinal end effects. By comparing the results of both models, the influence of the
longitudinal end effects could be separated.

The 2-D problem is solved with the magnetic vector potential formulation. As boundary
condition, the magnetic vector potential A,, is set to zero at the model boundaries. In case
of applied velocity v, the rail is moved relatively to the primary into the positive z-direction,
which has the same effect as moving the primary into the negative z-direction.
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3.2.1 Influence of longitudinal end effects on force generation

In order to evaluate the influence of longitudinal end effects, the calculated forces of the two
models have been compared. Furthermore, investigations have been made focusing on the
distribution of the flux density along the linear machine [44].

The force curves of model E2P and E2E are shown in Figure 3.4 and Figure 3.5. The
geometric parameters are chosen according to Figure 3.1. The excitation was chosen according
to [2] with a number of ampere-turns per slot of 67 kA. The conductivity of the rail was

chosen as Kpey = 5-10% S/m, whereas the primary part is considered to have zero conductivity
(although the primary iron is not laminated) because of the DC excitation.

90

80

70

- model E2P : 2-D, periodic
k ---A--- model E2E : 2-D, with longitudinal end effects

o
o
e

1
o

n
A
o
=

w
o

N
S
Y

Normal force F_/ kN

-
o

10 .-‘p----uuun.un: LLLLLID TTTITTITITTE. 7 &

0O 20 40 60 80 100 120 140 160
Velocity v/ km/h

180 200 220 240 260

Figure 3.4: Normal force obtained from the two-dimensional models E2P and E2E. Positive
values are attracting, negative are levitation forces. A.J = 69250 A/cm - A/mm?

The normal force starts with a high value at standstill and then decreases very rapidly
with increasing velocity of the primary part. It is remarkable, that the 2-D results present a
levitation force at velocities higher than 50 km/h due to the strong interaction of eddy currents
and the air gap field. Therefore also the braking forces are calculated too high with model
E2P and E2E. The phenomenon of levitation is investigated in detail below.
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Figure 3.5: Tangential force obtained from the two-dimensional models E2P and E2E. Negative
values imply braking forces. A -.J = 69250 A/cm - A/mm?

Due to the zero frequency of the primary excitation, the eddy current brake can only obtain
braking tangential forces. It has to be pointed out that the extremely high braking forces at
low velocities are an effect of the two-dimensional calculation.

3.2.2 Flux density characteristics

Since the attractive force depends on the difference of the flux density squares (see (1.37)), it is
useful to take a look at those flux densities. Figure 3.6 shows the normal component of the flux
density (B,) in the middle of the air gap along two poles of model E2P;1.5 (equal to model
E2P, only with constant permeability) at v = 18 km/h and v = 144 km/h with an excitation
of 67 kA ampere-turns per slot. The longitudinal component (B;) is shown in Figure 3.7. For
this comparison, the relative permeability of the rail is considered constant at a low saturated
value of y, = 1.5.
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Figure 3.6: Normal component of flux density B, of model E2Pu1.5 along two poles on the
secondary surface for different velocities. A - J = 69250 A/cm - A/mm?

With increasing velocity, the longitudinal component of the flux density increases, whereas
the normal component decreases. According to (1.37), this leads to a polarity reversal of the
attractive force, which can be observed in Figure 3.4 for the 2-D models.

In Figure 3.8, the flux lines are shown for model E2Pu1.5 at v = 18 km/h and v = 144 km/h.
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Figure 3.7: Longitudinal component of flux density B; of model E2Py1.5 along two poles on
the secondary surface for different velocities. A -J = 69250 A/cm - A/mm?

Figure 3.8: Eﬁux lines of model E2Pu1.5 for two

<«—v=18km/h

«—v =144 km/h

poles at v = 18 km/h and v = 144 km/h.
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3.2.3 Longitudinal end effect factor

The longitudinal end effect can be separated by figuring out the percentage of difference be-
tween the two force characteristics of model E2P and E2E (see Figure 3.4 and 3.5). The
percentage of difference is shown in Figure 3.9 depending on the velocity of the primary. The
end effect factor for the tangential force component kg is calculated using (3.1) and the end
effect factor for the normal force component kp,g using (3.2).

Fiep
k = 3.1
5" Frp (3-1)
Foeg
k =" 2
FnE FnPE (3 )

Figg is the tangential force component of model E2E, F;pg the tangential force component
of model E2P, F,,gg the normal force component of model E2E and F,,pg is the normal force

component of model E2P.
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Figure 3.9: Longitudinal end effect factors of the linear eddy current brake on normal and
tangential forces. Mean values are 92% for kp;z and 95% for kpnp.

The normal component of the end effect factor shows an exposed point at 54 km/h. This
is due to the forces being near to zero and thus leading to a higher relative difference between



3.3 NUMERICAL 3-D CALCULATION OF AN EDDY CURRENT BRAKE 45

model E2P and model E2E. This extreme point has been neglected and fitted to the general
behaviour shown in Figure 3.9. The influence of the longitudinal end effect differs for low
velocities up to 10 % between normal and tangential direction. For velocities higher than
140 km/h it is nearly the same for both directions.

3.3 Numerical 3-D calculation of an eddy current brake

3.3.1 Three-dimensional modeling

Models E3PR and E3P (see Figure 3.10) for three-dimensional field calculation are solved
with the magnetic scalar potential formulation for non-conducting regions (primary) and the
magnetic vector potential formulation for eddy current regions (rail). The 3-D model E3PR
is based on the 2-D model E2P. A region of air is surrounding the solid parts. The magnetic
scalar potential V is set to zero at the outside air boundaries.
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Figure 3.10: Three-dimensional models. a) model E3PR with rectangular rail, b) model E3P
with correct rail shape, ¢) mesh of model E3P.
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In order to reduce the solving time and to increase the probability of convergence, the
models consist only of one magnetic pole with anti-periodic boundaries on both sides. Since
the eddy current brake is centered over the rail, it is possible to model only one half of the
pole and to apply tangential flux boundary conditions on the symmetry plane. These models
do not consider the longitudinal end effects, but they can show the influence of the transversal
end effects including longitudinal eddy currents.

The solving process of the 3-D model with moving parts and non-linear material properties
tends to lose stability, especially at high velocities. In order to regain stability, a solution at
lower speed v is used as an initial vector for higher speeds [50]. The mesh has to be adequately
fine near the surface of the moving rail. The element height should be less than one third of
the penetration depth d, which can be calculated using (3.3).

1
8= \/ s (3.3)

Model E3P takes into account the real shape of the rail. Due to the round shape, the
base plane mesh consists of quadrilateral and triangular elements. The difference in shape and
size slows down the solving process and complicates the convergence. In order to make the
solution unique, the normal component of the vector potential A,, has been set to zero on A,
interfaces* according to [51]. This ensures, that the system is well conditioned.

3.3.2 Results of force calculation

The results of the force calculation of model E3PR and E3P are shown in Figure 3.11. The
applied geometrical and electrical parameters are equal to those, which have been used for the
two-dimensional calculations (see Table B.2).

The normal forces obtained from the 3-D models are almost coincident. The values are
positive for all velocities. The braking forces are obviously depending on the shape of the
secondary. Using a rectangular shaped secondary leads to higher forces than those obtained
from the rail shape. It can be explained by looking at the eddy currents and the flux in the
air gap, which will be done in the following sections.

1An A,,% interface is an interface between a region modeled with A4,, and a region modeled with 1. By
default, in MEGA a conductor region is modeled with A,, and a nonconductor region with 4. However, a
nonconductor region can also be modeled with A,,.
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Figure 3.11: Normal (attractive) and tangential force obtained by 3-D calculation of the eddy
current brake. Both curves of the normal force are almost coincident. Model E3P has con-
vergence problems for velocities higher than 108 km/h. Therefore, results for higher velocities
do not exist. Both force characteristics are plotted without and with applied longitudinal and
tangential end effect factor (krng and kmz). A« J = 69250 A/cm - A/mm?
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3.3.3 Flux density and eddy current distribution

The normal component of flux density along the y-axis (width of the machine) is shown in
Figure 3.12. Here, the two models E3PR and E3P are compared. One can see, that the curve
from model E3P has a lower mean value of normal flux density than model E3PR due to the
rail shape of the secondary.
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Figure 3.12: Normal component of flux density B, of model E3PR and E3P along the y-axis
on the secondary surface. 4 -J =69250 A/cm - A/mm?

For illustrating this effect, the same comparison is made for a vector plot of the flux density
at the middle of a tooth in the y-z-plane shown in Figure 3.13.

Contrary to the two-dimensional models, the normal component of the flux density in the
air gap is bigger than the tangential component (see Figure 3.14). This is due to the transversal
end effects.

Figure 3.14 shows the distribution of flux density in the symmetry plane of the secondary
surface at the air gap of model E3PR and E3P at a velocity of 18 km/h and 108 km/h. Since
the tangential force component can be calculated using (3.4), model E3PR. obtains higher
tangential forces than model E3P due to the higher tangential component of the flux density.
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The eddy current distribution in the cut through the secondary of model E3P is drawn for
a velocity of 3.6 km/h and 36 km/h in Figure 3.15. The influence of the velocity can easily
be seen at the distortion of the current-density in the rail. The higher the velocity between
primary and secondary, the bigger the distortion will be. The primary part does not contain
any eddy currents. This is due to the DC excitation.
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Figure 3.15: Eddy current-density distribution along the cut through the secondary of model
E3P (one pole) at v = 3.6 km/h (left) and 36 km/h (right). A-J =69250 A/cm - A/mm?

3.4 Comparison of calculated and measured eddy cur-
rent brake

The measured results of forces at velocities higher than zero are taken from [2]. Figure 3.16
shows the measured forces of the eddy current brake.

3.4.1 Comparison of force characteristics

The results of the force calculations from model E2P to E3P have been collected in Figure 3.17.
Also included in the graphs are the measurement and the force curve obtained by multiplying
the forces of model E3P with the end effect factors from chapter 3.2.

The 2-D results are not even near to the measurement. This is mainly a result of the
missing transversal end effects. The 3-D results are much closer to the measurement. The
difference between the computed and measured curves is up to 15% at moderate velocities.
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Figure 3.16: Measured forces of the six-pole eddy current brake [2]. The force was measured
at an excitation of 67 kA ampere-turns per slot. A-J = 69250 A/cm - A/mm?

The calculated braking force coincides better with the measurement than the attractive
force. Still, the results of model E3P and the measurement differ up to 60%. In order to
overcome the differences between the measured and calculated forces, the conductivity of the
rail was varied. This led to a conductivity value of 2.5 -10% S/m.

The measured and the calculated forces according to model E3Px2.5 are in good coinci-
dence. This model is based on model E3P, whereas the conductivity of the rail was changed®
t0 Kpgy = 2.5 - 108 S/m and the end effect factor has been applied. The influence of the
conductivity will be investigated in more detail in chapter 4.6.

5The influence of conductivity variation and the realistic values will be considered in detail in chapter 4.6.2
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Figure 3.17: Normal and tangential force of the eddy current brake. Comparison of calculated
and measured results. Models E3PR, E3P and E3Pk2.5 are not shown for the full velocity
range due to convergence problems of the numerical calculation. A4-J = 69250 A/cm - A/mm?
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3.4.2 Comparison of flux density characteristics

For low velocities, there is still a significant difference between computation and measurement
of the normal and tangential force components, especially for the models E3PR, and E3P. One
explanation for that difference is a non-constant air gap at the measurement. The eddy current
brake is slightly bent at moderate velocities. The effect of that bend is a differing air gap along
the machine in moving direction. It is well known, that the attractive force of an electrical
machine will increase with decreasing air gap [21] due to the increase of flux density. This is
illustrated in Figure 3.18, where the flux density at different air gaps is shown as a comparison

of calculation and measurement.
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Figure 3.18: Normal component of flux density in the air gap at the middle of an inner pole
of the eddy current brake. 3-D calculations are compared with measurements at different air
gaps (4 and 6 mm).

In order to validate the calculations of the flux density distribution along the z-axis, a
measurement of the flux density at standstill was made. In the FE model E3P, the conductivity
of the primary part and the rail has been set to zero. This speeds up the calculation and is valid,
because at zero velocity there will be no eddy currents flowing in the rail. The measurement
was carried out at our lab using a Hall probe (see chapter 5). The air gap was chosen to be
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9 mm and the number of ampere-turns per coil is as low as 3.3 kA to avoid overheating during
measurement. The comparison of measured and calculated flux density at one pole, vertically
and horizontally centered in the air gap is shown in Figure 3.19.
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Figure 3.19: Comparison of computed and measured normal component of flux density. The
Hall probe was placed horizontally and vertically centered in the air gap on one pole of the
linear eddy current brake at standstill. The FE result has been derived by a periodic model
of one pole (E3Px089) and has been extended by duplication to fit the measured range of
longitudinal coordinate. A -J =673 A/cm - A/mm?

The differences between measurement and computed results arise (apart from measurement
accuracy) due to the following reasons:

1. The geometrical dimensions of the FE model lie within a tolerance of +1 mm, which is
0.6 % of the pole pitch 7,, as compared with the real device. This causes the slightly different
pole width in Figure 3.19.

2. The longitudinal end effects can not be taken into account with the 3-D model due to
hardware limitations. Therefore, a periodic model has been used.

3. The holes in the primary yoke, in which the coils are connected are disturbing the flux.
These holes have not been modeled.
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3.5 Concluding remarks to the calculation of the linear
eddy current brake

In this chapter, a linear eddy current brake (ECB) has been calculated with different FE-
models and compared with measurements. It was tried to include the influence of end effects,
even if it has not been possible to include longitudinal and transversal end effects in the same
model.

Although some of the FE-models look simple, the modeling effort is quite big. The 2-D
models have been optimized for each velocity to keep the numerical error as small as possible.
For the 3-D models, this would have been too time consuming. Thus, an appropriate element
size has been chosen depending on the estimated penetration depth of the flux into the mate-
rials. The results of the FE calculations have been checked using the flux density distribution
in the whole model. If the flux density distribution did not look realistic, the model has been
refined in the corresponding regions. For high velocities, it has not been possible to stabilize
the numerical calculations by refining the mesh. For some models, it has been possible to
obtain a solution by using a result from a calculation at a lower velocity as an initial data set
(see chapter 3.3.1). In this case, the time needed for the solving process went up from some
hours to some days including the solving time for the lower velocity result.

The measurements presented in this chapter were taken from different sources. A prototype
of the eddy current brake has been available for measurements at the Institute of Electrical
Energy Conversion of the Darmstadt University of Technology. The measurements could only
be performed for standstill, because it was not possible to build a rotational test rig or to
move the ECB over the rail. This would have been too expensive to realize. The measurement
results for velocities higher than zero were taken from [2]. These measurements were performed
on a rotational test rig of the company Knorr-Bremse.

The thermal load (A J = 69250 A/cm - A/mm?) of the eddy current brake is very high.
This can not be reached without forced cooling in continuous operation. The operating times
are only up to 1 minute at the maximum excitation with a time to cool down of 10 minutes
before re-operating [2]. To allow continuous operation, the thermal load would have to be
drastically reduced.

The results in this chapter show, that the applied methods to investigate the eddy current
brake obtain reasonable results. Thus, the same methods will be applied to the investigation
of a linear induction machine. Here, the expected error should be low.



Chapter 4

Numerical calculation of a linear
induction machine

4.1 Determination of initial conditions

The design of the linear machine underlies some restrictions and cannot be chosen freely (see
chapter 2). Therefore, some constraints have to be denominated.

e The linear machine has to fit into the maximum available space. Thus, it would be good
to choose a design with a minimum space required for end turns and a maximum space

on active iron.

e The power supply is located on the locomotive. For this reason either a converter has to
be chosen which is already operating with power reserve, or the newly designed converter
has to fit into the restricted space on the locomotive [52].

e The maximum normal force (added to the weight of the loco) should not exceed the
limit of mechanical stress on the railway track. Depending on the track, the limit is a
weight of 18 000 kg - 25 000 kg per wheel set, which is corresponding to a normal force
of 177 kN - 245 kN [36].

4.1.1 Evaluation of winding concepts

In order to obtain a space saving winding, there are mainly three possibilities available.

A: Two phases with m=2 ¢g=1 ;‘;:1

B:  Three phases with m=3 ¢= ; T"; = g

C:  Any combination as a yoke winding

The first two possibilities will be discussed in this section, whereas the third possibility has
been investigated separately and is presented in chapter 4.3.

For concept A, the sketch of the distributed coils in the primary slots is shown in Figure 4.1.

57
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Im

A]b

Figure 4.1: a) Sketch of the primary winding of the two-phase concept A. b) For the m.m.f.
distribution (V), the slot width has been neglected. ¢) The current phasors for the applied
time instant are shown on the right.

Phases a and b have to be supplied by currents with a phase shift of 90 degree. The excited
m.m.f. will be symmetrical. Either a special two-phase transformer or a two-phase inverter is
needed for the power supply.

The sketch of distributed coils for the three-phase concept B with fractional slot winding
is shown in Figure 4.2.
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Figure 4.2: a) Sketch of the primary winding of concept B. b) For the m.m.f. distribution (V),
the slot width has been neglected. ¢) The current phasors for the applied time instant are
shown on the right.
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The symmetrical three-phase current system can be generated by a three-phase standard
inverter or a three-phase transformer. The excited m.m.f. will not be symmetrical. Therefore,
a detailed investigation on the m.m.f. harmonics is shown in Table 4.1. The winding factors
are calculated using Equations (1.8), (1.12) and (1.13). The ordinal number of space harmonics
is only listed up to v = 5. There will be more space harmonics with higher ordinal number,
but their influence can be neglected for this evaluation due to their low impact on the e.m.f.
with a factor of 1/v.

Table 4.1: Winding factors for the space harmonics of concept A and B.

ordinal number A: m=2 ¢=1 _f;:; B: m=3 qzé Zzg
of space distribution pitch relative  distribution pitch  relative
harmonics factor factor amplitude factor factor amplitude
v kq, kpy kwy /v kq, kpy kwy/V
1 1 0.707 0.707 1 0.866 0.866
2 - - - 1 -0.866 0.433
3 1 0.707 0.24 - - -
4 - - - 1 -0.866 0.216
5 1 -0.707 0.14 1 0.866 0.173

Concept B yields a larger fundamental winding factor than concept A, but also more space
harmonics with partially larger amplitudes. Concept B has been chosen for the investigation
because the three phase induction machine fits best into the already existing electric circuit
on the locomotive. The converters for the driving motors may be used.

4.1.2 Prerequisites for the machine design

Non-linear magnetization B(H) of the iron parts has to be taken into account. The B(H)-
curves for the primary and secondary part are shown in Figure 4.3.

The primary part is assumed to consist of a cobalt iron alloy with a high saturation po-
larization (2.35 T) and low losses at very high flux densities (poo = 1.8 W/kg)! [53]. This
material has been chosen to reach the maximum performance of the linear machine. But as it
is very expensive, it would not be used for a commercial production of the linear machine.

The secondary part is the traction rail, which is the same as introduced in chapter 3.
Therefore, the same magnetization curve has been applied.

1pso = 1.8 W /kg means, that the iron losses at a flux density of 2 T and 50 Hz frequency would be 1.8 W
per kg mass.
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Figure 4.3: B(H) curves for calculation of the asynchronous linear machine. Primary: Vacofluz
[63], secondary: rail steel [11].

4.2 Calculation of a linear induction machine with frac-
tional slot winding

The fractional slot winding is often chosen as a tool to reduce cogging torque e.g. in permanent
magnet machines (see chapter 1.1.3). In this case, the fractional slot winding has been chosen
mainly because it needs the least space for manufacturing the coils for a three-phase winding,
especially considering the winding overhangs.

4.2.1 Geometrical considerations

A coil geometry with extremely small end turns and no crossings can be achieved by a fractional
slot winding with the number of slots per pole and phase (g) equal to 1/2.

The electrical and geometrical parameters of the linear machine have been chosen as listed
in Table 4.2.

Investigations have been made concerning the optimum of the pole pitch for different num-
bers of poles with a fractional slot winding (see Figure 4.4 and Figure 4.5 [54]).
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Table 4.2: Parameters of the design with fractional slot winding.

Symbol Value Unit Name
fs 1042 Hz  Primary frequency
P 4 Number of pole pairs
N, 22 Number of turns per coil
m 3 Number of phases
q 1/2 Slots per pole and phase
Usyn 120 km/h Synchronous speed
é 6.5 mm  Air gap
Tp 159 mm Pole pitch
lpe 96 mm  Primary width
w/T, 2/3 Chording factor
w 106 mm  Equivalent coil span
A 2062 A/cm Current-sheet
110
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Figure 4.4: Maximum normal (attractive) force density obtained for different pole pitches
[54]. Calculations are based on periodic 2-D models. Forces are related to the rail-facing

surface of the machine.
A-J=5400 Afcm - A/mm?.

The thermal load has been fixed on a constant low value of
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Figure 4.5: Maximum tangential force density obtained for different pole pitches [54]. Calcula-

tions are based on periodic 2-D models. Forces are related to the rail-facing surface of the ma-
chine. The thermal load has been fixed on a constant low value of A - J = 5400 A/cm - A/mm?

The objective of [54] has been to optimize the pole pitch of a linear induction machine with
the given space restrictions in order to obtain the highest possible forces. The optimization
has been carried out using the FE program MEGA with 2-D periodic models. To avoid the
influence of saturation effects, the ampere-turns per coil were kept on a low value of 5000 A,
which gave a thermal load of 5400 A/m-A/m?.

The general tendency is that the obtained forces increase with increasing pole pitch as
shown in Figure 4.4 and 4.5. Later on, the enormously increased pole pitch decreases the
forces. This behavior is due to the fixed maximum length of the machine. Therefore, the
number of poles has to change from 4 to 2 when the limit of length is reached. So, there is in
the end a small machine with only two very large poles. However, the number of poles should
not be too small because of the increasing influence of end effects on a linear machine with a
decreasing number of poles [12].

The actually chosen pole pitch of 159 mm is a result of numerical and analytical considera-
tions. Originally, the ALIM should be designed for the high speed train ICE 8. Its maximum
speed is v = 330 km/h [55] and a nominal inverter frequency of f = 285 Hz [52]. To operate
the frequency inverter around its nominal point, the pole pitch of the linear machine has been
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chosen to be 7, = 0.16 m, which is according to the numerical optimization. Later on, the Ger-
man railway company intended to build a prototype of the ALIM and to operate it in a freight
train locomotive. These locomotives usually have a maximum speed of 120 km/h. Therefore,
the nominal supply frequency for the calculations has been chosen to 104.2 Hz according to a
synchronous velocity of the traveling wave of 120 km/h. Using this synchronous speed and the
pole pitch, the frequency is calculated using (4.1).

Usyn
= 4.1
f 2r, (4.1)

The number of pole pairs is given by the pole pitch and the maximum machine length of
1413 mm. The primary width results from the maximum machine width of 250 mm, subtracted
by the end turn width and optimized regarding to the width of the rail.

The number of turns is the result of an optimization of the thermal load of the machine
together with its cooling conditions and the slot width?.

The air gap is chosen according to the demands of the German railway company. They
performed trial runs with the eddy current brake. The conclusion was, that the nominal air
gap of 6.5 mm is a secure value to avoid mechanical contact between linear machine and rail.
Due to the attractive forces, the linear machine is bending slightly and the air gap is reduced
to about 4.5 mm in the middle of the actor.

4.2.2 Finite Element modeling

In order to figure out the behaviour of the newly designed machine, FE-calculations have been
carried out. By analyzing the electrical input (voltage and current at the terminals of coils)
and the mechanical output (forces acting on secondary), it is possible to locate losses, the
power factor and the apparent power.

A picture of the first design of the ALIM (L3PF) is shown in Figure 4.6. A complete list
of used numerical models is given in Appendix B.

The primary currents are impressed in the stator coils. The conductors of the presented
machine are assumed to be directly water-cooled with hollow copper conductors®. The motor
is considered to be infinitely long (modeled with periodical boundary conditions) to keep the
number of nodes and mesh elements of the 3-D model within reasonable limits.

Thus, only transversal end effects are taken into account. The mesh of the 3-D model with
applied boundary conditions is shown in Figure 4.7.

2For more information concerning the analytical optimization of electrical machines, see [16, 17, 21]
3The objective was to reach forces similar to the eddy current brake. To realize this aim, a very high

current-density (> 14 A/mm?) is needed. This might be possible for short-time operation without additional
cooling. For continuous operation, the coils have to be water-cooled.
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Figure 4.6: First design of the ALIM (L3PF). a) 3-D view of the complete geometry, b) cut
view through the symmetry plane.

In order to avoid high eddy currents in the primary yoke, the primary iron is assumed to
be ideally laminated (infinitely thin insulated iron sheets). With the used software, it has not
been possible to apply an anisotropic conductivity, so the conductivity of the primary is set to
zero. The conductivity of the rail is set t0 Kpay = 5- 106 S /m (according to measurements, see
chapter 5.3).
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Figure 4.7: Mesh of the three-dimensional model L3PF. a) complete mesh geometry, b) zoom
in air gap region.

4.2.3 Results of the force calculations

Figure 4.8 shows the numerically calculated forces for 11 000 ampere-turns per coil impressed
current in dependence of the slip s.

The tangential force of the ALIM with fractional slot winding has basically a behaviour
like any other induction machine. The difference is that the characteristic force-slip-curve is
shifted to braking force values, so that there is a considerable braking force at the synchronous
point. This is due to additional space harmonics arising from the fractional slot winding.

Splitting the primary traveling magnetic field into its harmonic components? (see Figure
4.9 for the resulting force components), there will be a second harmonic traveling into the

4This has been done with a 2-D analytical model with constant permeability and an impressed current-sheet.
A Fourier analysis of the m.m.f. has been performed and the flux density components on the rail surface have

been calculated using Mazwell’s equations. With (1.38), the force of each harmonic is calculated and then
summarized to obtain the resulting force curve [56].
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Figure 4.8: Normal and tangential force of the ALIM with fractional slot winding at different
air gap heights. The coil excitation equals 11 000 ampere-turns. A-J = 29060 A/cm - A/mm?
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opposite direction and a fourth harmonic traveling into the same direction as the fundamental
wave. There are other harmonics as well, but since their amplitude is very small, they will not
be considered. It can be seen that mainly the second harmonic contributes to the shift of the
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Figure 4.9: Analytically calculated main components of the tangential force of the ALIM with
fractional slot winding due to 1st, 2nd and 4th field harmonic [56]. The electrical parameters
are listed in Table 4.2.

The normal force component is only weakly influenced by higher space harmonics. Still, it
is not symmetrical to the synchronous point. At slip values between 0.5 and 1, the influence of
the second and fourth harmonic can be seen. Comparing the result of model L3PFé1 in Figure
4.8 with the resulting force curve in Figure 4.9, it is obvious, that the numerical calculation
takes into account all harmonics of the traveling magnetic field.
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4.2.4 Flux density characteristics

The space harmonics with higher ordinal number v > 1 in the air gap are not only depending
on the primary winding, but also on the air gap itself. Two-dimensional models only differing
in air gap height have been investigated focusing on the distribution of flux density at the
surface of the secondary. The results of this investigation at a velocity of 36 km/h (according
to a slip of 70%) are shown in Figure 4.10. There has also been carried out a Fourier analysis
on the flux density distribution along the pole pitch to separate the space harmonics. The
peak values together with the order of harmonics are also shown in Figure 4.10.

One can see that the amplitude of the 4th harmonic at small air gaps is about twice as big
as the value of the flux density amplitude of the fundamental wave.
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Figure 4.10: a) Flux density distribution and b) harmonics of flux density at the rail surface
for different air gaps. The coil excitation equals 11 000 ampere-turns. v = 36 km/h.
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4.3 Calculation of a linear induction machine with inte-
ger slot yoke winding

Using the fractional slot winding, the additional space harmonics with even ordinal number
(v = -2; 4; -8; 10; ...) make useful thrust force characteristics impossible. This should be
overcome with the yoke winding.

The yoke winding is originated in the toothed-ring winding invented by Gramme in 1870
[67]. Its construction is simple, enabling any pole-pitch by supplying the appropriate slot
currents [58]. However, the stray losses are bigger than those of a normal winding.

The normal winding has two sides of a coil embedded in a slot and thus contributing to the
force generation. With the yoke winding, only one side of the coil is located in a slot, whereas
the other side lies on the back of the yoke, closing the loop.

The advantage of the yoke winding to provide freely choosable pole pitches with small
winding overhangs comes along with the disadvantage of higher stray losses and a bigger
quantity of copper needed, compared to a normal winding of the same kind.

4.3.1 Choice of the winding

The geometric parameters of a polyphase winding are related to each other as shown in (1.11).
With the number of phases equal to 3, the number of slots per pole and phase, the number of
slots and the number of poles are free to choose.

In order to decrease the influence of the longitudinal end effects, the number of poles should
be big. But the number of slots cannot be too big, because there must be still some iron left
to guide the flux.

With a number of slots per pole and phase of 1 and a number of slots equal to 12, a
reasonable solution seems to be found. The pole pitch has been adapted to obtain 8 poles on
a maximum machine-length of 1413 mm, including two end teeth. The coils are not chorded,
because this would lead to an undesirable reduction of flux.

The whole geometry for one pole of the yoke winding is shown in Figure 4.11a. For simplicity
reasons, the coils are designed with constant width in the slot and on the yoke. In reality, the
coils would be optimized to reach a small lateral winding overhang, shown in Figure 4.12. To
visualize the difference between yoke winding and fractional slot winding, the latter design is
shown in Figure 4.11b.

Table 4.3 demonstrates the coils scheme for a two-layer winding with three phases and one
slot per pole and phase. Since no chording is applied, the two layers will be shown in the
following figures as one layer.
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Primary

Coils

Figure 4.11: 3-D models with coils, primary part and secondary part (rail). a) yoke winding
model, one pole, b) fractional slot winding model, two poles.

Table 4.3: Two-layer winding diagram for the yoke winding, m=3, ¢=1, w/7,=1

layer 1 +U0 -W +V U +W -V
layer 2 +U0 -W +V U +W -V

In addition to the comparison of the yoke winding and the fractional slot winding, the
influence of slot closure on the forces has been investigated. The basic geometry with open
and semi-closed slots can be seen in Figure 4.13. With open slots, a third variant of design can
be investigated, which is shown in Figure 4.13 ¢). The coils are occupying the whole space of
the slots.

To keep this design comparable with the others, the same current sheet and current-density
have been applied. Therefore, the number of turns has been increased to N, = 13 and the
current has been reduced to I = 420 A.

The parameters of the investigated machine are listed in Table 4.4.
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Figure 4.12: Wooden model of the yoke winding. One pole with only one coil wound to the
inner slot. Left: front view; right: side view.

Table 4.4: Parameters of the linear machine with yoke winding.

Symbol Value TUnit Name

A 2062 Aj/em  Current-sheet
fs 104.2 Hz Primary frequency
I 500 A Primary current
lpe 96 mm  Primary width
m 3 - Number of phases
N, 11 - Number of turns per coil
? 4 - Number of pole pairs
q 1 - Slots per pole and phase
Usyn 120 km/h Synchronous speed
w 106 mm  Equivalent coil span
) 6.5 mm  Air gap

Tp 159 mm  Pole pitch
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Figure 4.13: Basic geometry of the investigated machines (integer slot yoke winding) with
applied winding diagram for one pole: a) open slots (model L3PY0), b) semi-closed slots
(model L3PY), c) increased coil height (model L3PYI). Return coil side is neglected.



74 CHAPTER 4. THE LINEAR INDUCTION MACHINE

4.3.2 Finite Element modeling

The base-plane mesh of the investigated approaches is shown in Figure 4.14. The mesh is
refined at the air gap and on the surface of the rail. The scalar potential on the boundary of
the model is set to zero, whereas the symmetry plane is defined on the left border of Figure 4.14.
One pole has been modeled using coils with impressed currents.
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Figure 4.14: Base plane of the FE-model L3PY for the yoke winding. a) Full model, b) Zoom
of air gap region.

Symmetric and periodic boundary conditions have been applied on the models to reduce
computation time. Due to the use of periodic boundary conditions, longitudinal end effects
have not been taken into account. Non-linear magnetizing curves have been applied for the
primary [53] and the secondary part [11] and are shown in Figure 4.3. For the primary a
special sheet with very high permeability was chosen to keep the magnetizing current as low
as possible.

The calculation results for the linear induction machine with yoke winding are given in
chapter 4.5 along with the comparison between fractional slot winding and integer slot yoke

winding for the linear induction machine.
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4.4 Evaluation of longitudinal end effects by two-dimen-
sional calculations

There have been many approaches in the recent literature to estimate the influence of the lon-
gitudinal end effect of linear machines by analytical calculations [59, 60, 61]. The longitudinal
end effect is mostly split into two effects [62]. One is the effect of the entry wave, which is
distorting the flux density in the air gap near the front end of the linear machine (related to
the movement). The other is the exit wave, which is acting mainly at the rear end of the linear
machine. The longitudinal end effect results in a force reduction due to the impact on the flux
density distribution. In this chapter, an attempt is made to find a factor expressing the impact
of the longitudinal end effects on the force generation. This factor should then be applied on
the three-dimensional calculations of forces in the following chapters.

4.4.1 Flux density characteristics

The separation of end effects will be performed by means of an example with two different
slip values (s = 0 and s = -1). First, the flux lines are shown in Figure 4.15. In Figure 4.16
and Figure 4.17, the normal and the tangential component of the flux density in the middle
of the air gap of the two-dimensional models are shown. Two different models at two different
velocities are presented. One of them is modeled with longitudinal end effects (L2EF), while
the other is modeled with periodic boundary conditions (L2PF).

At synchronous speed (s = 0), the end effect can clearly be seen as the difference between
the two characteristics of the normal component of the flux density. At s = -1, there is hardly
any difference between the two curves. To separate the end effect, the two curves have to be
subtracted. The result is a mixture of entry and exit wave, which is shown in Figure 4.18. The
tangential flux density component does not show a distinctive difference between the different
curves.

The end effect flux density has a characteristic as shown in [13, 63]. The entry wave starts
at the left side and decreases with an exponential function to the right side. It penetrates
almost the whole length of the linear machine. The exit wave starts at the right side and dies
out quite fast. It penetrates about two poles at the exit end of the machine. According to [64],
the pole pitch of the entry wave is expressed by (4.2).

Tps = (1 — 8)7p (4.2)

At zero slip, the end effect curve is more distinctive than at s = -1. The characteristic of
the flux density at negative slip is already distorted. So, the additional distortion by the end
effect is not as significant as the distortion at the synchronous point.
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Figure 4.16: Normal and tangential component of flux density in the middle of the air gap of
the two-dimensional models L2EF and L2PF. The end effect model L2EF is compared with
the periodic model L2PF. The comparison is made for the slip value s = 0.
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Figure 4.17: Normal and tangential component of flux density in the middle of the air gap of
the two-dimensional models L2EF and L2PF. The end effect model L2EF is compared with
the periodic model L2PF. The comparison is made for the slip value s = -1.
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4.4.2 Influence of longitudinal end effects on force generation

For the estimation of the end effect influence on the force characteristics, the two-dimensional
models L2EF and L2PF have been calculated at different slip. The results are shown in
Figure 4.19.

16 -
14 2 model L2EF: end effect
I i —u— tangential force
12 K wetb OIMal force
10 [ :‘ li‘
L LI model L2PF: periodic
8 A --m-- tangential force

i ' ~=a~- normal force

,,,,,,,,, - *S,/-A\.ﬁ
v"—

Force F/ kN
o N E-N »
N
/

o driving
-4
-6 [ 1 2 1 2 ' ' )
-1.0 -0.5 0.0 05 1.0
Slip s

Figure 4.19: Normal and tangential force characteristics. The end effect model L2EF is com-
pared with the periodic model L2PF.

The end effect has the biggest influence on the normal component of the force at zero slip.
This is due to the dependence of the normal force on the squares of the flux density components
(see (1.37)).

The tangential force component does not show any end effect influence for zero slip. This
can also be explained by the flux densities (see (1.38)). The normal component of flux density
shows a big end effect at zero slip, whereas the tangential component does not show an end
effect at all.

For the normal force, this means that the end effect influence acting on the flux density
is squared, because the normal force depends on the square subtraction of the flux densities.
The tangential force depends on the product of the flux densities and therefore does not show

an influence at zero slip.
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4.4.3 Longitudinal end effect factor

Corresponding to chapter 3.2.3 it has been tried to find a factor expressing the influence of
the longitudinal end effects on the force generation. The end effect factor for the tangential
force component kg is calculated using 4.3 and the end effect factor for the normal force
component kgy,y, using 4.4. Therefore, the forces have been compared according to (4.3) and
(4.4).

Fipr

k = 4.3

FE T Fpr “3)
F,

kpar = EF (4.4)
Fupr

Figr is the tangential force component of model L2EF, Fipr the tangential force component
of model L2PF, F, gy the normal force component of model L2EF and F, pr is the normal force
component of model L2PF. The end effect factors are shown in Figure 4.20.

There are three extreme points, where an error is caused by the zero crossing of the 2-D
force curves. Unlike the end effect factors of the linear eddy current brake, this characteristic
does not have a clear tendency. Therefore, it is supposed to use the normal end effect factor
only for zero slip and to use the tangential end effect factor for all slip values. The two extreme
points have been removed by linear interpolation.
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4.5 Comparison of linear induction machine with
fractional slot and integer slot yoke winding

4.5.1 Analytical calculation of the coil resistance

The high current-sheet of 2062 A/cm at 14.1 A/mm’® current-density allows only short time
operation of several minutes at natural cooling conditions. Therefore, the coils are considered
to be directly water cooled.

The resistance of the coils is calculated analytically based on a wire geometry shown in
Figure 4.21. The parameters of the coils are listed in Table 4.5.

b)

Figure 4.21: Geometry of the water cooled wire. The number of parallel wires is expressed by
a and the number of turns by N,. a) Structure of one coil. b) The black dots are indicating
that the parallel wires are repeated IV, times to form the coil.

The penetration depth [21] of the current in the coils is calculated using (3.3) with the
parameters shown in Table 4.4, yielding a value of 8 mm. The second order skin effect is
shown in Figure 4.22.

Eddy current losses in the winding overhangs due to the stray field are neglected.

The shown geometry of water-cooled wires is a simplification for the analytical calculation.
In reality, such hollow conductors would not be built due to an immense pressure drop® of
the water in the range of 100 000 N/m2. The coils would rather be built with cooling ducts
between groups of wires, according to [22].

5This has been estimated using procedures shown in [21] with a velocity of the cooling water of 2 m/s.
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Table 4.5: Parameters of the water cooled coils for the yoke winding model (Values according
to best case, see chapter 1.1.4).

Symbol Value Unit  Name

a 3 - Number of parallel wires

be 7.9 mm  Width of active copper in the slot

by 10 mm  Width of the slot

h; 1 mm  Height of cooling duct

ho 3.5 mm  Height of conductor

k 5.64 - Average of second order skin effect factor in the slot
k 1.63 - Average of second order skin effect factor for the coil
kro 1..14.5 - Second order skin effect factor per conductor
k1 1.0003 - First order skin effect factor

le 702 mm  Average length of one turn

Dp 1.N;-a - Parameter

Ry 4.42 m{ DC resistance per slot

R, 6.89 m{)  AC resistance per slot

w; 2 mm  Width of cooling duct

W 3.95 mm Width of conductor

dp 8 mm  Penetration depth at 104.2 Hz

i -0.5 - First order skin effect parameter

K 49.25.10° 1/Qm Average conductivity of copper (56°C)
u 4-r-1077 Vs/Am Permeability of copper

7 0.877 - Hollow conductor coefficient
13 0.491 - Reduced conductor height
& 0.443 - Reduced conductor height
T 3.14159 - Pi

w(€) 1.005 - Skin effect function

(&%) 0.019 - Skin effect function

»(£) 1.003 - Skin effect function

»(&*) 0.013 - Skin effect function
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Figure 4.22: Sketch of wires in one slot with calculated second order skin effect factor for each
wire.

4.5.2 Results of the force calculations

In Figure 4.23, the three slot designs of Figure 4.13 are compared concerning attractive, tractive
and braking forces at constant current in the primary winding. The forces are always related
to one linear machine with eight poles.

Comparing open (L3PYQO) and semi-closed (L3PY) slots, the open slot version yields higher
forces. The model with increased coil height (L3PYT) generates the highest forces. But at-
tention has to be drawn to the influence of the vertical field at the slot opening [65]. The air
gap flux penetrates the slot at the opening as a vertical field. The vertical field will induce
additional eddy currents in the conductors lying close to the slot opening, thus increasing the
losses in these conductors. This effect is not investigated in this thesis.

Figure 4.24 shows the comparison between the integer slot yoke winding (L3PY) and the
fractional slot winding (L3PF) design. The semi-closed slot version has been chosen as an
example. The other two designs (open slots and increased coil height) show a comparable
behaviour.

For low slip values, the attractive forces for semi-closed slots obtained by the yoke winding
are up to 24% higher than those of the fractional slot winding. Increasing the slip, the difference
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Figure 4.23: Normal (attractive) and tangential force of a linear induction machine with integer
slot yoke winding. Comparison of different slot geometries. Missing data points at slip values
8 < -0.5 are due to convergence problems of the FE calculations. 4-J = 29060 A/cm - A/mm?,
Vgyn = 120 km/h.
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Figure 4.24: Normal (attractive) and tangential force of a linear induction machine with semi-
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decreases. For slips higher than 0.3, the attractive forces of the fractional slot winding are even
higher compared to the yoke winding.

The difference between the two designs on the tangential force is mainly due to the missing
2nd and 4th harmonic for the yoke winding (see chapter 4.5.5). This gives a characteristic
curve of the yoke winding which has nearly no tangential force components at zero slip. So, the
driving force reaches 157% of the fractional slot winding forces, while the braking component
reaches only 82% due to the missing braking effect of the 2nd and 4th harmonic.

The values showing the increase of forces for the investigated coil and slot geometries are
listed in Table 4.6.

Table 4.6: Percentage of force increase/decrease for the linear induction machine with yoke
winding compared to the fractional slot winding,.

Force component, attracting braking driving
Open slots 26% -21% 249%
Semi-closed slots 24% -18% 157%
Increased coil height 3% -13% 312%

4.5.3 Additional tractive effort

The additional tractive effort of the linear induction machine can be calculated with (4.5),
where > F is the tractive effort, @ is the vertical force due to the weight of the locomotive
and f, is the adhesion coefficient between rail and wheel.

NF=(Q+F) f:+F (4.5)

The maximum transferable mechanical force of the locomotive equals @ - f,. Choosing the
German locomotive BR152, the weight force including the linear induction machine with a
fixation structure and an additional converter amounts about 900 kN. The increased tractive
effort of the different ALIM designs for dry (f; = 0.33) and wet (f, = 0.15) weather conditions
is listed in Table 4.7. The values are based on a maximum mechanical force without the linear
machine of 297 kN for dry and 135 kN for wet conditions.

A proposal of the German railway company was to reduce the weight of the locomotive
in order to reach a weight force of 844 kN including all additional components. This could
be realized by building a new locomotive using light materials. For this case, the increase of
mechanical forces with different ALIM designs is listed in Table 4.8.
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Table 4.7: Increase of mechanical forces with different ALIM designs (Figure 4.11 and Figure
4.13) for the locomotive BR152.

dry rail wet rail
f= =033 fe =015
Type of winding model slot and coil geometry driving braking driving braking

Integer slot L3PYO open 7.1% 7.8% 9.5% 10.6%
yoke L3PY semi-closed 6.3% 71% 8.4% 9.6%
winding L3PYI  increased coil height 9% 9.8% 12% 13.2%
Fractional L3PFO open 5.1% 7.7% 5.5% 11.9%
slot L3PF semi-closed 4.8% 6.7% 5.2% 10.5%
winding L3PFI  increased coil height 5.5% 8.3% 6% 12.7%

Forces without linear machine (100 %) 297 kN 135 kN

Table 4.8: Increase of mechanical forces with different ALIM designs (Figure 4.11 and Figure
4.13) for the locomotive BR152 with reduced weight.

dry rail wet rail
f= =033 fe =015
Type of winding model slot and coil geometry driving braking driving braking

Integer slot L3PYO open 7.6% 8.3% 10% 11.83%
yoke L3PY semi-closed 6.7% 7.5% 8.9% 10%
winding L3PYI  increased coil height 9.6% 10.4% 12.8% 14%
Fractional L3PFO open 5.4% 8.2% 5.8% 12.6%
slot L3PF semi-closed 5% 71% 5.5% 11.2%
winding L3PFI  increased coil height 5.9% 8.8% 6.3% 13.5%

Forces without linear machine (100 %) 278 kN 127 kN

4.5.4 Flux density characteristics

A Fourier analysis of the flux density in the symmetry plane in the air gap on the surface of
the secondary part has been carried out. The flux density is shown in Figure 4.25 for the yoke
winding and in Figure 4.26 for the fractional slot winding. The result of the Fourier analysis
is shown in Figure 4.27 for the yoke winding and the fractional slot winding.

The open slot model turns out to have higher flux density amplitudes than the semi-closed
slot model. This is confirmed by the Fourier analysis. Figure 4.27 shows the slightly higher
first harmonic and fifth harmonic of the open slot model compared to the semi-closed slot
model of the yoke winding. The yoke winding yields a higher fundamental and no harmonics
of even order compared to the fractional slot winding. Especially the 2nd and 4th harmonic
are missing.

The vector plot of the flux density at the slot opening is shown in Figure 4.28 for the open
slot model L3PYO and the semi-closed slot model L3PY at the symmetry plane y = 0.

The increased stray flux in the semi-closed slot model can be seen by means of the bigger
vectors at the tooth tip and slot opening region.
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Figure 4.25: Flux density in the symmetry plane in the air gap on the surface of the secondary
at no-load (s=0). Two poles of the integer slot yoke winding. The present current distribution
in the slots is shown above. 4-J =29060 A/cm - A/mm?, § = 6.5 mm.
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Figure 4.26: Flux density in the symmetry plane in the air gap on the surface of the secondary
at no-load (s=0). Two poles of the fractional slot winding. The present current distribution
in the slots is shown above. 4-J =29060 A/cm - A/mm? , § = 6.5 mm.
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Figure 4.27: Space harmonics of the flux density for the integer slot yoke winding and the
fractional slot winding. Data is taken from Figure 4.25 and Figure 4.26.
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Figure 4.28: Vector plot of the flux density for a) the open slot model L3PYO and b) the
semi-closed slot model L3PY at synchronous speed for the same scale and a thermal load of
A-J=29060 A/cm - A/mm?. The vector plot is presented for the symmetry plane y = 0.
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4.5.5 Power calculation

The electric air gap power Ps has been calculated using coil currents and voltages derived from
FE calculations®. In the primary part of the FE models, the ohmic load losses of the coils have
not been taken into account. Constant losses and additional losses of the primary have been
neglected, since the iron core is laminated and it has not been possible to model an anisotropic
conductivity. Therefore, the electric input power at the coils of the FE models equals the air
gap power.

The power dissipation of the primary winding (ohmic load losses Pe,;) is a constant value
which has been calculated analytically. The real input power can be calculated using (4.6),
when iron losses Pre,; are neglected.

Pin = FP5+ Py (46)

Figure 4.29 shows the active and reactive input power in dependence of the slip s for the
eight-pole yoke winding and the fractional slot winding machine.

The reactive power ) does not change significantly with the change of slot openings. This
effect is due to the high coil inductance because of the deep slots (see Figure 4.13).

The input power F;, shows a characteristic curve, similar to the tangential force curve F;.
Comparing the mechanical power term with the air gap power, it can be pointed out, that the
slot closure decreases the power dissipation in the secondary Py (4.7) (see Figure 4.30) due
to the smaller higher order harmonics of flux density in the air gap. This power dissipation
derives from eddy currents’ in the rail.

Py = Ps — Prec = Prir + Prer + Peur (47)

It is also possible to determine the power dissipation in the rail out of the Finite Element
models. For low velocities, the values derived from the FE calculations are corresponding to
the values calculated with (4.7). For higher velocities, they are not any more in agreement.
This is due to the constant mesh of the rail for all velocities. The mesh would have to be
refined especially in the rail to obtain an agreement even for high velocity solutions. This was
not possible due to hardware limitations.

SFor the 3-D models, the coils have been modeled independently from the mesh as current forced wire
wound coils with ports. When the problem is solved, the current (input) and the voltage can be seen as
complex numbers at these ports. This gives the possibility of separating active and reactive power according
to (1.27)-(1.29).

“In this case, the secondary load losses P.,, are the eddy current losses in the rail due to the missing
conductors. The friction and total windage losses are not taken into account.
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The fractional slot winding machine causes a higher power dissipation in the secondary
compared to the yoke winding machine. This is due to the second and fourth harmonic of
the flux density, inducing additional eddy currents in the rail. On the other hand, the yoke
winding with its big amount of inactive copper mass causes about 40 kW higher ohmic losses.

The power factor for both winding concepts is shown in Figure 4.31.

It is only shown for the driving slip range. In braking operation, the power factor tends to
approach negative values because of the negative input power (regenerative braking).



96 CHAPTER 4. THE LINEAR INDUCTION MACHINE

200 1.6
i o o s A L
/ Py A
.O""“O'- .—————-- Ao 4
150 Q” i — Qrommon- 1.2
z f' Integer slot | <§
f: 100 yoke winding .| g =
o ¢
] ]
3 g
(= [«
= 50 —u— model L3PY: 104 o
o . =
£ semi-closed slots i ‘g
--0-- model L3PYO: 2
0 open slots 0.0
—a-- model L3PYI:
increased coil height
-50 . : . L . 0.4
-1.0 -0.5 0.0 0.5 1.0
Slip s
200 ; 1186
Fractional slot winding
150
<
=z >
= 100 S
o® o
— []
s g
g Jos 5
= k=== model L3PF: T
g semi-closed slots IS
~-¢-- model L3PFO: &

open slots -4 0.0
=== model L3PFI:
increased coil height

-50 ; ; ; : : -0.4
-1.0 0.5 0.0 0.5 1.0

Slip s

Figure 4.29: Active and reactive input power of one ALIM. Integer slot yoke wind-
ing and fractional slot winding. Excitation and parameters according to Table 4.2.
A-J=29060 A/cm - A/mm?



4.5 COMPARISON OF FRACTIONAL SLOT AND INTEGER SLOT YOKE WINDING

Power dissipation P,/ kW

160

fractional
slot

140

winding

120

100

integer slot
yoke
winding

80

97

=-=X== jncreased coil height
=== open slots
= SeMi-closed slots

—-A—- increased coil height
-=0== open slots
~—gi-- semi-closed slots

60

40

20

Slips
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4.6 Comparison of calculated and measured linear in-
duction machine

4.6.1 Comparison of measurement and calculation

The previous chapters have shown that the strong space restrictions of the German railways
are not allowing to build a linear induction machine to reasonably enhance the tractive effort
of existing locomotives. The forces obtained by those machines are too low to be economically
reasonable. Therefore, it was considered not to build a prototype of this machine. Nevertheless,
for research demands it is essential to carry out measurements in order to validate calculations.
For the first part of this thesis, which is the numerical investigation of the eddy current brake,
it was rather simple to compare calculated results with measurements. The device has already
been built and put into operation. But for the investigated induction machine, there was no
possibility of building a prototype. However, there was a chance to use the eddy current brake
of the first high speed train prototype called ICE-V to adopt it as a linear induction machine.

Because of the number of teeth equal to six, the eddy current brake was suitable for being
transformed into an induction machine with a fractional slot winding. The connection between
the coils was opened and rearranged to result in a three-phase system according to chapter 5.2.

Measurements are possible only for fixed primary and secondary. Instead of an inverter, the
three-phase sinusoidal supply voltages were taken from a generator with variable frequency.
Details of the measurements are discussed in chapter 5.2.

Figure 4.32 shows the comparison of measurement and calculation of the normal and tan-
gential force. The eddy current brake has not been laminated in the primary core. Therefore,
a huge amount of eddy currents is flowing in the primary iron which causes a very distinctive
skin effect. The utilization of the massive core is inefficient because only its outside skin is
effective as a flux conductor [66]. If the iron was laminated, the forces would be much higher,
as shown in Figure 4.32 for the calculations with model L3PF66L.

The skin effect is shown in Figure 4.33 as a gray scale plot of the flux density and the eddy
currents in one tooth of the machine

The skin depth can be calculated analytically by (4.8) and has been compared with the
one derived from the numerical calculation.

1
(Sp - \/Wfs/”f' (48)

The mean value of flux density in the middle of a tooth in the primary part of model
L3PFé6M is shown in Figure 4.34. The skin depth is defined as the length according to a
decrease of flux density of 1/e.
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Figure 4.33: Flux density (a+b) and eddy current-density (c¢) in the symmetry plane of
the ALIM with the fractional slot winding. a) primary iron laminated (#ppm = 0, model
L3PF46L), b) and ¢) primary iron massive (Kprim = 5 -108 S/m, model L3PF§6M). f, = 10 Hz,
A-J=58 A/em - A/mm?.
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Figure 4.34: Calculation of the skin depth for model L3PF§6M at f=10 Hz.

The value of skin depth according to the shown characteristic of the flux density is 7.5 mm.
If the flux density is expressed with a decaying exponential function as shown in Figure 4.35,
there will be a much higher flux density value at the tooth flank. Using this technique, the skin
depth is 4.5 mm. For the comparison with the analytical calculation, the relative permeability
according to the mean value of the flux density in the range shown in Figure 4.34 and 4.35 is
used. Both approaches are listed in Table 4.9.
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Figure 4.35: Approximation of the flux density as decaying exponential function for model
L3PFé6M at f=10 Hz.
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Table 4.9: Skin depth from analytical and numerical calculation.

B b 6p numerical 6§, analytical
Figure 4.34 0.86 T 1200 g 7.5 mm 2.1 mm
Figure 4.35 1.6 T 300 po 4.5 mm 4.1 mm

The flux density in the air gap has been measured at the middle of an inner tooth in the
middle of the air gap. The measurement has been compared with the computation result and
is shown in Figure 4.36 for I = 5.3 A, § = 6 mm, Kppim = Krea = 5 -10% S/m.
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Figure 4.36: Flux density distribution at the primary of the ALIM with the fractional slot
winding. For the measurement, the Hall probe was fixed in the air gap in the middle of an
inner pole. The FE results are taken from the same position. The time shift appears due to a
different time instant of measurement and calculation.

The error between measured and calculated values might be included in the choice of
material parameters, in the measurement itself or in the Finite Element calculation.

The conductivity of the primary iron is not known. Also the magnetization curves of the
primary and the rail are not known exactly. Since the computation of the eddy current brake
obtained good results, the magnetization curves might not be the cause of the error. This
raises the need to investigate the impact of conductivity variation of the primary on the force
generation. This will be shown in the following section. The measurement errors are discussed
in chapter 5.
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4.6.2 Investigation of the impact of conductivity on the calculation
results

The conductivity of the iron parts is a sensitive parameter for the calculation. For pure iron,
the conductivity has a value of about 1 - 107 S/m [67]. If there are contaminants in the iron,
the conductivity will decrease [68]. It will also decrease when the temperature is increasing.
This effect will not be investigated here, because the measurement was performed in a short
time (2 s per measurement) with low currents (up to 23 A). This makes it possible to neglect
the temperature influence®.

The conductivity might decrease to a value of 1-10° S/m if contaminated with Si (Silicon)
or Al (Aluminum) [69]. Thus, the range of conductivity variation will be from 1- 10 S/m to
1-107 S/m. Figure 4.37 shows the flux density for different conductivities of the primary iron.
The conductivity of the rail is k4 = 5 -10¢ S/m. The impact of conductivity variation on the
calculated forces is shown in Figure 4.38.
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Figure 4.37: Impact of conductivity variation on the flux density in the air gap. The values are
derived for a position according to Figure 4.36 in the air gap in the middle of an inner pole. The
curves have been calculated with a fixed conductivity of the secondary part K4 = 5 <10 S/m,
while the conductivity of the primary part has been varied. A-J =958 A/cm - A/mm?
I=32A,6=6mm.

8There has been a measurement of temperature rise of the linear machine. For a current of 150 A, the
temperature rise was 0.3 K/s. Since the temperature rise is proportional to the square of the current, the
maximum temperature rise for the actual measurement is estimated to be 0.012 K/s.
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Figure 4.38: Impact of conductivity variation on the calculated forces. The curves have been
calculated with a fixed conductivity of the secondary part ke = 5 -10% S/m, while the conduc-
tivity of the primary part has been varied. 4-J =958 A/cm - A/mm? 7 =32 A, § = 6 mm.

Both force components and the flux density are decreasing with increasing conductivity. It
is not proposed to increase the conductivity of the primary iron in the FE-models in order to
obtain a better coincidence between the measured and calculated forces. This would lead to a
bigger difference between the flux densities. Therefore, the optimum coincidence seems to be
found and the remaining differences might be explained with the following items:

e The 3-D mesh is too coarse to give an exact result for the skin effects in the primary
part.

e The holes in the primary part, where the coils are connected are causing an additional flux
concentration in the yoke of the primary part. This is not considered in the calculations.
Therefore, the calculated forces are too high (5% in the 2-D model).

e The connection between teeth and yoke might act like an additional air gap on the flux.
This would also cause lower measured forces.

e The force transducer does not measure exactly half of the real force. Therefore, the real
forces would be slightly bigger (10%) than measured.
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4.7 Concluding remarks to the calculation of the linear
induction machine

In this chapter, two different designs of the linear induction machine have been presented. First,
the fractional slot winding design has been investigated. Its advantage is the compact winding
with small winding overhangs and no crossing of phases. Unfortunately, its performance is
not as good as expected before. The low obtained forces at high currents, low power factor
and the high dissipation power are disadvantageous to an economical application in the railway
system. The second design, which is the integer slot yoke winding served as a comparing design
for the fractional slot winding. Therefore, its geometrical and electrical parameters have not
been optimized to obtain maximum forces, but designed to suit the geometrical parameters
and the thermal load of the fractional slot winding design. Compared with the fractional slot
winding, the integer slot yoke winding will generate higher forces. If the design is optimized for
maximum forces, there might be an additional increase of force generation. But this increase
will likely be only some percents of the present results. The slots would have to be redesigned
in order to keep the first and second order skin effect as small as possible. This would affect
the power dissipation in the primary and the power factor. There might be an increase of both,
but this would probably not be sufficient for considering the application in the railway system.



Chapter 5

Measurements

In the preceding chapters, measurement results have been shown and compared with numeri-
cal calculations. In this chapter, the measurement devices, conditions and problems will be
presented.

The measurements were performed for a velocity of v = 0 m/s for primary and secondary
part. They were done at the laboratory of the Institute of Electrical Energy Conversion of
the University of Technology Darmstadt. For collecting the measurement data, a computer-
based measurement software (DMCLABplus [70]) was used. The data was transformed for the
computer by a measurement transducer.

5.1 Measurements with the DC eddy current brake

5.1.1 Experimental set-up of the measurement

The German railway company DB AG has provided a DC eddy current brake from the train
ICE-V for these measurements. Figure 5.1 shows the test rig in the laboratory.

The eddy current brake is fixed on the left side and connected to a force transducer on the
right side to measure the attractive force for different air gaps. The normal air gap flux density
distribution B, (z) was measured with a Hall probe.

The air gap can be adjusted on both sides with adjustment mechanisms using bolts like
shown in Figure 5.1. The linear machine is centered over the rail.

The electric circuit diagram of the measurement set up with the eddy current brake is
shown in Figure 5.2.

The terminals 9 to 12 of the test rig are connected to the Ward-Leonard system, which
generates a nominal DC current of 418 A and a nominal DC voltage of 230 V. The Ward-
Leonard system is a set of an induction machine coupled on both sides with two DC machines.
The induction machine runs as a motor and produces the mechanical power. The DC machines
are connected to a controller, which controls the excitation. Depending on the excitation, the
armature generates a variable DC current and voltage. This supply feeds the eddy current

106
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B Air gap adjustment

Hall probe

Figure 5.1: Test rig of the eddy current brake. The main components of the test rig are
indicated with arrows and descriptions.

brake. For safety aspects, the machine will be disconnected automatically in case of a failure
mode (short circuit, voltage drop). Several lamps are indicating the mode of operation. With
the setpoint setter at the test rig, the controller is supplied with the setpoint value of supply
current for the eddy current brake. The controller controls the field excitation of the Ward-
Leonard system. To prevent a polarity reversal of the supply voltage at the linear machine, a
diode is used.
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5.1.2 Measurement results

The measurements were performed with different exciting currents and different air gaps. The
temperature has been observed to prevent any overheating damage.

The result of the measurement of normal force for different air gaps and different exciting
currents is shown in Figure 5.3. The normal force value is depending on the air gap height. The
smaller the air gap, the higher the normal force. The nonlinearity of the iron can be seen at
the characteristic curves of the force with increasing current. The nonlinearity can be observed
clearly at an air gap height of 6 mm. For very big air gaps, the influence of the primary part
properties is reduced. Therefore, the nonlinearity does not appear to be very strong at 18 mm

air gap.
70 e 8=6mm
60 |-
| §=8 mm
50 |-
4
< L
w40 |
[]
o L
.._9 30 §=14 mm
E i d=16 mm
S T 3=18mm
20 |-
1 1 2 1 1 1 2 1 2 1 1 1 1 1
0 40 80 120 160 200 240 280 320

Exciting current |/ A

Figure 5.3: Measured normal force of the eddy current brake at different air gap heights and
exciting currents. The nonlinearity of the iron can be seen at the characteristic curves of the
force with increasing current. The normal force value is depending on the air gap height. The
smaller the air gap, the higher the normal force.

The measured flux density distribution is shown in Figure 5.4. Only the first three poles
were measured due to the symmetry of the six-pole eddy current brake. The air gap height
equals 10 mm and the exciting current has been varied from 10 to 40 A. The iron is not
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saturated at the measurement, because the flux density peaks are increasing linear with rising
excitation current.
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Figure 5.4: Measured flux density distribution of the eddy current brake in the air gap. The
air gap height equals 10 mm and the exciting current has been varied from 10 to 40 A. The
first pole starts at z = 0. The small pole at negative z-values represents an end pole which
results from the unexcited iron next to the first pole. Only the first three poles were measured
due to the symmetry of the six-pole eddy current brake. The iron is not saturated at the
measurement. The flux density peaks rise linear with rising excitation current.
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5.2 Measurement with the AC linear induction machine

For this kind of measurement it was necessary to have a linear machine which could be con-
nected to a three phase system resulting in an even number of poles. For this requirement,
it was possible to use the eddy current brake which has already been tested and which was
mounted in the laboratory. Assuming a fractional slot winding with the number of slots per
pole and phase of ¢ = 1/2, the eddy current brake with six poles could be transformed into an
AC machine with four poles. Figure 5.5 shows this principle. Thus, a linear induction machine

with massive primary has been available for measurements.

+ - - ++ - - ++ - - +

a) DC excited linear machine

N

U XV YW ZU XV YW Y/

b) Three phase AC excited linear machine

Figure 5.5: Transformation from DC to AC excitation of the eddy current brake. The connec-
tions between the coils of the eddy current brake were opened and the coils were connected
separately to a three-phase system. The number of poles changed from 6 to 4.

5.2.1 Experimental set-up of the measurement

For measuring the forces of the linear induction machine with massive iron, two force trans-
ducers were used. One of them was used to measure the normal force and the other to measure
the tangential force. The principle of mounting the force transducers is shown in Figure 5.6.

Additionally, three current transformers were used, one for each phase. The whole circuit
diagram of the test rig is shown in Figure 5.7, whereas a photograph of the test rig can be seen
in Figure 5.8.

The linear machine has been supplied with a three phase current from a wound-rotor
induction machine, which generates a three-phase voltage system of variable amplitude and
frequency.
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Figure 5.6: Principle of mounting the force transducers in the test rig.

According to [19], the rotor frequency of a wound-rotor induction motor can be expressed
as

Ngyn — 7

fr = fa (5'1)

Nsyn

where 1, is the synchronous speed of the magnetic field, given by (5.2), n is the speed of
the rotor, p the number of pole pairs of the induction machine and f, the electrical frequency
of the stator.
s

Nsyn = » (5.2)

The rotor winding of the wound-rotor induction machine was connected via sliprings to the
test rig to supply a three-phase current in the winding of the primary of the ALIM. By changing
the rotor speed, the frequency of the ALIM primary current could be regulated. To obtain
a constant rotor speed, the induction machine was connected mechanically to a DC machine
which was regulated by a controller. The DC machine itself was excited by a constant DC
current and the armature was supplied with energy from a regulated Ward-Leonard system.
The exciting voltage of the wound-rotor induction machine was generated by a rotary regulator.

With the wound-rotor induction machine as generator, the actually supplied current was
an excellent sinewave (see chapter 5.2.2).
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Air gap adjustment

Force transducer

Force transducer

Figure 5.8: Photograph of the ALIM test rig.
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5.2.2 Measurement results

The measurement was performed at different amplitudes of primary current. One typical
excitation is shown in Figure 5.9. There are the three-phase currents with a frequency of
10 Hz.

40
30
20

10

Currentl/A

_40 1 1 L 1 L 1 L ]
0.00 0.05 0.10 0.15 0.20

Timet/s
Figure 5.9: Three-phase currents flowing in the winding of the primary of the ALIM.

The forces generated by these currents are shown in Figure 5.10. They are both oscillating
around the mean value, which has been taken for the comparison with the calculation.

It is obvious, that the second harmonic is distinct in the normal force component. This
will be proven by a Fourier analysis.

Looking at the time harmonics of the normal and tangential force components in Fig-
ure 5.11, one can see, that the second harmonic with the frequency 20 Hz is the most domi-
nating frequency in both force components.

This is due to the principle of force generation. As shown in (1.37), the normal force
component is generated by the flux density squares. This means, that a sinewave is squared
as shown in (5.3).

sin?(wt) — ;(1 — cos(2wt)) (5.3)
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Figure 5.10: Force components of the measurement with the fractional slot winding linear
induction machine. The frequency of the three-phase current in the primary winding is 10 Hz.
The three-phase current is shown in Figure 5.9.

In totally symmetric rotating machines, this alternating component cannot be measured on
the secondary. This is because there is always a counterpart (a pole with the same orientation
on the opposite side of the rotor), which is pulling into the opposite direction. For linear
machines, there is no counterpart and thus, the second harmonic component must appear.

For the tangential component, there is a multiplication of sinewaves like shown in (5.4).

sin(wt) - sin(wt + @) = ;(cos @ — cos(2wt + ) (5.4)

In a totally symmetric machine, the alternating component of the force is extinct due
to the superposition of the three phases. In the measurement, the currents are not exactly
symmetrical (see Figure 5.9). This imposes an unsymmetric field and thus the appearance
of the harmonics shown in Figure 5.11. The mechanical behaviour of the guiding structure
supports the appearance of the higher time harmonics. This could be observed when the linear
machine is excited mechanically using a hammer-blow. Then natural frequencies shown in

Figure 5.12 appeared.
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Figure 5.11: Harmonics of the normal and tangential force component of the measurement
with the fractional slot winding linear induction machine. The primary frequency is 10 Hz.
The three-phase primary current is shown in Figure 5.9.
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Figure 5.12: Natural frequencies of the tangential force component of the guiding structure
of the fractional slot winding linear induction machine test rig. Mechanical excitation with a
hammer-blow.
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5.3 Measurement of the rail conductivity

The conductivity of the magnetically active parts of the linear machine is a vital parameter
as shown in chapter 4.6. The conductivity of the primary part of the linear machine could
not be measured without destroying the machine. This was not intended and therefore the
conductivity of the primary part was not measured. The secondary part, which is the iron
rail, has been available for measurements. From a UIC60 rail head, a small cuboid has been
separated with a length of I = 100 mm and a square cross-section with A = 100 mm?. The
measurement of the conductivity was performed with a Thomson Bridge. Figure 5.13 shows
the arrangement.

Figure 5.13: Arrangement of the conductivity measurement for a piece of rail.

To avoid errors due to a fringing effect of the current paths in the sample, the voltage
measurement was fixed in a distance of A [ = 10 mm on both sides. The current supplying
conductors were attached directly to the ends of the probe. With this arrangement, is was
possible to measure the resistance of the piece of metal within the voltage terminals with a
precision of 4 % according to the manufacturer.

The result of the resistance measurement gave a value of R = 0.175 mf). Using (5.5), the
conductivity could be calculated to £ = 4.57 -10% S/m.
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I-2al

= 5.5

R-A (5.5)

Due to the error of the measurement, the resistance value might differ between

4.39 - 10° S/m and 4.75 - 106 S/m. The measured value validates the approximate value of
rail conductivity of 5 - 10% S/m which has been chosen for the calculations.

5.4 Measurement fault detection

It is impossible to perform measurements without having measurement errors. Possible errors
are due to different mechanisms and conditions. In this chapter, the main errors for the
performed measurements should be presented. The classification of measurement errors can
be based on their cause or on their properties. Here, measurement errors should be classified
by their cause, since this classification suits the character of the measurement.

e Methodological errors can arise as a result of an inadequate theory of the phenomena on
which the measurement is based and inaccuracy of the relations that are employed to
find an estimate of the measurable quantity [71]. Methodological errors could be found
in the measurement of the flux density. The error of this measurement is very hard to
estimate. It is an addition of methodological, instrumental and personal errors.

e Instrumental errors are caused by the imperfection of measuring instruments. For this
measurement, the errors can derive from the force transducers and the measurement
transducer for the computer. The maximum error of the force transducers is 2 % accord-

ing to the manufacturer.

e The individual characteristics of the person performing the measurement give rise to
individual errors that are characteristic of that person. In this measurement, personal
errors can be excluded. There is a variety of analogous measurement devices which
have to be read personally, but they are only for supervising means. The collection of
measurement results has been performed with a measurement transducer and a computer-
based measurement software and therefore underlies no personal errors.



Chapter 6

Summary and Conclusions

Supported by the German railway company Deutsche Bahn AG an investigation on the ap-
plication of linear induction motors for railway systems has been carried out. The main task
was to develop a machine with additional features to the braking capability of the eddy cur-
rent brake which is already in operation with the German high-speed train ICE 8. The new
booster should be able to get similar braking forces as the eddy current brake and furthermore,
it should be possible to obtain attracting, braking and accelerating forces independently from
each other and from the train speed. To fulfill these requirements, a frequency inverter is
needed to control the mode of operation of the asynchronous machine.

Since the linear induction machine (ALIM) should be mounted on the bogie of existing
locomotives, it is necessary to stay within the limits which are demanded by EBO [36] regu-
lations. Therefore, the space available for mounting the ALIM is very small. So the design of
the ALIM has to take into account the small space by applying special features.

A linear induction machine with different coil and slot geometries has been investigated.
The design has been optimized to fit into the bogie of a locomotive. Two different approaches
have been compared using the mechanical forces, the flux density distribution including a
Fourier analysis and the power components.

In order to realize short winding overhangs and to avoid crossing of phases, a fractional
slot winding with the number of slots per pole and phase ¢ = 1/2 and an integer slot yoke
winding with ¢ = 1 was chosen for investigation.

With the fractional slot winding, a considerable amount of higher space harmonics is gen-
erated, which reduces the driving and increases the braking force of the ALIM. Mainly the 2nd
and 4th order harmonic contribute to this effect.

The integer slot yoke winding yields higher forces than the fractional slot winding. Ac-
cording to [72], the closing of the slots leads to a higher slot leakage reactance which obviously
reduces the forces of the machine. Power dissipation in the secondary as well as force genera-
tion is reduced by decreasing the slot opening. An increased coil height is apparently the best
design regarding to force generation, but due to the vertical field in the slots, the losses in the
top conductors will be higher than presented in this thesis [65].
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Using the yoke winding machine, the traction motors of the locomotive BR152 can be
supported with an increased tractive effort of 6 to 12% and an additional braking force of 7 to
13%. There is also the possibility to use the inverters of the drive motors (if the power reserve
of the inverters is big enough) and to reduce the weight of the locomotive. In this case, the slip
of the linear machine would be fixed by the slip of the drive motors. This would reduce the
costs and increase the additional tractive effort and braking force, but it would also remove
the independence of the linear machine.

Considering the weight of the linear machine and the fixation structure, the additional
converter, the water cooling system and the high active and reactive power, there will be other
systems yielding comparable driving and braking forces with fewer costs than the ALIM.

The calculated results show that the large air gap and the restricted space for the primary
part reduce the ALIM booster performance drastically, in spite of elaborate cooling conditions.
Further, one has to consider the additional mass and costs for the inverter and the cooling
pump. So, linear boosters with the rail as secondary have a rather limited force support for
electric locomotives under the above mentioned, restrictive boundary conditions.

For an improved design, the following conditions should be reached:

e Increasing the available space for the linear machine, mainly perpendicular to the direc-
tion of motion. This would allow a better utilization of the linear machine.

o Decreasing the air gap between linear machine and rail. This could drastically reduce
the reactive power consumption. Furthermore, the forces would be increased.

e Improving the electromagnetic properties of the rail. A different magnetization curve
would obtain higher flux density values and thus higher forces. A copper cage in the
rail profile would lead to a concentration and guidance of the eddy currents. This would
reduce interfering forces and would probably also increase the booster performance.

The changes postulated above are not practicable in the German railway system. The avail-
able space could only be increased by building new bogies and removing several devices from
the track. The air gap could only be decreased by a extremely expensive guidance structure
for the linear machine. It would be possible to build a rail with a different magnetization curve
and a copper cage, but it would be extremely expensive.

A linear induction machine with the rail as secondary, regardless of the design, is therefore
not an economically useful device for the application in existing locomotives. In future, new
designed bogies with enough space for a well designed linear machine may yield ALIM solutions

with an increased force generation.



List of Symbols and Abbreviations

SYMBOL

UNIT

V/m

V/m
Hz

N/m?
N/m?

Hz
Hz

NAME

Number of parallel wires

Current-sheet

Cross-section

Alternating current

(Asynchronous) linear induction machine
Magnetic vector potential

Magnetic vector potential in z-direction
Width of active copper in the slot
Width of the slot

Magnetic flux density

Normal component of flux density
Tangential component of flux density
Derivative symbol

Electric flux density (electric displacement)
Direct current

Electromotive force

Unit vector in z-direction

Unit vector in y-direction

Unit vector in z-direction

Electric field (strength)

Eddy current brake

Electric field (strength) in z-direction
Frequency

Normal force density

Tangential force density

Adhesion coefficient

Primary frequency

Secondary frequency

Force
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SYMBOLS AND ABBREVIATIONS

Finite Element

Normal force component

Tangential force component

Gravitational constant (g = 9.81 m/s?)

Height of cooling duct

Height of conductor

Magnetic field (intensity)

Primary current (r.m.s.) phase value

Primary current amplitude

Primary current conjugate complex

Primary current of phase a

Primary current of phase b

Primary current of phase U

Primary current of phase V

Primary current of phase W

Imaginary unit j = +/—1

Current-density

Average of second order skin effect factor in the slot
Average of second order skin effect factor for the coil
Distribution factor

End effect factor

End effect factor for tangential force component of the ECB
End effect factor for normal force component of the ECB
End effect factor for tangential force component of the ALIM
End effect factor for normal force component of the ALIM
First order skin effect factor

Second order skin effect factor per conductor

Pitch factor

Winding factor

Length

Primary iron length

Average length of one turn

Number of phases

Magnetomotive force

Torque

Rotational speed

Denominator of g, if fractional number

Synchronous rotational speed
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Py
Prr,
Prr,

P, LLs
Prec

=
=
=
o]

s ¢<E

z

DRI

Number of turns per coil

Number of pole pairs

Parameter

Typical power dissipation due to iron losses of a laminated trans-
former sheet at 2T flux density and 50 Hz frequency
Load losses in copper conductors

Secondary load losses in copper conductors

Primary load losses in copper conductors

Total power dissipation in the secondary

Friction and total windage losses

Iron losses in magnetically active iron parts

Iron losses in the secondary

Iron losses in the primary

Input power

Additional load losses

Additional load losses in the secondary

Additional load losses in the primary

Mechanical power

Electric air gap power

Number of slots per pole and phase

Number of slots

Reactive power

Weight force

Root-mean-square

Integer number

Resistance

Equivalent core loss resistance

Conductor resistance per slot at no-load

Conductor AC resistance per slot

Resistance of the winding of the primary part (phase value)
Conductor resistance of secondary referred to the primary system
Slip

Length of a section of a curve

Apparent power

Time

Voltage (r.m.s.)

Primary supply voltage (phase value)

Speed
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Usyn m/s Synchronous linear speed

1% A Magnetomotive force

1% \'% Electric scalar potential

w m Equivalent coil span

w; m Width of cooling duct

W, m Width of conductor

T Displacement direction

X Q Mutual air gap reactance

X, Q Primary leakage reactance

X, Q Secondary leakage reactance referred to the primary system
y Displacement direction

z Displacement direction

z Numerator of g, if fractional number
Z, Q End effect impedance

Zy, Q Main (vertical branch) impedance
Z, Q Primary winding impedance

7z, Q Secondary circuit impedance referred to the primary system
) m Air gap length

Op m Penetration depth, skin depth

€ As/(Vm)  Permittivity

7 First order skin effect parameter

K 1/(€2 m) Conductivity

Kprim 1/(22 m) Conductivity of the primary part
Krail 1/(£2 m) Conductivity of the rail

U Vs/(Am)  Permeability

L Relative permeability

o Vs/(Am)  Permeability of air (4 7 - 1077)

v Ordinal number of space harmonics
7 Hollow conductor coefficient

g & Reduced conductor height

™ Pi (3.14159)

0 As/m? Volume density of charge

Tp m Pole pitch

Tps m Pole pitch of the entry end effect wave
] Skin effect function

) rad Angle

P Skin effect function

¥ A Total magnetic scalar potential
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w 1/s Angular speed

v Gradient (nabla) operator (5 €; + gyé'y + 2e,
Al m Distance

0 Partial derivative symbol

2-D Two-dimensional

3-D Three-dimensional



Appendix A

Material composition of the used rail
profiles

Table A.1: Material composition of the used rail profiles [40, 73].

Quality Carbon  Manganese Silicon ~ Chromium Phosphorus Sulfur

class C Mn Si Cr P max. S max.
% % % % % %
700 04-08 0.8-1.25 0.05-0.35 - 0.05 0.06
900A 0.6 -0.8 0.8-1.3 0.1-0.5 - 0.04 0.04
900B 0.55-0.75 1.3-1.7 0.1-05 - 0.04 0.04
1100 0.6 - 0.82 0.8-1.3 0.3-0.9 0.8-1.3 - 0.03
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Appendix B

Finite Element models

Due to the big variety of Finite Element models in this thesis, their main features and the used
nomenclature are collected in this chapter. The names for the models have been designed to
reflect their features in a simple way:

e The first letter gives the type of machine. An ”E” stands for eddy current brake, whereas

an ”L” stands for linear induction machine.
o The second letter is a number which represents the number of dimensions of the model.

e The third letter symbolizes the scale or boundary condition of the model. Here, an "E”
stands for the inclusion of longitudinal end effects, which means that the machine is
modeled with its whole length. A ”P” symbolizes that the model has periodic boundary
conditions, which means that only a periodic part of the machine is modeled.

e For the ALIM, the fourth letter will be either an ”F” or a ”Y”, standing for ”F”ractional
slot winding and integer slot ”Y”oke winding.

e Features which are shared by the majority of models are defined as the standard features
and are shown in Table B.1.

e If the model has features differing from the defined standard values, this will be shown
by a letter and a number. The letters are "x” for conductivity of the rail, ”u” for
permeability of primary and rail and ”é” for air gap height.

e For the ALIM, the last letter might be ”I” for increased coil height, ”O” for open slots,

"M?” for massive primary and ”L” for laminated primary.
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In order to illustrate the model names, two different combinations are explained in detail

below.
D periedic air gap height
\ / 7 6.5mm
E3PK(06.5
p \conductivity
eddy current brake of rail is zero
ends are
ZD\ // included
L2EF
linear induction machine fractional slot winding

Table B.1: Standard features of the Finite Element models.

Conductivity of primary Kprim = 0 S/m

Conductivity of rail Kpat = 5 +10% §/m

Air gap height 6 =6.5mm

Slot closure semi-closed

Magnetization non-linear (ECB: Fig. 3.2, ALIM: Fig. 4.3)
Secondary shape (3-D) UIC60 rail

All different Finite Element models presented in this thesis are listed with their main

features and their names in Table B.2
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Appendix C

Measurement devices

C.1 Measurement transducer

The measurement transducer is a digital measurement amplifier called DMCPLUS [74]. It is
controlled by a microprocessor with a sampling rate of up to 9600 samples per second. The
accuracy class rating is 0.02 and the resolution is 20 Bit. A photograph of the measurement

transducer is given in Figure C.1.

Figure C.1: Measurement transducer in front and rear view.

C.2 Force transducer

The force transducers are built with eight strain gauges. They are arranged on a steal spring
thus, that four of them are stretched and four are compressed when applying a mechanical
load. The force transducers are shown in Figure C.2.
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Force transduce
for the normal ;
force component

Force transduce
for the tangential
force componentg

\\»\\\\&x\*@

Figure C.2: Force transducers for the measurement of the normal and tangential force compo-
nent.

C.3 Hall probe

The principle of the Hall effect is as follows: A thin metallic plate with a rectangular shape is
supplied with a constant DC current from one side to the opposite side. Exposing this plate
to a magnetic field normal to the plate surface, there will be a voltage induced in the right
angle of the current. This voltage is called Hall voltage. In order to obtain the value of flux
density from the Hall voltage, the correct transformation factor has to be found. This factor
is constant for a wide range of flux density values. Nevertheless, it is temperature dependent
and for very small flux densities, the transformation is non-linear.

The characteristic of the Hall voltage was measured with a defined magnetic field. As
shown in Figure C.3, the Hall probe was exposed to a constant magnetic field together with a
test coil.
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\ -

y

\\

Figure C.3: Test arrangement for the measurement of the Hall factor.

The test coil was built with a defined number of turns and cross-section of the wire. The
cross-section of the coil perpendicular to the magnetic flux was known. A flux measuring
device was used to measure the flux. The Hall probe was fixed in the middle of the reference
cross-section of the test coil and together with the flux from the test coil, the Hall voltage of
the Hall probe was measured. For the verification of the test results, two calibrated permanent
magnets were used as a reference. The measured factor is shown in Figure C.4.

For each Hall voltage, there is a factor which gives the flux density at that point. The
resulting flux density is also shown in Figure C.4.
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Appendix D

Locomotive BR152

The main data of the freight train locomotive BR152 are collected in Table D.1. The block
diagram for one bogie of the locomotive is shown in Figure D.1 [75].

Table D.1: Main data of the locomotive BR152.

Voltage 15 kV
Frequency 16 2/3 Hz
Tractive effort on starting 300 kN
Power 6400 kW
Maximum speed 140 km/h
Weight 86.7t
Length 19 580 mm
Width 3 000 mm

1 AC 15 kV 16,7 Hz

4Q8 7K PWR

Fi T J— $e
| /|
= [t 10®

Figure D.1: Block diagram for one bogie of the BR152 [75].
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