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Inductively receiving electric energy for a vehicle

2009294810

The invention relates to an arrangement, a system and a method for providing a vehicle,

in particular a track bound vehicle, with electric energy by using a receiving device
adapted to receive an alternating electromagnetic field and to produce an alternating
electric current by electromagnetic induction. In particular, the invention is applicable for
providing light rail vehicles (e.g. a tram) with energy for propulsion.

In particular track bound vehicles, such as conventional rail vehicles, mono-rail vehicles,

trolley busses and vehicles which are guided on a track by other means, such as other
mechanical means, magnetic means, electronic means and/or optical means, require

electric energy for propulsion on the track and for operating auxiliary systems, which do
not produce traction of the vehicle. Such auxiliary systems are, for example, lighting
systems, heating and/or air condition system, the air ventilation and passenger

information systems. However, more particularly speaking, the present invention is related
to transferring electric energy to a vehicle which is not necessarily (but preferably) a track
bound vehicle. Generally speaking, the vehicle may be, for example, a vehicle having an
electrically operated propulsion motor. The vehicle may also be a vehicle having a hybrid

propulsion system, e.g. a system which can be operated by electric energy or by other
energy, such as electrochemically stored energy or fuel (e.g. natural gas, gasoline or

petrol).

Track bound vehicles, in particular vehicles for public passenger transport, usually
comprise a contactor for mechanically and electrically contacting a line conductor along

the track, such as an electric rail or an overhead line. At least one propulsion motor on

board the vehicles is fed with the electrical power from the external track or line and
produces mechanic propulsion energy.
Trams and other local or regional trains are operated usually via overhead power lines

within cities. However, especially in historic parts of cities, overhead power lines are

undesirable. On the other hand, conductor rails in the ground or near the ground cause
safety problems.

4869635 1 (GHMatters) P86531.AU 12/16/2013
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WO 95/30556 A2 describes a road way-powered electric vehicle system. The all-electric
vehicle has one or more on-board energy storage elements or devices that can be rapidly

charged or energized with energy obtained from an electrical current, such as a network

of electromechanical batteries. The energy storage elements may be charged while the
vehicle is in operation. The charging occurs through a network of power coupling

2009294810

elements, e.g. coils embedded in the road way. Inductive heating coils are located at

passenger loading / unloading zones in order to increase passenger safety.

Placing the coils at selected locations along the length of the roadway has the
disadvantage that the energy storage on board the vehicle needs a large storage
capacity. In addition, if the vehicle does not reach the next coil in time, the vehicle might

run out of energy for propulsion or other purposes. Therefore, at least for some
applications, it is preferred to transfer energy to the vehicle continuously along the path of

travel, i.e. along the track.
Inductively transferring energy from the track to the vehicle, i.e. producing electromagnetic

fields, is subject to restrictions regarding EMC (electromagnetic compatibility). On one

hand, electromagnetic fields may interfere with other technical devices. On the other
hand, people and animals should not be subjected to electromagnetic fields permanently.

At least, the respective limit values for field intensity must be observed.

As principally disclosed in WO 95/30556 A2, the vehicle which is travelling on the track
may comprise a coil and the electromagnetic field generates an electric alternating voltage

in the coil which can be used to operate any electric load in the vehicle, such as a

propulsion motor, or can be used to charge an energy storage system, such as
conventional batteries and/or super caps.
However, using a single coil (as disclosed in WO 95/30556 A2) causes severe fluctuations
of the amplitudes of the alternating current or alternating voltage produced by the coil.
One reason is that the field intensity of the received electromagnetic field may vary while

the vehicle is travelling. Furthermore, the power density of a single coil is low and the
alternating current which is produced by the coil causes secondary electromagnetic fields.

In a first broad aspect the invention provides an arrangement for providing a vehicle, in
particular a track bound vehicle, with electric energy, wherein the arrangement comprises

4969635.1 (GHMatters) P86531.AU 12/19/2013
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a receiving device adapted to receive an alternating electromagnetic field and to produce
an alternating electric current by electromagnetic induction,
wherein the receiving device comprises a plurality of windings and/or coils of electrically
conducting material, wherein each winding or coil is adapted to produce a separate phase
of the alternating electric current and wherein a body comprising a ferromagnetic material

2009294810

is arranged above the windings and/or coils.

In a second broad aspect the invention provides a system for transferring electric energy
to a vehicle, in particular to a track bound vehicle, wherein the system comprises the

arrangement according to the first broad aspect, wherein the arrangement is arranged in a

vehicle, and the system further comprises an electric conductor arrangement at the path
of travel of the vehicle for producing the alternating electromagnetic field and for thereby
transferring the energy to the vehicle, wherein:

a. the electric conductor arrangement comprises at least two lines for carrying one

phase of an alternating electric current,
b. the lines extend along the path of travel,
c.

the lines are arranged in such a manner that they produce - at each point in time

while the alternating electric current is flowing through the lines - a row of

successive magnetic poles of an electromagnetic field, wherein the successive

magnetic poles have alternating magnetic polarities,
d. the row of successive magnetic poles extends in the travel direction of the vehicle

which is defined by the path of travel.

In a third broad aspect the invention provides a vehicle, in particular a rail vehicle,

comprising the arrangement of the first broad aspect.
In a fourth broad aspect the invention provides a system for transferring electric energy to
a vehicle, in particular to a track bound vehicle, wherein the system comprises the

arrangement according to the first broad aspect, wherein the arrangement is arranged in a

vehicle, and the system further comprises an electric conductor arrangement at the path
of travel of the vehicle for producing the alternating electromagnetic field and for thereby
transferring the energy to the vehicle, wherein:

a. the electric conductor arrangement comprises at least two lines for carrying one
phase of an alternating electric current,

4969635.1 (GHMatters) P86531 AU 12/19/2013
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b. the lines extend along the path of travel,
c. the lines comprise a plurality of sections which extend transversely to the travel
direction of the vehicle which is defined by the path of travel,
d. the sections of the same line are arranged in a row along the track in such a

manner that - at each point in time while an alternating electric current is flowing

2009294810

through the line - the alternating current flows through successive sections in the

row altematingly in opposite directions.

In a fifth broad aspect the invention provides a method for providing a vehicle, in particular
a track bound vehicle, with electric energy, wherein an alternating electromagnetic field is
received by a receiving device of the vehicle and is used to produce an alternating electric
current by electromagnetic induction,

wherein a plurality of windings and/or coils of electrically conducting material of the
receiving device are used to produce an alternating electric current having a plurality of
phases and wherein a body comprising a ferromagnetic material is arranged above the

windings and/or coils.

Advantageously, energy is transferred from

an electric conductor arrangement, which is

arranged along the path of travel (e.g. a track of a track bound vehicle) and which is not
moving while the vehicle is traveling, to the vehicle. The conductor arrangement carries an

alternating current which generates a respective electromagnetic field and the

electromagnetic field is used to transfer the electric energy to the vehicle.
Preferably, the conductor arrangement is located in and/or under the track, in particular

under the surface of the ground on which the vehicle travels. However, the invention also
includes the case that at least a part of the conductor arrangement is located sideways of

the track, for example when the track is located in the country side or in a tunnel.

The frequency of the alternating current which flows through the conductor arrangement

may be a high frequency in the range of 1-100 kHz, in particular in the range of 10-30
kHz, preferably about 20 kHz. However, other frequencies are also possible.

The principle of transferring the energy by electromagnetic fields has the advantage that

the conductor arrangement can be electrically insulated against contact. For example the
wires or lines of the conductor arrangement can be buried in the ground. No pedestrian

4969635.1 (GHMattere) P86531.AU 12/19/2013
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may unintentionally contact the buried lines. Furthermore, the problem of wear and tear of
contactors, which are used to contact standard overhead lines or live rails, is solved.

Therefore, it is proposed to use a receiving device within the vehicle which produces an
alternating electric current having a plurality of phases.

In an embodiment, an arrangement is proposed for providing a vehicle, in particular a

track bound vehicle, with electric energy, wherein the arrangement comprises a receiving
device adapted to receive an alternating electromagnetic field and to produce an
alternating electric current by electromagnetic induction, wherein the receiving device
comprises a plurality of windings and/or coils of electrically conducting material, wherein

the windings and/or coils are adapted to produce different phases of the alternating
current and are positioned at different positions in the travelling direction of the vehicle.
While the vehicle is travelling the different windings or coils may receive an
electromagnetic field of different intensity, but the total power produced by the windings or

coils is less dependent on time, since a decreasing power of one winding or coil can be

compensated by a higher power of another winding or coil. Because the windings or coils
are located at different positions, the power depends on the average intensity of the

electromagnetic field in the area, which is covered by the windings or coils.
According to a specific embodiment, the receiving area (i.e. the area which receives the
magnetic flux that causes the alternating voltage in the windings and/or coils) of different

windings and/or coils may overlap each other. Examples are shown in the attached
figures and will be described below. More generally speaking, the different phases of the
windings and/or coils may part of a single unit. Such a unit may have a housing wherein

the windings and/or coils are located within the housing. In addition, a vehicle may have
more than one of the units at different positions in travel direction.
Another advantage of a receiving device having a plurality of phases is that the

electromagnetic fields which are produced by the phases at least partially compensate
each other. Therefore, the energy can be transferred to the vehicle at higher power
densities without exceeding the EMC limits or, alternatively, the field intensities can be

reduced. Furthermore, the power density which can be achieved by a receiving device

having plural phases is higher than for a single phase.

4969635.1 (GHMatters) P86531.AU 12/19/2013
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Although it is true that a single coil having a large number of windings may produce a
large alternating current or voltage, such a coil is not desired since it would require a

significant dimension in a direction extending transversely to the direction of travel.
Consequently, the average distance of the windings to the source of the electromagnetic
field (which may be integrated in the sleepers of a railway for example) is high. In contrast,

2009294810

the receiving device according to the present invention can be arranged in such a manner
that the windings of the different phases are distributed over a larger area and, therefore,
the required dimension transversely to the direction of travel is smaller.

A coil is understood to have a plurality of windings which are connected in series or in

parallel to each other.

Preferably, the different phases of the alternating current or voltage which are produced
by the windings or coils are connected in such a manner and/or are combined with further

elements and/or devices of the electricity system of the vehicle that a single direct current
is produced. For example, as will be described in more detail later, each phase can be

connected to an AC/DC converter (i.e. a converter which converts the alternating current

produce by the receiving device into a direct current) and the DC sides of the converters
can be connected in series and/or in parallel to each other. However, it is also possible to
connect some or all phases to the same AC/DC converter. The phases may constitute a

star point circuit (i.e. the different windings and/or coils are connected to a common star

point). The opposite ends of the windings or coils may be connected to the load.
Preferably, the windings and/or coils of the receiving device are positioned only a few

centimetres above the primary side conductor arrangement, because the magnetic
coupling between primary and secondary coils will decrease with increasing distance.

E.g., the windings and/or coils are positioned not more than 10 cm above the ground (in
the special case of a rail vehicle, ground level is defined by the underside of the wheels
which is also the level of the surface at the upper side of the rails), preferably not more
than 7 cm and most preferred 2 - 3 cm above the ground. The line or lines of the non
movable conductor arrangement may be located not more than 20 cm below the surface
ofthe ground, preferably not more than 10 cm. However, especially the transversely

extending sections may be located within the sleepers of a railway or more generally

speaking above ground. In this case the distance to the receiving device is reduced.

4969Θ35_1 (GHMatters) Ρ8Θ531 .AU 12/19/2013
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Preferably, the receiving device which receives the transferred energy is movable in

vertical direction so that it can be brought in a position closely above ground and it can be
lifted into a higher position when the receiving device is not used.

Preferably, as will be described in more detail below, the electromagnetic field which is

2009294810

transferred to the vehicle for the purpose of energy supply is propagating as a wave which

moves in or opposite to the direction of travel. If the velocity of the wave is much faster
than the traveling velocity of the vehicle (for example at least 10 times faster), the power

which can be produced by the individual coils or windings of the receiving device
fluctuates at a high frequency (in the example at least 10 Hz). Therefore, each coil or

winding can produce a nearly constant power if the average value over a time interval of
some seconds is considered. Such fluctuations can be handled easily (if necessary at all),

for example by using an AC/DC converter and a smoothing capacitor on the DC side.

The alternating electromagnetic field (in the following: the primary electromagnetic field)

which is received by the windings and/or coils induces secondary alternating currents or
voltages in the windings and/or coils of the receiving device. In turn, these alternating

currents produce an alternating electromagnetic field (in the following: the secondary
electromagnetic field). If the primary electromagnetic field has different field strength at

different locations of the receiving device and, preferably, has at least two different
magnetic poles (one north pole and one south pole) within the lengthwise extension (in

the direction of travel) electric currents having opposite directions can be produced at
different locations of the receiving device at each point in time. For example, the primary

electromagnetic field may be produced by the lines of a plurality of phases of an

alternating current conductor arrangement, wherein each phase has sections extending
transversely to the direction of travel (this will be described in more detail below). In this
case, it is preferred that the phases of the receiving device also have line sections which

are extending transversely to the direction of travel. Furthermore, the pole distance (which
is defined by the distance of the transversely extending sections, provided that the
currents through consecutive sections of different phases are oriented opposite to each
other) may be the same or may be in the same order of magnitude on the primary side

and on the secondary side (i.e. within the receiving device). If the pole distance is nearly

the same, the magnetic poles of the primary electromagnetic field produce currents in the
transversely extending sections of the receiving device which are flowing in opposite

directions, provided that the distance between the primary side and the secondary side is
not too large (otherwise, the field intensity will become too small, i.e. the coupling

4969635_1 (GHMatters) PM$31.AU 12716/2013
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becomes ineffective). In practice, this distance may be in the range of some centimetres,

e.g. in the range of 5 to 10 cm. The distance is considered not too large, if the pole

distance is not larger than 10 times the distance ofthe lines on the primary side and the
lines on the secondary side, preferably, not larger than 5 times. On the other hand, it does

not improve the coupling between the primary and secondary side significantly if the pole

2009294810

distance becomes larger than the distance between the lines on the primary side and the
lines on the secondary side.

Preferably, a body comprising a ferromagnetic material is arranged above the windings
and/or coils which are located in and/or on the vehicle. Typically, the body may consist of

the material which may be a homogeneous material so that no magnetic poles are formed
within the material. The body may have the shape of a slab or plate.

The ferromagnetic body increases the magnetic flux density and by that the output power

of the receiving device and in addition the side of the body which is opposite to the
windings or coils is kept (nearly) free of electromagnetic fields produced by the

windings/coils. As preferred, this opposite side may be the top side and the receiving
device may be located at the bottom of the vehicle or below the vehicle so that the field

intensity within the vehicle is small.

In order to further increase the output power of the receiving device, the windings and/or
coils may comprise sections, which extend transversely to the direction of travel of the

vehicle and which extend substantially in a common plane (preferably a horizontal plane).

It is preferred that these sections are distributed - in the direction of travel - along a length

which has the same size as a projection ofthe surface area ofthe body onto the plane,
wherein the windings and/or coils are distributed throughout the whole length. This means
that the full length, which is covered by the ferromagnetic body, is used by the windings

and/or coils. Consequently, the area of windings or coils which is covered by the body and
which receives the magnetic flux is maximized.

The lateral ends (lateral means in a direction transverse to the travel direction) of these
sections are usually called „heads“ or „coil heads1'. It is preferred to have the heads

covered by the ferromagnetic body. On the other hand, it is preferred that the heads

extend to the lateral limits of the area which is covered by the body. In other words, it is
preferred that the sections extend within the limits of a width which is the width of an area

which has the same size as a projection of the surface area of the body onto the plane.

4969635.1 (GHMatters) P86531.AU 12/19/2013
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Again, this will increase the output power (i.e. the magnetic coupling to the conductor
arrangement which produces the electromagnetic field is improved) of the receiving
device and the body still shields the opposite side from electromagnetic fields of the coils
and/or windings.

2009294810

According to a specific embodiment, at least one of the phases of the receiving device

comprises two or more parallel conductors (i.e. lines, wherein each of the lines comprises
a winding or a coil) which are electrically connected in parallel to each other. This means
that both conductors produce an alternating current if an alternating magnetic flux is

present in the winding or coil. However, since the two lines do not exactly follow the same

path, the alternating voltages produced by the lines are slightly different. These
differences would result in a partial compensation of the current and the effective power

would be reduced. Therefore, it is proposed to connect the lines to the electric load in the
vehicle via a differential current transformer for eliminating any differential current of the

two parallel lines. For example, the differential current transformer may be realised by a
ring of ferromagnetic material and a first of the lines extends through the ring from a first

side to a second side and the second line extends through the ring from the second side
to the first side, i.e. in opposite direction compared to the first line. More generally

speaking, the differential current transformer is adapted in a manner that the magnetic
fields produced by the two lines are directed in opposite direction within the transformer

and the transformer couples these magnetic fields so that any differential current is

eliminated or prevented. Therefore, the differential current transformer removes any
differential current in the parallel lines so that the usable power is increased.
A capacity (e.g. one capacitor or an arrangement having more than one capacitor) may be
connected in series or in parallel to each of the windings and/or coils to compensate the

inductance of the windings and/or coils.
If the capacities are connected in series to the windings and/or coils, an alternating current

having a constant amplitude, which produces the electromagnetic field in the conductor
arrangement along the path of travel (e.g. the conductor arrangement in the railway)
causes an alternating voltage having a constant amplitude in the windings and/or coils.

The capacity of a specific phase may be divided in partial capacities (e.g. a plurality of

individual capacitors) and the partial capacities may be distributed among sections of the
phases so that each capacity compensates the inductivity of the section. In practice, the

line (which is bent or wound to produce a winding or a coil) may comprise at least one

4969635.1 (GHMatters) P86531.AU 12/19/2013

19 Dec 2013

10

capacitor. If at least two capacitors are arranged within the line, they are preferably

located at different positions in the course of the line. The same may apply to the lines of

the primary side conductor arrangement.

If the capacities are connected in parallel to the windings and/or coils, an alternating

2009294810

current having a constant amplitude, which produces the electromagnetic field in the
conductor arrangement along the path of travel, causes an alternating current having a

constant amplitude in the windings and/or coils. On the other hand, if the capacities are
connected in parallel to the windings and/or coils and if an alternating voltage having a

constant amplitude is used to produce the electromagnetic field along the path of travel,

an alternating voltage having a constant amplitude is produced by the windings and/or
coils.
Either an alternating current with constant amplitude or an alternating voltage with

constant amplitude can be desirable, depending on the constitution of the electric power
supply system within the vehicle.

In all the cases mentioned before, the capacities are chosen to compensate the

inductivities of the windings and/or coils to produce a resulting impedance of
(approximately) zero in case of a series connection or infinite in case of parallel

connection.
Each of the windings and/or coils may be connected to an AC/DC converter to produce a
direct current and the AC/DC converters may be connected in such a manner that the
voltages on the DC sides of the converters are added to each other to produce a sum

voltage usable for supplying electric energy to a consumer within the vehicle. For
example, each of the converters may have a bridge consisting of two diodes, wherein a

terminal of the winding and/or a coil is connected to a connecting line between the diodes.

The bridges of the different converters may be connected in series to each other, in this

case.

According to an alternative embodiment, terminals of at least some of the windings and/or
coils are connected - for each winding or coil separately - to an AC/DC converter for

producing a direct current and the converters are electrically connected in parallel to each
other so that the direct currents produced by the converters are added to each other for

supplying electric energy to a consumer within the vehicle.

4989835J (GHMatters) P88531.AU 12/19/2013
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In the cases described in the two preceding paragraphs, the performance of the circuit is

not adversely affected by any non-symmetric behaviour of the different phases, i.e. the
alternating voltages or alternating currents produced by the different phases do not
compensate each other. Non-symmetric behaviour means that the different phases

2009294810

produce alternating voltages or alternating currents of different amplitudes, for example
due to different orientation of the winding or coil or due to different sizes of the effective

area for receiving the magnetic flux of the electromagnetic field, even if the average
magnetic flux is the same at each winding or coil.

A capacity may be connected between the direct current terminals of the converter or
converters. Such a capacity smoothes fluctuations of the direct voltage on the DC side of

the converter(s). In particular if the capacity is a super cap or an arrangement of super

caps, it can be used as an energy storage of the energy supply system of the vehicle.

Preferably, a switch is connected in parallel to the capacity and the arrangement
comprises a control device adapted to automatically close the switch if the capacity is fully

loaded with electric energy and thereby shortening the DC side of the converters and

adapted to automatically open the switch if the capacity is able to receive electric energy

from the windings and/or coils. The fully loaded state may be detected by measuring the
voltage across the capacity. A specific value of the voltage may be predefined which

corresponds to the fully loaded state. A diode or another one way valve may be connected

in series to the switch so that the capacity cannot be shortened.
In an embodiment, the non-movable part of the system for transferring electric energy to
the vehicle may have the following features:
-

the system comprises a (non-movable) electric conductor arrangement for producing

an electromagnetic field and for thereby transferring the energy to the vehicle,
-

the electric conductor arrangement comprises at least two lines for carrying (in each
case) one phase of an alternating current,

-

the lines extend along the track,

-

the lines are arranged in such a manner that each line produces - at each point in time
while the alternating electric current is flowing through the line - a row of successive
magnetic poles of an electromagnetic field, wherein the successive magnetic poles

have alternating magnetic polarities,

4069635.1 (GHMatters) P86531.AU 12/19/2013
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-

the row of successive magnetic poles extends in the travel direction of the vehicle
which is defined by the track.

Alternatively, in an embodiment, the system may be defined by the following features:
-

the system comprises an electric conductor arrangement

-

the electric conductor arrangement comprises at least two lines for carrying (in each
case) one phase of an alternating current,

-

the lines extend along the track,

-

the lines comprise a plurality of sections which extend transversely to the travel
direction of the vehicle which is defined by the track,

-

the sections of the same line are arranged in a row along the track in such a manner
that - at each point in time while an alternating electric current is flowing through the

line - the alternating current flows through successive sections in the row alternatingly

in opposite directions

In an embodiment, the method for transferring energy to the vehicle comprises the

following features:
-

an electromagnetic field is produced by

an electric conductor arrangement located

along the track thereby transferring the energy to the vehicle,
-

the electromagnetic field is produced by conducting at least the phase current of two
phases of an alternating current in lines of the electric conductor arrangement,

-

the phase currents are conducted along the track in the lines in such a manner that at each point in time while the phase currents are flowing through the lines - the

phase currents flow transversely to the travel direction of the vehicle through a plurality
of sections of the respective line, wherein the phase currents flow through a first group

of the sections in a first direction and flow through a second group of the sections in
the opposite direction and wherein the sections of the first group and of the second
group of the same phase alternate in the direction of travel.

The electric conductor arrangement comprises at least two lines as mentioned above.
Preferably, it comprises more than two of these lines, wherein each line is adapted to

carry one phase of a multi-phase alternating current. In practice, it is preferred that the
electric conductor arrangement comprises three lines and that each line is adapted to

carry one of the three phases of a three-phase alternating current. However, it is also
possible, that there are more than three-phases carried by a corresponding number of
lines. The magnetic poles produced by the lines and/or the sections of the different lines
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are - at each point in time - in a repeating sequence extending in the travel direction,
wherein the repeating sequence corresponds to a sequence of the phases. For example
in the case of a three-phase alternating current, having the phases U, V, W, a section
carrying phase U is followed by a section carrying phase V which in turn is followed by a

section carrying phase W and this sequence of phases U, V, W is repeated several times
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in the direction ofthe track, i.e. in the travel direction. An example will be described later
with reference to the attached figures.

Each of the at least two lines produces - at each point in time while the alternating electric
current is flowing through the line - a row of successive magnetic poles of an
electromagnetic field, wherein the successive magnetic poles have alternating magnetic

polarities. In other words: At a given point in time the alternating current in the line

produces - in the direction of travel - a magnetic field having a magnetic field vector

which is oriented in a first direction in a first region of the line, followed by a second region
of the line where the field vector of the magnetic field is oriented in the opposite direction
of the first direction, followed by another region of the line where the magnetic field vector

is oriented again in the first direction and so on. However, it is not always the case that the

first direction and the direction of the magnetic field vector in the following region of the
line are exactly oriented in opposite direction. One reason may be that the line is not
arranged exactly in a regular, repeating manner. Another reason may be non-symmetrical

influences of other lines of the conductor arrangement. A further reason may be external
electromagnetic fields. Also, the vehicle which is travelling on the track will influence the

resulting electromagnetic field.

However, the principle of alternating magnetic poles produced by the same line of the
conductor arrangement at each point in time has the advantage that the resulting
electromagnetic field strength sideways of the conductor arrangement has a very small

intensity which decreases rapidly with increasing distance to the conductor arrangement.
In other words, the oppositely oriented magnetic fields in the regions ofthe line are

superimposed sideways of the line and compensate each other. Since it is desirable to

have very small electromagnetic field strength on both sides of the track, it is preferred
that the at least one line of the electric conductor arrangement is located in and/or under

the track wherein the sections of the line which extend transversely to travel direction
extend in a horizontal plane. In this context, “horizontal” also covers the case that the
track may form a bent and is slightly inclined. Correspondingly the respective “horizontal”

plane of the line sections may also be inclined slightly. Horizontal is therefore referred to
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the standard case that the track is extending in a horizontal plane. The same applies to
the case that the track is leading upwardly onto a hill or downwardly from the hill. Some
percentages of inclination of the track are negligible for the compensation of the magnetic
fields sideways of the track.
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Since the field intensity sideways of the track is very small, energy can be transferred to

the vehicle at high power and EMC limit values (e.g. 5 uT for the sideways magnetic field
intensity) can be met easily at the same time.

According to a particularly preferred embodiment, each ofthe lines ofthe electric
conductor arrangement extends along the track in a serpentine manner, i.e. sections of

the line which extend in the direction of travel are followed in each case by a section
which extends transversely to the travel direction which in turn is followed again by a

section which extends in the direction of travel. The lines may be realized by cables.

The expression “serpentine” covers lines having a curved configuration and/or having

straight sections with sharply bent transition zones to neighbouring sections (which extend
in travel direction). Straight sections are preferred, since they produce more homogenous

fields.

In particular, the plural-phase alternating current in the lines of the conductor arrangement

produces an electromagnetic wave which moves in or opposite to the direction of travel
with a velocity proportional to the distance of consecutive magnetic poles ofthe line and

proportional to the frequency ofthe alternating current. Preferably, at least some of the

sections which extend transversely to the travel direction, and preferably all of these
sections, extend over a width which is greater than the width of a receiving device of a

vehicle on the track for receiving the transferred energy. For example, the width of the
sections may be greater than maximum width of the vehicles which may occupy the track.

One advantage of the embodiment is that the alternating current which flows through the

sections produces a nearly homogenous intensity ofthe magnetic field in the region where
the receiving device may be located.

A further embodiment ofthe system or method ofthe present invention guaranties that the

alternating magnetic field intensity is constant over time. To achieve this goal, the lines
are connected to an AC (alternating current) constant-current source which is adapted to
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feed the lines with an alternating current, the mean value of which is constant (or nearly
constant) independently of the power which is transferred from the electric conductor
arrangement to the vehicle or to the vehicles on the track.

According to a preferred embodiment of the AC constant-current source, it comprises an
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electrical arrangement which transforms AC voltage to AC current. This electrical
arrangement may comprise - in each line - an input inductivity at an input side of the

constant-current source and an output inductivity at an output side of the constant-current
source, wherein the input side is connected to a voltage source, wherein the output side is

connected to line sections along the track, wherein each line comprises a connection point
between the input side and the output side and wherein each connection point is
connected to a common same star point via a capacity.

If only one vehicle or power collector is powered by the primary side power source (which
is feeding the conductor arrangement) at a time, a constant AC voltage can be applied to

the track side electric conductor arrangement alternatively. Because of the presence of
one vehicle only, any interferences of load distribution are avoided. In this case, the AC
current through the conductor arrangement (which is caused by the constant AC voltage
supply) depends

on

the load

strength. Therefore, the electrical losses of the primary side

electric conductor arrangement are load dependent and the current is not constant, as in

the case (described above) of a constant AC current supply.
The energy source (or power source) may be (this also applies to other embodiments of

the system) a conventional inverter for producing an AC voltage from a constant DC
voltage.

Preferably, the electric conductor arrangement is located under the track, e.g. under

ground.

According to one embodiment, the lines of the multi-phase conductor arrangement are
connected at a star point, i.e. the lines are connected to each other at a connection point
which is common to all phases. Such a star point configuration is particularly easy to

realize and ensures that the behaviour of the plural phases is symmetric, i.e. that all

phases carry the same effective current, although - of course - there is a phase shift
between the phases. For example in the case of a three-phase system, the phase shift is

120°, as usual. The alternating current in each phase may be a sinusoidal or nearly
sinusoidal current. An additional advantage of a star point connection is that no backward
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conductor to the power source is required. All connections of the conductor arrangement
to the power supply system can be made in the same section of the track.

The at least one line comprises an inductivity which is used to transfer the electric energy
to the vehicle or vehicles and further comprises a leakage inductivity which does not
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contribute to the energy transfer to the vehicle or vehicles, wherein the inductivity is

compensated by a capacity or capacities located in the same line so that the resulting

impedance of the capacity and the inductivity is zero. Such a zero impedance has the
advantage that the reactive power of the system is minimized and, therefore, the design of

the active power components is minimized as well.

Preferably, at least one line (and preferably all of the lines) of the electric conductor

arrangement comprises a plurality of line segments, wherein each line segment extends
along a different section of the track and can be switched on and off separately of the
other line segments. Each line segment usually comprises a plurality of the sections which

extend transversely to the travel direction.

Correspondingly, an

embodiment of the method comprises the step that line segments are

switched on and off independently of the other line segments, so that vehicles at sections
of the track, which are occupied by the vehicle, are provided with energy from the electric

conductor arrangement and so that line segments along at least some sections of the
track, which are not occupied by a vehicle, are switched off. As a result, losses during the

operation of the system are reduced. Furthermore, EMC requirements can be met more

easily, since unnecessary electromagnetic fields are avoided.

It is particularly preferred that the sections of the track are shorter than the length of a

vehicle on the track in the travel direction and that the system is adapted to operate (and

in particular, to switch on) line segments only if a vehicle is occupying the respective
section of the track where the line segment is located. Since only line segments under (or
in some cases like in tunnels sideways of) the track are switched on, the vehicle shields

the environment from the electromagnetic field which is produced by the conductor
arrangement. Preferably, only segments are operated which are fully occupied by a
vehicle, i.e. - in lengthwise direction along the path of travel - the operated segments do
not extend beyond the front of the vehicle and do not extend beyond the end of the

vehicle.
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The switching process may be controlled using the line segments which are switched off.
Preferably, the occupation of a respective section of the track by a vehicle may be
detected, in particular by detecting a voltage and/or a current in the line segment which is

caused by inductive coupling of the vehicle to the line segment and/or which is caused by
electromagnetic fields produced by the vehicle. Correspondingly, a measurement device
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may be connected to at least one of the line segments. Preferably, a plurality of or all of
the line segments is connected to a measurement device and/or to the same
measurement device. The measurement device or devices is/are adapted to detect the

occupation of the respective section of the track by a vehicle by detecting a voltage and/or

a current in the line segment which is caused by inductive coupling of the vehicle to the
line segment and/or which is caused by electromagnetic fields produced by the vehicle.

The system may be adapted to switch on a line segment before a receiving device of a
vehicle for receiving the transferred energy enters the section of the track where the line

segment is located.
For example, the length of the line segments may be dimensioned in such a manner, that
at least two of the line segments are covered lengthwise by a vehicle on the track, i.e. the

minimum length of a vehicle on the track is twice as long as the length of one line
segment (preferably, all line segments have the same length). As a result, the receiving

device or receiving devices of the vehicle for receiving the transferred energy may be

located in the middle section of the vehicle in lengthwise direction. Furthermore, it is
preferred that only line segments are switched on, which are fully covered by a vehicle on
the track. On the other hand, the event that a vehicle is entering the region above a

particular line segment can be detected (as mentioned above) and this line segment is
switched on, as soon as the vehicle enters the region above the next following line
segment.
Accordingly, line segments are switched off before the vehicle leaves the region above the

line segment. Preferably they are switched off before they are no longer fully covered by

the vehicle.

If the conductor arrangement comprises more than one line, detecting the events that the
vehicle enters or leaves a particular line segment, can be performed using one of the lines

only. However, the other lines can be switched on and off correspondingly, i.e. the
conductor arrangement comprises sections, wherein all lines in other sections can be

switched on and off together.
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Embodiments and examples of the present invention will now be described with reference
to the attached figures. The figures show:

Fig. 1

schematically a three-phase conductor arrangement which extends along a
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track,
Fig. 2

a diagram showing alternating currents through the three-phases of the
arrangement according to Fig. 1 as functions of time,

Fig. 3

magnetic field lines of a magnetic field, which is produced by the conductor
arrangement according to Fig. 1, while a receiving device of a vehicle is

located above the shown region of the conductor arrangement, wherein the

direction of travel of the magnetic field distribution extends in the plane of the
figure from right to left or from left to right,
Fig. 4

another diagram showing a region of the magnetic field which is produced by
the conductor arrangement, while a load is connected to the receiving device
in the vehicle,

Fig. 5

a diagram showing schematically the movement of the magnetic wave

produced by the conductor arrangement along the track and showing the
movement of the receiving device due to the movement of the vehicle on the
track,

Fig. 6

a schematic circuit diagram of the conductor arrangement according to Fig. 1

which is connected to an AC voltage source via an electrical arrangement
which is transforming a voltage of the source into a constant alternating
current which is fed into the conductor arrangement,

Fig. 7

a circuit diagram showing a receiving device of a vehicle having coils for three
different phases, wherein the receiving device is connected to an AC/DC-

converter,

Fig. 8

a rail vehicle which is travelling on a track along which a conductor
arrangement extends,

Fig. 9a-c

three consecutive points in time of a situation in which a rail vehicle travels on

a track, wherein the track is provided with a plurality of consecutive line

segments of a conductor arrangement, wherein the line segments can be
switched on and off for providing the vehicle with energy,

Fig. 10

an arrangement similar to the arrangement shown in Fig. 8 including a circuit

diagram of a conductor arrangement along the track, wherein the conductor
arrangement comprises line segments which can be switched on and off,
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Fig. 11

an arrangement similar to the arrangement shown in Fig. 1, schematically
illustrating a conductor arrangement between two rails of a railway,

Fig. 12

a magnetic field wave which is moving in the direction of travel of the vehicle
at a speed of v_M,

Fig. 13

a schematic view of a receiving device having windings or coils for producing
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three phases of an alternating current,

Fig. 14

a side view of the receiving device with a layer comprising the windings or
coils and with a ferromagnetic slab on top of the layer,

Fig. 15

a top view showing schematically the coils or windings of Fig. 13 and Fig. 14
and the position of the ferromagnetic slab,

Fig. 16

an alternative solution of the arrangement shown in Fig. 15, wherein the

ferromagnetic slab fully covers the area of the coils or windings,
Fig. 17

a variant of the arrangement shown in Fig. 16, wherein the whole area which
is covered by the ferromagnetic slab is used by coils,

Fig. 18

schematically an alternative solution of the receiving device, wherein each

phase of the windings or coils comprises two parallel lines and wherein any
non-symmetrical behaviour of the parallel lines is eliminated by a differential
current transformer for each phase,

Fig. 19

schematically a detail of the arrangement shown in Fig. 18, showing a
differential current transformer and the two lines of a phase,

Fig. 20

schematically the three phases of the receiving device, wherein a capacity is

connected in series to the inductivities of each phase,
Fig. 21

schematically the receiving device, wherein a capacity is connected in parallel

to the inductivities of each phase,

Fig. 22

an arrangement similar to that shown in Fig. 20, however, the three phases
are not connected to each other at a star point connection, but constitute a
delta connection,

Fig. 23

the arrangement shown in Fig. 20, however, the capacities are divided and
distributed among each phase,

Fig. 24

a receiving device with three phases, wherein the alternating currents of the
phases are converted into direct currents and the resulting converted direct
voltages are added to each other and the sum voltage can be used to drive

any electric load within the vehicle,
Fig. 25

a receiving device, wherein the alternating currents produced by the three
phases of the receiving device are converted into a direct current and the

direct currents are added to form a total current,
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Fig. 26

an arrangement comprising the receiving device of Fig. 25, wherein an energy

storage is connected to the receiving device and wherein the arrangement is
adapted to interrupt the process of loading the energy storage.

Fig. 1 shows a conductor arrangement which may be located underground along a track,
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for example along the rails of a railway (see the arrangement shown in Fig. 11, for

example). The rails may extend from left to right in the view of Fig. 1.

Fig. 1 is understood to be a schematic view. The three lines 1,2, 3 of the conductor
arrangement comprise sections which extend transversely to the direction of travel (from

left to right or right to left). Only some of the transversely extending sections of lines 1, 2,
3 are denoted by the reference numerals, namely three sections 5a, 5b and 5c of line 3,

some further sections of the line 3 by “5”, one section 5x of line 2 and one section 5y of
line 1. In the most preferred case, the arrangement 12 shown in Fig. 1 is located
underground of the track or in the sleepers of a railway so that Fig. 1 shows a top view
onto the arrangement 12. The rails may extend from left to right, at the top and the bottom
in Fig. 1, i.e. the transversely extending line sections may be completely within the

boundaries defined by the rails (see also Fig. 11).
For example, in the manner as shown in Fig. 6, the three lines 1,2, 3 may be connected
to a three-phase AC current source. At the time which is depicted in Fig. 1, a positive
current 11 is flowing through line 3. “Positive” means, that the current flows from the
current source into the line. The three lines 1, 2, 3 are connected at the other end of the

arrangement together at a common star point 4. Consequently, at least one of the other
currents, here the current I2 through the line 2 and the current I3 through the line 1, are

negative. Generally speaking, the star point rule applies which means that the sum of all

currents flowing to and from the star point is zero at each point in time. The directions of
the currents through lines 1, 2, 3 are indicated by arrows.

The sections of line 3 and the corresponding sections of lines 1, 2 which extend
transversely to the direction of travel preferably have the same width and are parallel to

each other. In practice, it is preferred there is no shift in width direction between the
transversely extending sections of the three lines. Such a shift is shown in Fig. 1 for the

reason that each section or each line can be identified.
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Preferably, each line follows the same serpentine-like path along the track, wherein the

lines are shifted in the direction of travel by one third of the distance between consecutive

sections of the same line extending transversely to the direction of travel. For example, as
shown in the middle of Fig. 1, the distance between consecutive sections 5 is denoted by

Tp, the pole distance. Within the region between these consecutive sections 5, there are
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two other sections which extend transversely to the direction of travel, namely section 5x
of line 2 and section 5y of line 1. This pattern of consecutive sections 5, 5x, 5y repeats at
regular distances between these sections in the direction of travel.

The corresponding direction of the current which flows through the sections is shown in
the left region of Fig. 1. For example, section 5a carries a current from a first side A of the
arrangement 12 to the opposite side B of the arrangement. Side A is one side of the track

(such as the right hand side in the direction of travel, when viewed from a travelling

vehicle) and side B is the opposite side (e.g. the left side of the track), if the arrangement
12 is buried in the ground under the track, or more generally speaking, (at least the
transversely extending sections) extends in a horizontal plane.

The consecutive section 5b consequently carries an electric current at the same time
which is flowing from side B to side A. The next consecutive section 5c of line 3 is

consequently carrying a current from side A to side B. All these currents have the same

size, since they are carried by the same line at the same time. In other words: the sections
which extend transversely are connected to each other by sections which extend in the

direction of travel.

As a result of this serpentine like line arrangement the magnetic fields which are produced
by sections 5a, 5b, 5c, ... of the line 3 produce a row of successive magnetic poles of an

electromagnetic field, wherein the successive magnetic poles (the poles produced by
section 5a, 5b, 5c, ...) have alternating magnetic polarities. For example, the polarity of

the magnetic pole which is produced by section 5a may correspond at a specific point in

time a magnetic dipole, for which the magnetic north pole is facing upwardly and the
magnetic south pole is facing downwardly. At the same time, the magnetic polarity of the
magnetic field which is produced by section 5b is oriented at the same time in such a
manner that the corresponding magnetic dipole is facing with its south pole upwardly and

with its north pole downwardly. The corresponding magnetic dipole of section 5c is
oriented in the same manner as for section 5a and so on. The same applies to lines 1 and

2.
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However, the present invention also covers the case that there is only one phase, that
there are two phases or that there are more than three phases. A conductor arrangement

having only one phase may be arranged as line 3 in Fig. 1, but instead of the star point 4,
the end of the line 3 (which is located at the right hand side of Fig. 1) may be connected to
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the energy source (not shown in Fig. 1) by a connector line (not shown in Fig. 1) which
extends along the track. A two-phase arrangement may consist of lines 3 and 2, for

example, but the distance between the transversely extending sections of the two lines (or
more generally speaking: of all lines) is preferably constant (i.e. the distances between a

transversely extending section of line 3 to the two nearest transversely extending section

of line 2 - in the direction of travel and in the opposite direction - are equal).
Figure 11 is intended to illustrate some dimensions of the conductor arrangement, for
example the conductor arrangement shown in Fig. 1. Only parts of the three lines 111,
112, 113 are shown in figure 11 and connections to each other (e.g. via the star point 4 of

figure 1) and to the power supply are omitted.

The serpentine like lines 111, 112, 113 are located between two rails 116a, 116b of a
railway for railway vehicles (such as regional or local trains, such as a tram). The

expression "between" is related to the top view shown in figure 11. For example, the lines
111, 112, 113 may be located below the level of the rails 116.
Each of the lines 111, 112, 113 comprises linear sections which extend transversely to the
direction of the track, i.e. the longitudinal direction of the rails 116. These transversely

extending sections are connected to the consecutive transversely extending sections of

the same line via longitudinally extending sections, which extend in the longitudinal
direction of the rails. The transversely and linearly extending sections have a length LB,
which is preferably at least as large as half the distance RB between the rails. For

example, the distance RB may be 1 m and the length of the transversely extending
sections may be 50 cm or in the range of 50 to 75 cm.

The transversely extending sections and the longitudinally extending sections of the same
line are connected to each other by curved sections. The curvature corresponds, for
example, to the curvature of a circle having a radius of 150 mm.

Figure 11 also schematically shows a shaded area 118 which is covered by a coil of a
receiving device of a vehicle travelling on the rails 116. The width of the coil is equal to the
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lengths of the transversely extending sections of the lines. However, in practice, it is
preferred that this width is smaller than the length of the transversely extending sections.
This allows for a shift in the position of the coil in the direction transverse to the travel
direction, as indicated by two arrows and a line below the shaded area 118. Such a shift

would not influence the reception of energy by the coil, if the shift would not move the coil
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beyond the boundaries of the transversely extending sections.

As follows from the time dependent diagram shown in Fig. 2, the currents through the
phases 1,2, 3 of Fig. 1 are phase currents of a conventional three-phase alternating

current.

L1, L2, L3 in Fig. 2 denote that the serpentine like lines 1,2,3 form inductivities.

As shown in Fig. 2, the peak current value of the currents may be in the range of 300 A

respectively -300 A. However, greater or smaller peak currents are also possible. 300 A
peak current is sufficient to provide propulsion energy to a tram for moving the tram along
a track of some hundred meters to a few kilometres, for example within the historic town
centre

of a city. In addition, the tram may withdraw energy from an on-board energy

storage, such as a conventional electrochemical battery arrangement and/or a super cap
arrangement. The energy storage may be charged again fully, as soon as the tram has

left the town centre and is connected to an overhead line.

The bent lines in Fig. 3 are field lines of the magnetic field which is produced by the
sections of lines 1, 2, 3 shown in Fig. 1. Fig. 3 depicts the situations at four different points

in time which correspond to “0”, “30”, “60”, “90” on the time scale of Fig. 2. The time scale

of Fig. 2 can also be interpreted as a scale showing the angle of the sinusoidal behaviour
of the currents, which means that Fig. 2 shows the behaviour of the currents over one full
period, i.e. the current values at the beginning of the period at “0” are the same as at the

end of the period at “360".

In the left of the four partial diagrams of Fig. 3, cross sections of transversely extending
sections of lines 1, 2, 3 are shown. Reference sign “11” denotes the current 11 which is

flowing through a transversely extending section of line 1 and so on. These transversely
extending sections extend perpendicularly to the image plane of Fig. 3, wherein the image
plane is a vertical cut plane through the arrangement 12 of Fig. 1, wherein the image
planes of Fig. 1 and Fig. 3 are perpendicular to each other and wherein the image plane
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of Fig. 3 extends in the direction of travel, cutting the sections 5 of Fig. 1 in two halves. In

the upper regions of Fig. 3, electromagnetic coils 7 are schematically shown as flat
rectangularly framed areas. On top of these coils 7, which are parts of a receiving device
of a vehicle for receiving the energy from the arrangement 12, ferromagnetic backbones 8
are located in order to bundle and divert the magnetic field lines. These backbones 8 have
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the functions of a core of an electromagnet.

Fig. 4 shows a similar view as the views shown in Fig. 3. However, the figure is meant to

illustrate the hypothetical situation that coils in the vehicle (which is travelling on the track)
induce current in the conductor arrangement ofthe track. In addition to Fig. 3, Fig. 4 also

shows cross sections through electric conductors 41a, 41b in the regions 7a, 7b, 7c, 7d of

the coil 7. In region 7a, 7b, a current which is oriented upwardly out of the image plane of
Fig. 4 is flowing at the depicted point in time. On the right hand side of Fig. 4, where
regions 7c, 7d of coil 7 are shown, the current is directed downwardly into the image plane
of Fig. 4, as indicated by crossed lines. The electromagnetic field (illustrated by the field

lines in Fig. 4) which is produced by the coil 7, is symmetric to the border line of sections
7b and 7d, since the amounts ofthe currents in sections 7a to 7d are also symmetric to
the border line.

Fig. 5 shows another cut along a cutting plane which extends vertically and which extends
in the travel direction. The wires or bundles of wires of lines 1, 3, 2 which are located in

sections of the lines 1, 3, 2 which extend transversely to the direction of travel are shown
in the upper half of Fig. 5. In total, seven sections ofthe arrangement 12 which extend
transversely to the travel direction are shown in Fig. 5, at least partially. The first, fourth

and seventh section in the row (from left to right) belong to line 1. Since the direction of

the current 11 through section 5b (the fourth section in Fig. 5) is opposite to the direction of

the current 11 through the sections 5a, 5c (the first and the seventh section in Fig. 5), and
since the currents 11, I3, I2 are alternating currents, the produced electromagnetic wave is

moving in the direction of travel at a speed vw. The wave is denoted by 99, the inductivity
ofthe arrangement 12 by Lp.

The cross sections shown in the upper half of Fig. 5 represent a receiving device of a
vehicle which is travelling in the direction of travel and at a speed vm and at the top of Fig.

5 “2 TP” indicates that Fig. 5 shows a line segment of arrangement 12, the length of which
is equal to twice the distance between three consecutive transversely extending sections

of a line, here line 1.
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The arrangement shown in Fig. 6 comprises a conductor arrangement 103, 104, 105,
which may be the conductor arrangement 12 according to Fig. 1. In order to show their

electric properties, equivalent circuit symbols are used in Fig. 6. The three-phase system
103, 104, 105 carries phase currents 11,12,13 in phases 1,2, 3. The inherent inductivities
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of the phases 1, 2, 3 are denoted by Lp1, Lp2, Lp3 which produce the electromagnetic
field for transferring energy to any vehicle on the track. However, the lines 1,2, 3 also

comprise leakage inductivities Ls1, Ls2, Ls3, as indicated in block 104 in Fig. 6. The
impedance of the inductivities is compensated by capacities Ck1, Ck2, Ck3 in the lines 1,

2, 3 as shown in block 103.

The electric energy which is used to produce the electromagnetic fields in lines 1, 2, 3 is
generated by a three-phase voltage source 101. The phase sources for the phases are
denoted by V1, V2, V3 in block 101. The produced voltages in the lines 1,2, 3 are

denoted by U1, U2, U3. The voltage source is connected to the input of a constant-current
source 102. An output of this source 102 is connected to the capacities in block 103. At

the output of source 102 the currents 11,12,13 are generated. These currents are constant
over time, independently of the energy which is transferred from lines 1, 2, 3 to any

vehicle on the track. At the input side of constant current source 102, the source 102
comprises in each line 1, 2, 3 an input inductivity L1a, L2a, L3a. At the output side of the

source 102, each line 1,2, 3 comprises an output inductivity L1b, L2b, L3b. In between

the input and output inductivities, each line 1, 2, 3 is connected to a common star point 61
via a capacity C1, C2, C3.

Fig. 7 shows a circuit diagram of an arrangement which may be located in a vehicle which
is travelling on the track. The arrangement comprises a three-phase receiving device for

receiving the electromagnetic field from the track and for producing electric energy
therefrom. The receiving device comprises one coil or an arrangement of coils for each

phase 1a, 2a, 3a, wherein the coils are denoted by L71, L72, L73 (block 201). In the

embodiment shown, the phases 1a, 2a, 3a are connected together at a common star point
71. Leakage inductivities (not separately shown in Fig. 7) of the phases 1a, 2a, 3a are
compensated by capacities C71, C72, C73, as shown in block 202.

The output side of the receiving device 201, 202, where the phase currents Is1 a, Is2a,
Is3a are shown in Fig. 7 is connected to an AC/DC (alternating current I direct current)

converter 203. The DC-side of the converter 203 is connected to lines 76a, 76b of an
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intermediate circuit. The lines 76a, 76b are connected to each other via a smoothing

capacity C7d as indicated by “204”. The electric load, which may be provided with energy
within the vehicle is denoted by a resistance RL at “205” which may be connected to the
lines 76a, 76b of the intermediate circuit. “Ud” indicates that the load RL may cause a

voltage drop, wherein Ud is the voltage in the intermediate circuit for example.

Fig. 8 shows a track 83 (here: a railway track having two rails) which is occupied by a
track bound vehicle 81, such as a regional public transport train or a tram.

The arrangement shown comprises an electric conductor arrangement for producing an
electromagnetic field, thereby transferring energy to the vehicle on the track. The

conductor arrangement 89 is shown schematically. For example, the conductor
arrangement may be designed as shown in Fig. 1. The conductor arrangement 89 (and

this applies to other arrangements, not only to the example shown in Fig. 8) may be
located underground or above ground. In particular in the case of railways having two rails

on which wheels of rail vehicles may roll, the conductor arrangement may be located
above ground between the rails on the level of a railway sleeper, or partly above ground,
but

under the railway sleepers. If the railway sleepers are made of concrete for example,

the sleepers or the other construction for holding the rails may comprise holes and/or

cavities, through which the line or lines of the conductor arrangement extends. Thereby,
the railway construction may be used to hold the line(s) in the desired serpentine shape.
The track bound vehicle 81 comprises at its underside a receiving device 85 for receiving

the electromagnetic field which is produced by the conductor arrangement 89. The
receiving device 85 is electrically connected to an on-board electric network 86 so that the
electric energy, which is induced in the receiving device 85 may be distributed within the

vehicle 81. For example, auxiliary devices 90 and propulsion units 80, 84 for driving

propulsion motors (not shown) in bogies 780a, 780b having wheels 88a, 88b, 88c, 88d
may be connected to the distribution network 86. Furthermore, an energy storage 82,
such as an electrochemical energy storage or an arrangement of capacitors, such as

super caps, may also be connected to the distribution network. Therefore, the energy
storage 82 may be charged by the energy received by the receiving device, in particular
during stops of the vehicle 81 on the track. When the vehicle 81 is moving on the track, a
part of the propulsion energy which is needed to move the vehicle 81 may be withdrawn

from the energy storage 82 and at the same time the energy, which is received by the
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receiving device may contribute to the propulsion, i.e. may be part ofthe propulsion

energy.

Fig. 9a-c illustrate the concept of a conductor arrangement 112 comprising sections which
can be switched on and off so that only sections, which are switched on produce an

2009294810

electromagnetic field in order to transfer energy to the vehicle or vehicles on the track.

The examples of Fig. 9 show 5 segments T1, T2, T3, T4, T5 which are arranged in a row

of successive segments along the track.

A vehicle 92, such as a tram, is travelling on the track. Under floor of the vehicle 92 two
receiving devices 95a, 95b (i.e. two different units) for receiving electromagnetic field

produced by the segments are provided. The receiving devices 95a, 95b may be
redundant devices, wherein just one of the devices is necessary for operating the vehicle.
This increases operation safety. However, the devices 95a, 95b may also be non
redundant devices which may produce energy at the same time for operating the vehicle.

However, it may happen in this case, that at least one of the devices 95 may not produce
electric energy. Instead of two receiving devices, the vehicle may comprise more receiving
devices.

The following description relates to all these cases and, in addition, to the case that the
vehicle has just one receiving device.
According to the examples shown in Fig. 9, the vehicle is moving from the left to the

right.,In Fig. 9a the vehicle 92 occupies the track above elements T2, T3 and partly
occupies the track above elements T1 and T4. The receiving devices 95 or the receiving
device are located always above elements which are fully occupied by the vehicle. This is

the case, because the distance between the receiving devices to the nearest end of the
vehicle in lengthwise direction is greater than the length of each segment of the conductor

arrangement 112.
In the situation of Fig. 9a, the elements T2, T3 are switched on and all other elements T1,

T4, T5 are switched off. In Fig. 9b, where the vehicle 92 fully occupies the track above
elements T2, T3 and nearly fully occupies the track above element T4, element T2 has
been switched off, because the receiving devices 95 or the receiving devices have/has

already left the region above element T2, and element T4 will be switched on as soon as

the vehicle fully occupies the region above the element T4. This state, when the element
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T4 is switched on is shown in Fig. 9c. However, in the meantime element T3 has been
switched off.

Fig. 10 shows an arrangement which is similar to the arrangements shown in Fig. 9. In
fact, it may be a different view of the same arrangements as shown in Fig. 9. However,
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Fig. 10 shows additional parts ofthe arrangement. Each ofthe successive segments
103a, 103b, 103c ofthe conductor arrangement for producing an electromagnetic field is

connected via a separate switch 102a, 102b, 102c for switching on and off the element
103, to a mainline 108. In the case of a three-phase alternating current system, the

mainline 108 may comprise wires or cables for each phase. The far end ofthe mainline
108 (at the right hand side of Fig. 10, but not shown) may comprise a common star point

of all three-phases. On the opposite site ofthe mainline 108, it is connected to an energy

source 101, such as the arrangement according to blocks 101, 102 as shown in Fig. 6.

The magnetic wave shown in Fig. 12 is the resulting wave produced by at least two

phases of a conductor arrangement extending along the path of travel of the vehicle. For
example, the conductor arrangement shown in Fig. 1 may produce the wave in Fig. 12.
The horizontal axis x is extending in the travel direction ofthe vehicle (or opposite to this

travel direction). The vertical axis in Fig. 12 is the axis of the magnetic field intensity B(x).
The wave comprises positive poles as indicated by 1a and comprises negative poles as
indicated by 1b. The wave is propagating at a velocity v_M. The velocity v_M is equal to
twice the length Tp (shown in Fig. 1) multiplied with the frequency of the alternating

current or alternating voltage ofthe conductor arrangement, for example the conductor

arrangement shown in Fig. 1. However, it is not necessary that the conductor
arrangement comprises a star point (e.g. the star point 4 in Fig. 1). Other configurations
are also possible. For example, instead of the star point 4 in Fig. 1, the lines 1,2,3 can be

connected at both opposite ends to the power supply line. Furthermore, the power supply
line may be an alternating current line or, alternatively, may be a direct current line. In the

case of a direct current line the opposite ends of the lines 1,2,3 may by connected to the
DC power supply line via a DC/AC converter at both ends. For example, the length Tp
(the pole distance) between consecutive sections of the conductor arrangement along the

path of travel may be in the range of 0.1 m to 1 m and the frequency of the alternating
current or voltage may be in the range of 1 kHz to 100 kHz so that the propagation

velocity v_M may be in the region of 200 m/s to 20 km/s. Consequently, the velocity is

much higher than the velocity of the vehicle and, as a result, the different windings or coils
of the receiving device of the vehicle will produce the same output power, it they are

4969635.1 (GHMatters) P86531.AU 12/19/2013

19 Dec 2013

29

constructed in the same manner, although they are located at different positions in
lengthwise direction.

For example if the conductor arrangement shown in Fig. 1 is fed by a three-phase
alternating current, wherein the different phase currents have a corresponding phase shift,
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this system of alternating currents can be considered as a system of corresponding
rotating pointers in a complex plane.

The receiving device 200 which is schematically shown in Fig. 13 may be used to receive
the energy of the electromagnetic field which is produced by the conductor arrangement

along the path of travel. The receiving device 200 comprises an area 308 which extends
in the direction of travel (the horizontal direction in Fig. 13) and which also extends
transversely to the direction of travel (the vertical direction in Fig. 13). Preferably, the area

308 is extending in a horizontal plane and the corresponding conductor arrangement (e.g.

the arrangement shown in Fig. 1) which extends along the path of travel is also extending
in a horizontal plane below the plane of area 308.

Within the area 308, the receiving device 200 comprises, according to the example shown
in Fig. 13, three phases, each having at least one line 9, 10, 11. As shown in Fig. 13, 15,
16 and 17, each phase may have a single line 9, 10, 11 which is connected to a common

star point 122. However, alternative solutions are also possible. For example, as shown in

Fig. 18, each phase may comprise more than one line. In the example shown in Fig. 18,
there are two parallel lines 9, 9a; 10, 10a; 11, 11a for each phase. As shown in Fig. 22, it
is not necessary to have a common star point of the phases. Rather, the phases may form

a delta circuit.

Due to the magnetic coupling (in other words: inductive coupling) between the conductor
arrangement which extends along the path of travel and the receiving device of Fig. 13 to
Fig. 26, alternating voltages U1, U2, U3 are induced in the phases of the receiving device.
The magnetic coupling is symbolized by letter M in Fig. 13 to Fig. 26.
Other than shown in Fig. 13 to 26, the receiving device may have two phases only or may

have more than three phases.

As shown in Fig. 13, Fig. 15 and Fig. 16, the lines 9, 10, 11 of the receiving device may
extend in a serpentine manner in the direction of travel until they meet each other at the
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star point 122. However, as shown in Fig. 17, the lines 9, 10,11 may - alternatively or in
addition to the serpentine configuration - form closed loops.

As shown in the side view of Fig. 14, the lines of the receiving device may extend within a
layer 201 and a slab shaped body 211 may extend in a plane parallel to the plane of the
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layer 201. As mentioned earlier, it is preferred that the planes of the layer 201 and of the

body 211 extend in a (nearly) horizontal plane.

The top views of Fig. 15, Fig. 16 and Fig. 17 show that the size of the body 211 may vary
compared to the area 308 within which the lines 9, 10, 11 of the receiving device form

loops or winding for receiving the field energy of the electromagnetic field. Preferably, the
length of the body 211 in the direction of travel (which is indicated in Fig. 14 by an arrow

marked with v_A, indicating the velocity of the vehicle) is at least as large as the area in

which the lines 9, 10, 11 of the receiving device form loops or winding for receiving the
field energy. Most preferred, the length of the body is substantially the same as the length
of this area.

Furthermore, it is preferred that the width of this area is substantially equal to the width of

the body 211, as shown in Fig. 16 and Fig. 17. The advantage of such an arrangement is
that the heads of the loops or windings (two of the heads are denoted by reference

numerals 231, 232 in Fig. 17) are also covered by the body 211 and, therefore, the

electromagnetic field produced by the lines 9, 10, 11 is shielded from the interior of the
vehicle if the body 211 extends in a horizontal plane between the receiving device and the

interior of the vehicle. On the other hand, as explained above in connection with Fig. 3,
the body 211 bundles the field lines of the magnetic fields and therefore increases the
efficiency of the magnetic coupling between the conductor arrangement along the path of

travel and the moving receiving device of the vehicle.

It is also preferred that (as shown in Fig, 17) the whole area which is covered by the
ferromagnetic body 211 comprises loops or windings of the receiving device, i.e. the
whole area can be used as receiving area for receiving the magnetic flux of the

electromagnetic field produced by the conductor arrangement along the path of travel.
Preferably, each of the different phases of the receiving device comprises line sections of

the winding or coil which extend transversely to the direction of travel, wherein the
sections of different phases are distributed among the length of the receiving device in the
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direction of travel and wherein these sections form a row of consecutive sections in the
direction of travel in the same manner as described above for the conductor arrangement

which extends along the path of travel. This means that the alternating currents which are

induced by the electromagnetic field are flowing in opposite directions if two neighbouring

sections are considered, thereby producing opposite magnetic poles. Consequently, the
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magnetic fields which are produced by the different phases compensate each other, even

at locations having a short distance to the windings or coils of the receiving device. In

particular, the magnetic fields compensate each other at short distances in any direction
transverse to the travel direction (in Fig. 13 the direction perpendicular to the image plane

and the vertical direction of the image).

Fig. 18 schematically shows the principle of using two parallel lines for each phase of the
receiving device. The same principle can be applied if the phases are not connected to a

star point connection 122. As shown in Fig. 19 for one of the phases (for example for lines
10, 10a), both lines extend through the interior opening of a ferromagnetic ring 218, but in

opposite direction, i.e. the lines which are parallel elsewhere are not parallel, but anti
parallel in the region of the transformer. The ring 218 couples the magnetic fields of the

lines 10, 10a, so that any difference of the parallel currents 11 a(t) 11 b(t) is compensated.
Fig. 20 illustrates the principle of compensating the inductivities of the phases of the
receiving device. The total inductivity of each phase can be split into a main inductivity

Lh_s and a stray inductivity or leakage inductivity Ls_s. The main inductivity is the part of
the total inductivity which is magnetically coupled to the conductor arrangement which
extends along the path of travel, but is not moving in a travel direction. The total inductivity

of each phase is compensated by the respective capacity of the phase so that the
resulting impedance is zero. In the example shown in Fig. 20, the inductivity of phase line
9a is compensated by capacity 214, the inductivity of phase line 101 is compensated by
capacity 215 and the inductivity of phase line 11a is compensated by capacity 216. The
resulting voltages between the terminals of phase lines 9a, 10a, 11a and reference
potential 237 are denoted in Fig. 20 by U1(t), U2(t), U3(t) in order to indicate that the

series connection of the inductivities L and the capacities 214, 215, 216 shown in Fig. 20
produces phase voltages having a constant amplitude, if the non-moving conductor
arrangement is fed by an alternating current having a constant amplitude.

However, as shown in Fig. 21, the same compensation of the total inductivity of each
phase can be achieved by connecting the phase to reference potential 237 via the
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respective capacity 214, 215, 216. The phase currents denoted by 11 (t), I2(t), I3(t) in Fig.
21 indicate that this parallel connection of inductivities and compensating capacities will
produce alternating phase currents of constant amplitudes if the conductor arrangement

on the primary side of the electromagnetic field is fed by an alternating current having a

constant amplitude. However, if the primary side is driven by an alternating voltage having
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a constant amplitude, the output voltage of the phase lines 9a, 10a, 11a has a constant

amplitude.

In the delta connection shown in Fig. 22, the capacities 214, 215, 216 are also connected

in series to the inductivities of the phase lines 9a, 10a, 11a.

Depending on the inductivity of the phase lines 9a, 10a, 11a, and further depending on the

intensity of the received electromagnetic fields, high voltages can be induced. A maximum
value of the induced voltage can be defined, such as 1 kV. If the induced voltage is

expected to exceed the maximum value during operation of the receiving device, the
compensating capacities 214, 215, 216 are divided into partial capacities and these partial

capacities are distributed among the course of the phase lines 9a, 10a, 11a. For example,
as shown in Fig. 23, the compensating capacity may be divided into two partial capacities

214a, 214b; 215a, 215b; 216a, 216b and one of the partial capacities 214a, 215a, 216a is
arranged at the terminals of the phase lines 9a, 10a, 11a and the other partial capacity
214b, 215b, 216b is arranged at a location of the phase line 9a, 10a, 11a which divides

the inductivity L into two halves.
The circuit shown in Fig. 21 also comprises compensating capacities 214, 215, 216 which

are connected in series to the inductivity L of the phase lines 9a, 10a, 11a. These phase

lines are connected in each case at the opposite terminals of the phase lines to a bridge
formed by two diodes 20 which are connected in series to each other. The terminals of the
phase lines are connected to a line section of the bridge which connects the two diodes
20.

The bridges on the same side (e.g. at the respective corresponding terminals) of the
phase lines are connected in series to each other. Furthermore, the bridges at the

opposite end of each phase line are connected in parallel to each other by shortening
lines 361, 362, 363, 364, as shown in Fig. 24 and capacities 217, 218, 219 are connected

in parallel to the bridges of each phase line. These capacities will smooth the fluctuations
of the direct voltages across the bridges of each phase. As shown in Fig. 24, the three
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capacities 217, 218, 219 are effectively connected in series to each other and the
corresponding voltages Ud1(t), Ud2(t), Ud3(t) which are produced by the three phases are
added together. The total voltage is denoted by Ud(t). Despite the smoothing capacities

217, 218, 219, the total voltage Ud(t) is still fluctuating, depending on the electric energy

which is produced by the phase lines 9a, 10a, 11a and also depending on the electric load
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which is connected to the terminals J, K of the circuit shown in Fig. 24. If there are only
two phase lines or more than 3 phase lines, the circuit shown in Fig. 24 can be modified

correspondingly. For example in the case of two phase lines, phase line 11a, capacity 219

and the respective bridges at the opposite ends of the phase lines 11a can be omitted.

According to a specific embodiment of the circuit shown in Fig. 24, the capacities 217,

218, 219 are energy storages, for example super caps. The energy which is stored in the
energy storages can directly be used for operating electric and electronic devices within

the vehicle. In particular, at least one propulsion motor of the vehicle can be operated
using the energy which is stored.

According to the embodiment of the receiving device shown in Fig. 23, the phase lines 9a,
10a, 11a are connected to a common star point 122. The opposite terminals 371,372,

373 of the phase lines 9a, 10a, 11a, are connected, in each case, to a rectifier bridge
comprising two diodes 20. These three bridges are connected in parallel to each other so
that the rectified direct currents are added to each other. The total current Id can be used
to operate any electric or electronic device within the vehicle. A smoothing capacity 219 is

connected in parallel to the bridges. Optionally, the capacity 219 may be an energy
storage, such as an arrangement of super caps.

A modification of the circuit shown in Fig. 25 is illustrated in Fig. 26. All parts and
components on the right hand side of the dashed line in Fig. 26 are parts of the circuit
shown in Fig. 25. However, the circuit on the right hand side of the dashed line can be
replaced by any other receiving device comprising at least one rectifier for rectifying the

alternating current produced by the phase lines. The circuit part on the left hand side of
the dashed line will be explained in the following.

The two connection points of the receiving device and the circuit part on the left hand side
of the dashed line are denoted by Ο, N, wherein the electric potential at point N is higher

than the electric potential at point O. A series connection consisting of a switch 221 and

an inductivity 220 is connected between the connection points N, O. Furthermore, point O
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is connected via the inductivity 220 and via diode 222 to the minus terminal J of the circuit.

Point N is directly connected to the other terminal K of the circuit, the plus terminal. An

energy storage 223 is connected between the terminals J, K.

Switch 221 is controlled by a control device 285 which is connected to switch 221 via a
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control line 286. Furthermore (not shown in Fig. 26), control device 285 is connected to a
measuring device which is adapted to measure the voltage across energy storage 223 or

adapted to measure the loading state ofthe energy storage 223. If the energy storage 223
is fully loaded, control device 285 closes switch 221 so that connection points N, O are
shortened via capacity 220 and the receiving device cannot deliver electric energy to the
storage 223.

As soon as the energy storage 223 is not fully loaded any more (due to self-de-loading
and/or because energy has been delivered to any consumer in the vehicle) control device
285 opens switch 221 and the energy storage 223 will be loaded again by the receiving

device if the windings or coils of the receiving device receive an electromagnetic field.

Embodiments ofthe present invention may be advantageous in that they describe an

arrangement, a system and method for providing a vehicle, in particular a track bound
vehicle, with electric energy in an effective manner. In particular, embodiments ofthe

present invention may be advantageous because a high-power density is produced by the
receiving device in the vehicle. Furthermore, embodiments of the present invention may
be advantageous because fluctuations of the alternating current or voltage within the

vehicle are reduced. In advantageous embodiments, the field intensity in the environment
of a receiving device within the vehicle is low.
It is to be understood that, if any prior art is referred to herein, such reference does not

constitute an admission that such prior art forms a part ofthe common general knowledge

in the art, in Australia or any other country.
In the claims that follow and in the preceding description of the invention, except where

the context requires otherwise due to express language or necessary implication, the
word “comprise” or variations such as “comprises” or “comprising” is used in an inclusive

sense, i.e. to specify the presence ofthe stated features but not to preclude the presence
or addition of further features in various embodiments ofthe invention.
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Claims

1. An arrangement for providing a vehicle, in particular a track bound vehicle, with

electric energy, wherein the arrangement comprises a receiving device adapted to
receive an alternating electromagnetic field and to produce an alternating electric
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current by electromagnetic induction,

wherein the receiving device comprises a plurality of windings and/or coils of
electrically conducting material, wherein each winding or coil is adapted to produce

a separate phase of the alternating electric current and wherein a body comprising
a ferromagnetic material is arranged above the windings and/or coils.

2. The arrangement of claim 1, wherein the windings and/or coils are connected to a

converter for converting the alternating current into a direct current.

3. The arrangement of either claim 1 or 2, wherein the body has the shape of a slab.

4. The arrangement of any one of claims 1 to 3, wherein sections of the windings
and/or coils, which sections extend transversely to the direction of travel of the

vehicle and which extend substantially in a common plane, are distributed - in the
direction of travel - along a length which has the same size as a projection of the

surface area of the body onto the plane and wherein the windings and/or coils are
distributed throughout the whole length.

5. The arrangement of any one of claims 1 to 4, wherein sections of the windings
and/or coils, which sections extend transversely to the direction of travel of the

vehicle and which extend substantially in a common plane, extend within the limits

of a width which is the width of an area which has the same size as a projection of

the surface area of the body onto the plane.
6. The arrangement of any one of claims 1to 5, wherein at least one of the phases of

the receiving device comprises two lines which are electrically connected in
parallel to each other and wherein the lines are connected to the electric load in

the vehicle via a differential current transformer for eliminating any differential

current of the two parallel lines.
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7. The arrangement of any one of claims 1 to 6, wherein a capacity is connected in

series to each of the windings and/or coils.

8. The arrangement of any one of claims 1 to 7, except claim 9, wherein a capacity is

connected in parallel to each of the windings and/or coils.

9. The arrangement of any one of claims 1 to 8, wherein the windings and/or coils are

connected to a common star point.

10. The arrangement of any one of claims 1 to 9, wherein each of the windings and/or
coils is connected to an AC/DC converter to produce a direct current and the

AC/DC converters are connected in such a manner that the voltages on the DC
sides of the converters are added to each other to produce a sum voltage usable

for supplying electric energy to a consumer within the vehicle.

11. The arrangement of any one of claims 1 to 9, wherein terminals of the windings
and/or coils are connected - for each winding or coil separately - to a converter for
producing a direct current and wherein the converters are electrically connected in

parallel to each other so that the direct currents produced by the converters are
added to each other for supplying electric energy to a consumer within the vehicle.

12. The arrangement of the preceding claim, wherein a capacity, in particular a super
cap or arrangement of super caps, is connected between the direct current
terminals of the converters.

13. The arrangement of the preceding claim, wherein a switch is connected in parallel
to the capacity and wherein the arrangement comprises a control device adapted

to automatically close the switch if the capacity is fully loaded with electric energy,
thereby shortening the DC side of the converters, and adapted to automatically
open the switch if the capacity is able to receive electric energy from the windings

and/or coils.

14. A system for transferring electric energy to a vehicle, in particular to a track bound
vehicle, wherein the system comprises the arrangement according to any one of

claims 1 to 13, wherein the arrangement is arranged in a vehicle, and the system
further comprises an electric conductor arrangement at the path of travel of the
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vehicle for producing the alternating electromagnetic field and for thereby

transferring the energy to the vehicle, wherein:
a. the electric conductor arrangement comprises at least two lines for carrying

one phase of an alternating electric current,
b. the lines extend along the path of travel,
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c. the lines are arranged in such a manner that they produce - at each point in

time while the alternating electric current is flowing through the lines - a row
of successive magnetic poles of an electromagnetic field, wherein the

successive magnetic poles have alternating magnetic polarities,
d. the row of successive magnetic poles extends in the travel direction of the

vehicle which is defined by the path of travel.

15. A vehicle, in particular a rail vehicle, comprising the arrangement of any one of
claims 1 to 13.

16. A system for transferring electric energy to a vehicle, in particular to a track bound
vehicle, wherein the system comprises the arrangement according to any one of

claims 1 to 13, wherein the arrangement is arranged in a vehicle, and the system
further comprises an electric conductor arrangement at the path of travel of the
vehicle for producing the alternating electromagnetic field and for thereby

transferring the energy to the vehicle, wherein:

a. the electric conductor arrangement comprises at least two lines for carrying
one phase of an alternating electric current,

b. the lines extend along the path of travel,

c. the lines comprise a plurality of sections which extend transversely to the
travel direction of the vehicle which is defined by the path of travel,

d. the sections of the same line are arranged in a row along the track in such

a manner that - at each point in time while an alternating electric current is

flowing through the line - the alternating current flows through successive
sections in the row alternatingly in opposite directions.

17. A method for providing a vehicle, in particular a track bound vehicle, with electric
energy, wherein an alternating electromagnetic field is received by a receiving

device of the vehicle and is used to produce an alternating electric current by

electromagnetic induction,
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wherein a plurality of windings and/or coils of electrically conducting material of the

receiving device are used to produce an alternating electric current having a
plurality of phases and wherein a body comprising a ferromagnetic material is

arranged above the windings and/or coils.
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18. An arrangement for providing a vehicle substantially as herein described with
reference to the accompanying figures.

19. A system for transferring electric energy to a vehicle substantially as herein
described with reference to the accompanying figures.
20. A vehicle substantially as herein described with reference to the accompanying

figures.
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