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(57) Abstract: The invention relates to a circuit arrangement
of an electric vehicle, in particular a circuit arrangement (11)
of an electric vehicle for inductive power transfer to the
vehicle, and a method of operating the named circuit ar-
rangement, wherein the circuit arrangement (11) comprises
an impedance (IM1, IM2, IM3 ) and at least one rectifier (6)
for rectifying an AC voltage, wherein an AC part (4) of the
circuit arrangement (11) comprises the impedance (IMI,
IM2, IM3), wherein the rectifier (6) connects the AC part (4)
to a DC part (5) of the circuit arrangement (11), wherein the
circuit arrangement (11) further comprises at least one cur-
rent control means for controlling a current flow in the AC
part (4) as well as to a method of manufacturing a circuit ar-
rangement of an electric vehicle and to an electric vehicle.



WO 2014/040975 A2 |IIIWAT 00N 0000 A

Declarations under Rule 4.17: Published:

—  of inventorship (Rule 4.17(iv)) —  without international search report and to be republished
upon receipt of that report (Rule 48.2(g))



WO 2014/040975 PCT/EP2013/068687

Circuit arrangement and method of operating a circuit arrangement

The invention relates to a circuit arrangement of an electric vehicle, in particular a vehicle-
sided circuit arrangement of a system for inductive power transfer to the vehicle.
Furthermore, the invention relates to a method of operating the named circuit
arrangement. Further, the invention relates to a method of manufacturing a circuit

arrangement of an electric vehicle and to an electric vehicle.

Electric vehicles, in particular a track-bound vehicle, and/or a road automobile, can be
operated by electric energy which is transferred by means of an inductive power transfer.
Such a vehicle may comprise a circuit arrangement, which can be a traction system or a
part of a traction system of the vehicle, comprising a receiving device adapted to receive
an alternating electromagnetic field and to produce an alternating electric current by
electromagnetic induction. Furthermore, such a vehicle can comprise a rectifier adapted to
convert an alternating current (AC) to a direct current (DC). The DC can be used to
charge a traction battery or to operate an electric machine. In the latter case, the DC can
be converted into an AC by means of an inverter.

The inductive power transfer is performed using two sets of e.g. three-phase windings. A
first set is installed on the ground (primary windings) and can be fed by a wayside power
converter (WPC). The second set of windings is installed on the vehicle. For example, the
second set of windings can be attached underneath the vehicle, in the case of trams
under some of its wagons. The second set of windings or, generally, the secondary side is
often referred to as pick-up-arrangement or receiver. The first set of windings and the
second set of windings form a high frequency transformer to transform electric energy to
the vehicle. This can be done in a static state (when there is no movement of the vehicle)
and in a dynamic state (when the vehicle moves).
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Due to presence of a large clearance between the primary windings and the secondary
windings, the operational behavior of this transformer is different than the behavior of
conventional transformers which have a closed magnetic core with negligible or small air
gaps. The large air gap results in smaller mutual inductive coupling and larger leakage
inductances.

The leakage inductance usually acts as a series inductance with each winding of the
primary windings and of the secondary windings. To be able to transfer high power levels,
it is necessary to use an adequate capacitance in order to compensate the reactance of
the inductors at an operating frequency of e.g. 20 kHz. The combination of the (leakage)
inductance and the (compensating) capacitance forms a resonance circuit. A perfect
impedance cancellation happens if impedance values of the inductance and the
capacitance are chosen such that the natural resonance frequency of the resonant circuit
is equal to the operating frequency. Such a resonant circuit is tuned.

Subject to temperature changes and/or aging, a tolerance of a compensating capacitance
can increase. This may result in detuning of the resonant circuit, wherein the changed
resonant frequency does not correspond to the operating frequency. Such a detuning
deviates the overall performance and the power transfer capability of the inductive power
transfer system. Also, an impedance of the secondary side reflected to the primary side of
the transformer can become capacitive. This can result in a leading current with respect to
the voltage in the WPC which is highly unwanted because a leading current eliminates
soft switching conditions of semiconductor switches and increases their power losses
considerably. Under such operation conditions, a WPC can overheat and turn off which, in
turn, interrupts the needed power transfer.

US 7,554,316 B2 discloses an inductive power transfer system comprising a primary unit,
having a primary coil and an electrical drive circuitry connected to the primary coil for
applying electrical drive signals thereto so as to generate an electromagnetic field. The
system also comprises at least one secondary device. The secondary device is separable
from the primary unit and has a secondary coil adapted to couple with said field when the
secondary device is in proximity to the primary unit. In this way, power can be transferred
inductively from the primary unit to the secondary device without direct electrical
conductive contacts there between. The primary unit further comprises a control unit
operable to cause a circuit including said primary coil to operate, during a measurement
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period, in an undriven resonating condition in which the application of said drive signals to
said primary coil by said electrical drive circuitry is suspended so that energy stored in
said circuit decays over the course of said period. Further, the primary unit comprises a
decay measurement unit operable to take one or more measures of such energy decay
during said period, wherein said control unit is further operable, in dependence upon said
one or more energy decay measures, to control the electrical drive circuitry so as to
restrict or stop inductive power transfer from the primary unit. On the secondary side, the
system comprises a dummy load switch which can be controlled by a secondary control

unit selectively.

US 2011/0254379 A1 shows a pick-up for an inductive power transfer system, wherein the
pick-up comprises a phase detector for detecting the phase of a voltage in a primary
conductive path with which the pick-up is inductively coupled in use. Furthermore, the
pick-up comprises a converter allowing adjustable phase and a controller adapted to
control the power transfer between the primary conductive path and a load associated
with the pick-up, by controlling at least the phase angle of the converter with respect to
that of the primary conductive path voltage.

It is an object of the present invention to provide a circuit arrangement of an electric
vehicle, in particular a vehicle-sided circuit arrangement of a system for inductive power
transfer to the vehicle, and a method of operating said circuit arrangement by which an
inductive power transfer to the vehicle can be optimized even in the case that electrical
properties of elements of the circuit arrangement change. Further objects of the invention
are to provide a method of manufacturing a circuit arrangement and to provide an electric

vehicle system architecture comprising such a circuit arrangement.

It is a basic idea of the invention to actively control a current flow within an alternating
current part of a vehicle-sided circuit arrangement, wherein the circuit arrangement or
elements of the circuit arrangement is/are adapted to receive an electromagnetic field and
to produce an alternating electric current by electromagnetic induction. In particular, a
current flow through an impedance of the circuit arrangement can be controlled, wherein
the impedance or a part of the impedance is provided by a leakage inductance and a
compensating capacitance. By proper controlling of the current flow, it is possible to
compensate a power drop due to changing electrical properties of the compensating
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capacitance (detuning) and to keep the system performance at the same level as a
perfectly tuned system.

The present invention can be applied to any land vehicle (including but not preferably, any
vehicle which is only temporarily on land), in particular track-bound vehicles, such as rail
vehicles (e.g. trams), but also to road automobiles, such as individual (private) passenger
cars or public transport vehicles (e.g. busses including trolley busses which are also track-
bound vehicles).

A circuit arrangement, in particular a circuit arrangement of an electric vehicle for inductive
power transfer to the vehicle, is proposed. The circuit arrangement can be a part of the
traction system of the electric vehicle. The circuit arrangement comprises at least one
electric element (source element) to receive a magnetic field and to generate an induced
electric output voltage, e.g. a coil. The circuit arrangement can comprise the
aforementioned secondary windings of a transformer, wherein the transformer is used to
transfer energy from primary windings, which can be installed in a ground providing a
driving surface for the vehicle, to the vehicle. The circuit arrangement or elements of the
circuit arrangement can be part of a pick-up-arrangement of the vehicle, which can e.g. be
installed at a bottom side of the vehicle.

The circuit arrangement and/or elements of the circuit arrangement provide(s) an
impedance. Furthermore, the circuit arrangement comprises at least one rectifier for

rectifying the induced AC voltage which is induced by the magnetic field.

The circuit arrangement comprises an alternating current part (AC part) and a direct
current part (DC part). In the following, AC refers to an alternating current and DC refers
to a direct current. The AC part comprises or provides the impedance and the
aforementioned source element. The rectifier connects the AC part to the DC part of the
circuit arrangement. For example, input terminals of the rectifier can be connected to the
AC part and output terminals of the rectifier can be connected to the DC part of the
proposed circuit arrangement.

The impedance can be provided by an inductance, in particular a leakage inductance
which depends at least partially on the size of the air gap between a primary side (primary
windings) and the secondary side (secondary windings) of the aforementioned
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transformer. Furthermore, another part of the impedance can be provided by a
capacitance, in particular a compensating capacitance which is used to tune the circuit
arrangement. The compensating capacitance can e.g. be provided by one or more
compensating capacitors. The impedance can therefore be an impedance of a resonant
circuit provided by the aforementioned inductance(s) and capacitance(s). The circuit
arrangement may be a tuned circuit arrangement. In this case, a resonant frequency (or
natural frequency) of the aforementioned resonant circuit is equal to a predetermined
operating frequency of the inductive power transfer which can e.g. be 20 kHz. It is,
however, also possible that the circuit arrangement is a detuned circuit arrangement,
wherein the resonant frequency differs from the operating frequency. This will be
explained later.

According to the invention, the circuit arrangement further comprises at least one current
control means for controlling a current flow in the AC part. In particular, the current control
means controls a current flow through the aforementioned impedance or through an
element providing a part of the impedance. The current control means can control a RMS-
value (route means square value) or effective value of the current flowing in the AC part.
The current in the AC part can also be referred to as phase current.

Controlling the current in the AC part of the proposed circuit arrangement advantageously
allows controlling an amount of power transferred to the vehicle. If, for example, a tuned
circuit arrangement is detuned, e.g. due to temperature influences and/or aging of the
compensating capacitor, the power transferred from the primary side to the vehicle-sided
secondary side drops. By controlling the current, this power drop can be compensated,
e.g. by increasing or decreasing the current flowing through the impedance. The proposed
circuit arrangement also allows compensating variations of the transferred power due to
variations of the air gap between the primary side and the secondary side, e.g. due to

road disturbances or mechanical reasons.

A leakage inductance of a system for an inductive energy transfer to a vehicle is usually
large which, in turn, necessitates a small value of a compensating capacitance to achieve
a tuned circuit arrangement. Due to this small value of a compensating capacitance, its
reactance is high. In this case, high currents passing the capacitive element(s) can result
in high voltages across these elements. In order to have such high voltage elements, in
particular across the capacitors with small capacitances, it is usually necessary to connect
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many capacitors in series. This, however, increases an equivalent series resistance and
ohmic losses of the circuit arrangement. Also, it is necessary to have an adequate cooling
system to remove the resulting excess heat. This adds weight, volume, complexity,
sensitivity and costs to a vehicle comprising the circuit arrangement. By adding control
means for controlling the current in the alternating current part of the circuit arrangement,
the aforementioned disadvantages can be advantageously reduced. Also, the proposed
circuit arrangement allows a flexible control of the power flow. Therefore, the proposed
circuit arrangement is able to compensate the effects of detuning, e.g. if a temperature-
and age-dependence of the compensating capacitance leads to a short duration of a
tuning validity.

Another advantage of the proposed circuit arrangement is that the process of finding a
correct combination of compensating capacitors for tuning the circuit arrangement, which
is difficult, time consuming and labor intensive, is simplified as the added control of the
current in the AC part allows to balance the current flow.

Another advantage of the proposed circuit arrangement is that a net impedance of the
circuit arrangement reflected to a primary side can be controlled. By controlling the net
impedance, leading currents which eliminate soft switching conditions of semiconductor
switches on the primary side and increase power losses on the primary side can be
avoided.

Another important advantage of the proposed circuit arrangement is that the circuit
arrangement can initially be designed as a detuned circuit arrangement with respect to a
given operating frequency. In particular, a compensating capacitance can be chosen such
that in an unaltered configuration of the circuit arrangement, the circuit arrangement is
detuned. If the compensating capacitance is chosen such that the circuit is at perfect
tuning (or very close to this condition), in the case of any short circuit event, there is a very
small impedance of the circuit arrangement to limit a short circuit current if the circuit
arrangement is operated at its or close to the resonant frequency which can be equal to a
given operating frequency. This short circuit current can generate high voltages across the
capacitors providing the compensating capacitance. Such an over-voltage can damage
the capacitors or reduce their lifetime or alter their electric properties. If the circuit
arrangement is initially designed as a detuned circuit arrangement, this effect can be
reduced. In this case, the current control means can control the current in the AC part of
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the circuit arrangement such that a power drop due to the detuned properties of the circuit

arrangement is compensated for.

In another embodiment, the impedance is provided by an inductance, in particular a
leakage inductance, and a capacitance. The capacitance can e.g. be provided by one or
more compensating capacitor(s). The capacitance is connected in series to the
inductance. Furthermore, the rectifier is connected in series to the capacitance. Thus, the
circuit arrangement, in particular the alternating current part of the circuit arrangement, is

set up in a series resonant configuration.

This is of advantage because a series resonant circuit provides a resonant configuration
which does not need a direct current inductor in the rectifier. Hence, a weight, costs and
unwanted dynamics in an output voltage of the rectifier are reduced.

In another embodiment, the circuit arrangement comprises a voltage generator, wherein
the voltage generator is arranged such that an output voltage of the voltage generator is
fed into the AC part of the circuit arrangement. In particular, the voltage generator can be
arranged such that the output voltage is added to an induced voltage which can be
provided by the aforementioned source element. By applying the output voltage of the
voltage generator into the AC part of the circuit arrangement, a voltage falling across the
impedance can be adjusted or controlled. In this way, a current flowing through the
impedance can be controlled in order to achieve a desired power transfer. In other words,

the voltage generator is used as the aforementioned current control means.

Using a voltage generator advantageously allows a simple design of a current control
means which can also be easily connected to an existing circuit arrangement. This is

possible because this circuit is connected in parallel and not in series.

In a preferred embodiment, the voltage generator is an inverter. An inverter is an
electronic component or an electric circuit which can change or transform a DC voltage
into an AC voltage. The inverter or an electric path comprising the inverter is connected in
parallel to the rectifier or an electric path of the circuit arrangement comprising the
rectifier. In particular, input terminals of the inverter can be connected to the DC part of
the circuit arrangement (via diodes) and output terminals of the inverter can be connected
to the AC part of the proposed circuit arrangement. In this case, an AC output voltage of
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the inverter is generated from a DC input voltage which is provided by the DC part of the

circuit arrangement.

This advantageously allows designing a circuit arrangement with no additional energy
storage, e.g. no external voltage source or battery. Furthermore, the inverter can be
controlled such that a desired output voltage is generated from a wide range of DC input
voltages. Therefore, a flexible circuit arrangement is provided which can easily be adapted
to compensate for variations of power transferred to the vehicle.

In another embodiment, the DC part of the circuit arrangement comprises a circuit
capacitance. The circuit capacitance can be provided by a DC capacitor, wherein a DC
link voltage or intermediate circuit voltage falls across the DC capacitor. The capacitor can
be connected in parallel with (the output of) the rectifier. The inverter is connected in
parallel to a series connection of the rectifier and the circuit capacitance.

The proposed circuit arrangement advantageously allows that the proposed inverter can
generate a controlled AC voltage out of electric energy stored in the circuit capacitance
arranged on the DC part of the circuit arrangement. Thus, the inverter can operate
independently, e.g. without any extra energy storage element.

In another embodiment, the rectifier is a passive rectifier and/or the inverter is an active
inverter. The rectifier can e.g. be a diode rectifier. This advantageously provides the circuit
arrangement which generates a DC voltage without using active elements such as
semiconductor switches. This reduces a power loss across the rectifier. Also, this
increases the reliability of the rectifier.

The inverter can comprise active electric elements, wherein active electric elements need
additional, external electrical energy for an operation of the electric elements. The inverter
can e.g. comprise semiconductor switches. In particular, the inverter can be a so-called a

full-bridge inverter. This will be explained later.

This advantageously allows actively controlling an AC output voltage of the inverter and
thus adapting the output voltage of the inverter to changing electrical properties of an
impedance of the circuit arrangement. This, in turn, allows controlling the power flow or

power transfer to the vehicle.
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In a preferred embodiment, the AC part of the circuit arrangement comprises three
phases. Each of the phases comprises at least one inductance, in particular a leakage
inductance, and at least one capacitance, in particular a compensating capacitance
provided by a compensating capacitor. The rectifier is a three-phase rectifier, for example
a three-phase diode rectifier.

In this case, the inverter can be a three-phase full-bridge inverter.

Thus, the proposed circuit arrangement can be adapted to a three-phase system for
inductively transferring power to the vehicle.

In another preferred embodiment, the inverter is a three-phase full-bridge inverter. The
three-phase full-bridge inverter comprises three two-switch legs, wherein the legs are
connected in parallel to each other. Each leg comprises a first switching element and a
second switching element, which can be for example semiconductor switching elements.
The switching elements can be MOSFETSs or IGBTs. A connection point of the switching
elements in a first leg of the inverter can be connected to a first phase of the AC part of
the circuit arrangement. Correspondingly, connection points of the switching elements of
the remaining legs can be connected to the remaining phases of the AC part of the circuit
arrangement. Thus, output terminals of the three-phase full-bridge inverter are connected
to the AC part of the circuit arrangement.

The inverter or input terminals of the inverter can be connected to the DC part of the
circuit arrangement via diodes, which are arranged between DC lines of the inverter and

DC lines of the DC part of the circuit arrangement.

Using the mentioned three-phase full-bridge inverter advantageously allows using readily
available electrical elements for building the proposed circuit arrangement. The added
inverter is usually small, light-weight and not expensive. Also, the components of the
three-phase full-bridge inverter are small and do not occupy large space and do not add
complexity in production and uniformity of the products. A maximum voltage stress over
the switching elements of the said inverter is equal to the DC voltage of the rectifier and
therefore, the system can use standard off-the-shelf switching module products.



WO 2014/040975 PCT/EP2013/068687
10

The added inverter or a subcircuit comprising the inverter is connected in parallel with the
rectifier. Therefore, the proposed design of a circuit arrangement can easily be realized by

changing an existing design of a circuit arrangement.

A current rating of the inverter is smaller than a main full-wave diode rectifier block. Thus,
the power dissipation in the inverter is limited. Using diodes to connect the inverter to the
DC part of the circuit arrangement will also block a reverse current flow in case of a short
circuit in the inverter. Thus, the presence of a minimum voltage on the DC lines is

guaranteed even in the case of a short circuit in the inverter.

Another advantage is that in case of any failure within the inverter, the rectifier is able to
operate and feed a load, e.g. a traction motor of a tram, with slightly lower performance.
Therefore, a vehicle using the proposed circuit arrangement will be capable of moving to

reach a maintenance facility with no interruption in service.

In this three-phase system, each two-switch leg of the inverter is connected to one phase
of the AC part of the circuit arrangement. Therefore, it is possible to apply appropriate
gating algorithms to switching elements of the respective leg to compensate an inherent
asymmetry of impedances of the respective phases. This will be explained later.

In another embodiment, the circuit arrangement further comprises a radio frequency
interference filter. The radio frequency interference filter can be arranged within the DC
part of the circuit arrangement. In particular, the radio frequency interference filter can be
connected in series to (the output of) the rectifier. This advantageously allows eliminating
electromagnetic interference, in particular in the radio frequency range, which can affect

any nearby systems in an unwanted manner.

In another embodiment, the circuit arrangement comprises sensing means for sensing an
output voltage of the rectifier (DC voltage) and/or an output voltage of the DC part of the
circuit arrangement. In addition or alternatively, the circuit arrangement comprises sensing
means for sensing a phase current, in particular a current flowing through the
aforementioned impedance(s). Output signals of the aforementioned sensing means can
advantageously be used to control an operation of the inverter, in particular to control duty
cycles of the switching elements within legs of the inverter. This will be explained later.
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Further proposed is a method of operating one of the previously described circuit

arrangements.

According to the invention, at least one current control means for controlling a current flow
in the AC part, is controlled or operated such that a desired power transfer is achieved. In
particular, a current control means is operated such that a transferred power is higher
than a predetermined minimal power and smaller than a predetermined maximal power. In
addition or alternatively, the current control means can be operated such that a difference
between a transferred power and a desired power is smaller than a predetermined value.

The method advantageously allows controlling a power transferred to e.g. a vehicle even
if electrical properties of a secondary-sided circuit arrangement for receiving an
electromagnetic field, e.g. electrical properties of a compensating capacitance, change.

In another embodiment, the current flow in the AC part of the circuit arrangement is
controlled depending on a period and amplitude of an induced AC voltage and an output
DC voltage, in particular a voltage level of an output voltage of the direct current part of
the circuit arrangement. Additionally, the current flow in the AC part of the circuit
arrangement can be controlled depending on an amplitude of the induced AC voltage.

The output voltage of the DC part denotes a direct DC voltage which falls across a load of
the circuit arrangement, e.g. a DC electric machine or another inverter to drive an AC
electric machine. The AC current in the circuit arrangement and the DC output voltage of
the circuit arrangement are determined by the induced voltage, the impedance and the
load. To effectively control the current flow in the AC part of the circuit arrangement, a
period of the induced voltage, which can be similar to a period of a phase current, has to

be known.

This advantageously allows operating the proposed circuit arrangement by only using
vehicle-sided signals. Therefore, there is no need to have any communication mechanism
to a primary side, or a wayside. This provides more reliability and robustness, as any
interference in such communication systems is excluded. Also, the period of the induced
voltage and a level of the output DC voltage are usually sensed for other control
applications. Thus, no extra sensors are required and the proposed circuit arrangement

uses signals from existing sensors.
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In another embodiment, the period of an induced AC voltage is determined by a phase
locked loop (PLL). In this case, the PLL can determine a period of a phase current, in
particular of a current flowing through the impedance which is similar or equal to the
period of the induced voltage. One of the functions of the PLL is a method to find a zero
crossing moment of the phase currents in each period of an operating frequency without
being effected by noise. As will be explained later, this zero crossing moment can be used
as a reference time to generate gate signals of switching elements of the inverter.

The use of a PLL to detect a period of the induced voltages or phase currents
advantageously provides a circuit arrangement which is robust against variations in a
frequency of the induced voltage. Such variations can happen due to many reasons such
as different WPC frequencies and Doppler effects due to a movement of the vehicle with
various speeds. Thus a power drop due to these frequency variations can be
compensated. This is a desirable feature which is difficult to achieve in a system which
operates based on a completely tuned circuit arrangement.

In another embodiment, an output voltage of the voltage generator is controlled such that
a desired voltage falling across the impedance is achieved. For example, the voltage
generator can be operated such that a voltage falling across the impedance is higher than
a predetermined minimal voltage and smaller than a predetermined maximal voltage. In
addition or alternatively, the voltage generator can be operated such that a difference
between a voltage falling across the impedance and a desired voltage is smaller than a
predetermined value. The predetermined value can be determined depending on the
aforementioned period of an induced alternating current voltage and/or the output voltage
of the direct current part of the circuit arrangement.

In another embodiment, an output voltage of the inverter is controlled such that a desired
voltage falling across the impedance is achieved. In this case, the inverter provides the
aforementioned voltage generator. The output voltage of the inverter can be controlled by

controlling active elements of the inverter.

In a preferred embodiment, duty cycles of the first and second switching elements of a
two-switch leg of the inverter are controlled such that a desired output voltage of the
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inverter is achieved. A duty cycle denotes a ratio of an on-time of a switching element and
a period of the induced voltage.

By changing the duty cycles of the respective switching elements, an AC output voltage of
the inverter can be controlled. This advantageously allows a simple control of parameters
of the AC output voltage of the inverter. The switching elements can e.g. be
semiconductor elements, wherein duty cycles of the semiconductor elements are

controlled by gate signals of the semiconductor elements.

In another embodiment, duty cycles of first and second switching elements of two-switch
legs of a three-phase full-bridge inverter are controlled such that a desired output voltage
of the inverter is achieved. In total, six switching elements are controlled by the proposed
method. Since a connection point of the switching elements of one leg may be connected
to one phase of the AC part of the circuit arrangement, controlling the switching elements
advantageously allows generating three independent output voltages of the inverter. As
detuning may not happen similarly in all three phases, the proposed circuit arrangement is
able to provide an individual compensation needed for each phase. By generating
different gating signals and therefore applying different duty cycles for switching elements
of different legs, an asymmetrical detuning (different detuning for each phase) can be
addressed effectively.

In another embodiment, a duty cycle is determined depending on an output voltage of the
direct current part of the transmission circuit and/or a phase current of the alternating part

of the transmission circuit.

A phase locked loop can be used to find a zero crossing moment of the phase current.
This zero crossing moment can be used as a reference time to generate a gate signal. It
is an important feature of the proposed circuit arrangement that varying a duty cycle within
a range of values for the duty cycle does not affect a magnitude of the output voltage of
the DC part and the phase current, in particular a RMS-value of the phase current. This
means that the control is not very sensitive to an exact determination of the zero crossing
moment. Thus, the proposed method of operating the circuit arrangement is robust
against changes within a period of an induced voltage which is reflected by a period of the
phase currents.
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In another embodiment, the AC part of the circuit arrangement comprises three phases,
wherein each of the phases comprises an impedance, wherein at least one current control
means controls a current flow in each phase, wherein the at least one control means is
operated such that a desired power transfer is achieved. This allows independent control
of each phase current. For example, a first current control means can control a current
flow in a first phase, wherein a second current control means controls a current flow in a
second phase, wherein a third current control means controls a current flow in a third
phase. The control means are operated such that a desired power transfer is achieved. In
particular, the control means can be operated independently of each other. Furthermore,
the control means can be operated depending on an impedance of the respective phase.
The impedances of the different phases can be different from each other. This can result
in an operation of the first current control means which is different from the second and/or
the third control means. In particular, in case that the inverter is a three-phase full-bridge
inverter, different duty cycles for the switching elements in each leg can be applied or
used. This advantageously allows compensating a variation in the transferred power even
if the changes of impedances of different phases are different from each other.

Also, the control unit of the proposed circuit arrangement which controls the control
means, e.g. the inverter, can be a vehicle-sided control unit. It can be integrated in an
existing controller of any other system of the vehicle, for instance a control unit for a
propulsion system.

Further proposed is the method of manufacturing a circuit arrangement, in particular a
circuit arrangement of an electric vehicle for an inductive power transfer to the vehicle.
The circuit arrangement comprises an impedance and at least one rectifier for rectifying
an alternating current voltage (induced voltage), wherein an alternating current part of the
circuit arrangement comprises the impedance, wherein the rectifier connects the

alternating current part to a direct current part of the circuit arrangement.

According to the invention, at least one current control means is provided and arranged
such that a current flow in the alternating current part, in particular through the impedance,
can be controlled.

This advantageously allows modifying an existing circuit arrangement by simply adding at

least one control means.
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In another embodiment, a voltage generator is provided, wherein the voltage generator is
arranged such that an output voltage of the voltage generator is fed into the alternating

current part of the circuit arrangement.

This advantageously allows manufacturing a circuit arrangement with a simple voltage

generator as control means.

In yet another embodiment, an inverter is provided as the voltage generator, wherein the
inverter or an electric path comprising the inverter is connected in parallel to the rectifier or
an electric path comprising the rectifier. As the inverter is connected in parallel to an
existing rectifier, the proposed method advantageously allows simply modifying an

existing circuit arrangement.

Further proposed is an electric vehicle comprising one of the aforementioned circuit
arrangements. The electric vehicle can be a road automobile or a track-bound vehicle.
The electric vehicle is capable to be provided with electric energy by an inductive power
transfer. This can be done while the vehicle is moving (dynamic power transfer, e.g.
dynamic charging) or while the vehicle is at a hold (static power transfer, e.g. static
charging).

Examples of the invention will be described with reference to the attached figures in the

following:

Fig. 1 aschematic circuit diagram of a vehicle-sided circuit arrangement of a system for
inductive power transfer to the vehicle according to the state of the art,

Fig. 2 aschematic circuit diagram of a wayside circuit arrangement and a vehicle-sided
circuit arrangement according to the invention,

Fig. 3 an exemplary time course of switching times of a switching element,

Fig. 4 an exemplary course of a DC output voltage of a DC part of the proposed circuit
arrangement versus a duty cycle of switching elements
and

Fig. 5 an exemplary course of a phase current of an AC part of the proposed circuit
arrangement versus a duty cycle of the switching elements.
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Fig. 1 shows a schematic circuit diagram of a vehicle-sided circuit arrangement 1 of a
system for inductive power transfer to a vehicle according to the state of the art. The
circuit arrangement 1 comprises a so-called pick-up-arrangement 2 which comprises a
magnetic part 3. The circuit arrangement 1 comprises an AC part 4 and a DC part 5. The
AC part 4 is connected to the DC part 5 via a diode rectifier 6. The AC part 4 comprises
three-phases. A first phase comprises a leakage inductance Ls; and a compensating
capacitance Cg;. Correspondingly, the other phases comprise leakage inductances Lsp,
Lss and compensating capacitances Cs,, Css. For a better understanding, source
elements Vpni, Ve, Vons are shown which are considered according to a Thevenin
equivalent circuit model. Within the real circuit arrangement, there are no such source
elements Vpni, Vone, Vons. The source elements Voni, Vione, Vons generate the induced AC

voltages.

It is shown that the leakage inductances Ls;, Lsp, Lsz and the compensating capacitances
Cs1, Csz, Css 0f each phase are connected in series. Also shown are phase currents |4,
I, I 3 of each phase. The rectifier 6 connects the three-phase AC part 4 of the circuit
arrangement 1 to the DC part 5 and therefore rectifies an AC voltage of the AC part 4. The
DC part 5 comprises a circuit capacitance 7 and a radio frequency interference filter 8. An
output voltage of the DC part 5 of the circuit arrangement 1 is denoted by V. Also shown
is a load 9 which is connected to an output of the DC part 5.

In each phase of the AC part 4, a series connection of the leakage inductances Ls;, Lsp,
Lss and the respective compensating capacitances Csg;, Cg,, Cgs provides an impedance
IM1, IM2, IM3, respectively. The compensating capacitance Cg;, Cs;, Cszcan e.g. be
provided by a compensating capacitor. The impedance IM1, IM2, IM3 of each phase is a
sum of impedances of the respective leakage inductance Ls1, Lss, Ls; and the respective
compensating capacitance Csi, Csz, Css. These impedances IM1, IM2, IM3 may have
unwanted variations. For example, an impedance of each of the compensating
capacitances Cs1, Csp, Cs3 can vary by age and temperature under various operational
and ambient conditions. The phase currents I, .5, I.5, and the DC output voltage V.. are
determined by the induced voltages and the impedances IM1, IM2, IM3 of the respective
phase and the load 9. Therefore, even when induced voltages and the load 9 are
constant, any variation in the phase impedances IM1, IM2, IM3 can change a power flow.
This is called detuning.
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In Fig. 2 a schematic circuit diagram of a wayside circuit arrangement 10 and a vehicle-
sided circuit arrangement 11 according to the invention are shown. The wayside circuit
arrangement 10 comprises different segments N, N+1 which are arranged along a path of
travel of a vehicle traveling on a driving surface of a route. Each segment N, N+1
comprises an inverter 12, a filter circuit 13 and primary windings 14. The inverters 12 are
connected via a capacitance 15 to a power line 16 which is fed by a voltage source 17 via
a rectifier 18.

As the circuit arrangement 1 in Fig. 1, the circuit arrangement 11 in Fig. 2 comprises an
AC part 4, a DC part 5 and a rectifier 6. In Fig. 2, only leakage inductances Lsy, Ls, Ls3
and compensating capacitances Csy, Cs2, Css are shown. The circuit arrangement 11
comprises a three-phase full-bridge inverter 19. The inverter 19 is connected in parallel to
a connection of the rectifier 6 and a circuit capacitance 7, which is part of the DC part 5 of
the circuit arrangement 11. The inverter 19 comprises a first leg 20, a second leg 21 and a
third leg 23. Each leg 20, 21, 23 comprises a first switching element Q1, Q3, Q5 which
can be referred to as high-side switching element. Furthermore, each leg 20, 21, 23
comprises a second switching element Q2, Q4, Q6 which can be referred to as low-side
switching element. A parallel connection of a diode and a capacitor is connected in
parallel to each of the switching elements Q1, ..., Q6. If the switching element has a
conducting direction, the diode of said parallel connection is arranged such that it is
connected anti-parallel to the respective switching element Q1, ..., Q6. A connection point
of the first switching element Q1 and the second switching element Q2 of the first leg 20 is
connected to a first phase of the AC part 4 of the circuit arrangement 11. Correspondingly,
connection points of the first switching elements Q3, Q5 and the second switching
elements Q4, Q6 of the remaining legs 21, 23 are connected to a second and a third
phase of the AC part 4 respectively. A high power line 22 of the inverter 19 is connected
via a diode D1 to a high power line of the DC part 5 of the circuit arrangement 11.
Correspondingly, a low power line 24 of the inverter 19 is connected via a diode D2 to a
low power line of the DC part 5 of the circuit arrangement 11. Because two diodes D1, D2
are used to connect the inverter 19 to the DC part 5 of the circuit arrangement 11, the
added inverter 19 does not process the whole power of the system. The added inverter 19
generates a controlled voltage out of an energy stored in the circuit capacitance 7. This
(alternating output) voltage is added to an induced voltage of each phase. Therefore,
phase currents I 4, I 2, I 5 through the impedances IM1, IM2, IM3 (see Fig. 1) can be
controlled. By proper controlling of this additional voltage, it is possible to compensate a
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power drop and keep the system performance at the level of a perfectly tuned system. A
conducting direction of the diode D1 connecting the high power line 22 of the inverter 19
to the DC part 5 is oriented from the inverter 19 towards the DC part 5. A conducting
direction of the diode D2 connecting the low power line 24 of the inverter 19 to the DC part
5 is oriented from the DC part 5 towards the inverter 19. Due to the presence of the
diodes D1, D2, if any short circuit happens in the inverter 19, the diodes D1, D2 will block
areverse current and a DC output voltage V. of the DC part 5 of the circuit arrangement
11 will still be available. If the forward voltage drop of diodes D1 and D2 is small, it is
possible to use two or more diodes in series in order to provide the diode D1 and two or
more diodes in series in order to provide the diode D2.

In Fig. 3 an exemplary time course of an induced voltage Vi, in a first phase of an AC part
4 (see Fig. 2) and of gate signals Gqy, Gae of switching elements Q1, Q2 of a first leg 20 of
an inverter 19 are shown (see Fig. 2). The induced voltage Vi, has a period T. This period
T is equal for all three-phases. At a first zero crossing moment t0 of the induced voltage
Vin1, the second switching element Q2 is switched on for a predetermined on-time DT2 of
the second switching element Q2. At the end of this on-time Q2 is switched off.
Correspondingly, the first switching element Q1 is switched on at a second zero crossing
moment t1 within the period T for a predetermined on-time DT1. A duty cycle of the first
switching element Q1 is defined as the ratio between the on-time DT1 and the time period
T. Correspondingly, a duty cycle of the second switching element Q2 is defined as the
ratio between the on-time DT2 and the time period T. By controlling the duty cycles of the
gating signals Gqp, Ggs of the switching elements Q1, Q2, Q3, Q4, Q5, Q6 shown in Fig.
2, it is possible to increase the DC output voltage V. of the DC part 5 or equivalently the
phase currents I 4, I 5, I 5. Increasing the phase currents |4, | 5, I 3 means that RMS-
values of the phase currents I 4, I 5, I 5 are increased. A control means or a control circuit
for controlling the duty cycles of the switching elements Q1, ..., Q6 can therefore be
operated depending on a DC output voltage V.. and a current (RMS-) value of the phase
currents I 4, .5, I.5. Hence, such a control means needs samples of the output voltage Vo

and the phase currents |4, I 5, I15.

In Fig. 4, a course of a DC output voltage V.. vs. different values of a duty cycle is shown.
The duty cycle shown in Fig. 4 can be a duty cycle of all switching elements Q1, ..., Q6
shown in Fig. 2. It is shown that a value of the output voltage V.. does not change
significantly for duty cycles ranging from 0.00 to approx. 0.08. This shows that a variation
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in the duty cycle within the interval from 0.00 to 0.08 will not affect the output voltage Vou
significantly. Thus, a very robust control of the duty cycles is provided which is e.g.
insensitive against an incorrect determination of zero crossing moments t0, t1 of an
induced voltage Vi, (see Fig. 3). For values of the duty cycle higher than 0.08, the output
voltage V. increases with an increasing duty cycle in a linear fashion which is highly
desirable.

In Fig. 5, an exemplary course of a RMS-value of a phase current |.1,rus vS. a value of the
duty cycle is shown. The behavior of the RMS-value of the phase current I 1,gys iS
equivalent to the behavior of an output voltage V. vs. a value of the duty cycle shown in
Fig. 4. It is also shown that the RMS-value of the phase current | 1,rus does not change
significantly for duty cycle values ranging from 0.00 to 0.08. For values of the duty cycle
larger than 0.08, the RMS-value of the phase current |_4,rus increases with an increasing
value of the duty cycle in a linear fashion which is highly desirable.
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Claims

1. Circuit arrangement, in particular a circuit arrangement (11) of an electric vehicle for
inductive power transfer to the vehicle, wherein the circuit arrangement (11) comprises
an impedance (IM1, IM2, IM3 ) and at least one rectifier (6) for rectifying an AC
voltage, wherein an AC part (4) of the circuit arrangement (11) comprises the
impedance (IM1, IM2, IM3), wherein the rectifier (6) connects the AC part (4) to a DC
part (5) of the circuit arrangement (11), characterized in that the circuit arrangement
(11) further comprises at least one current control means for controlling a current flow
in the AC part (4).

2. The circuit arrangement according to claim 1, wherein the impedance (IM1, IM2, IM3 )
is provided by an inductance (Ls1, Ls2, Lss) and a capacitance (Csy, Csz, Cs3), wherein
the capacitance (Csy, Csz, Cs3) is connected in series to the inductance (Lsy, Lsz, Ls3),
wherein the rectifier (6) is connected in series to the capacitance (Cs;, Csz, Cs3).

3. Circuit arrangement according to one of the claims 1 or 2, wherein the circuit
arrangement (11) comprises a voltage generator, wherein the voltage generator is
arranged such that an output voltage of the voltage generator is fed into the AC part
(4) of the circuit arrangement (11).

4. The circuit arrangement of claim 3, wherein the voltage generator is an inverter (19),
wherein the inverter (19) or an electric path comprising the inverter (19) is connected
in parallel to the rectifier (6) or an electric path comprising the rectifier (6).

5. The circuit arrangement according to claim 4, wherein the DC part (5) of the circuit
arrangement (11) comprises a circuit capacitance (7), wherein the inverter (19) is
connected in parallel to a series connection of the rectifier (6) and the circuit
capacitance (7).

6. The circuit arrangement according to one of the claims 1 to 5, wherein the rectifier (6)

is a passive rectifier and/or the inverter (19) is an active inverter.

7. The circuit arrangement according to one of the claims 1 to 6, wherein the AC part (4)
of the circuit arrangement (11) comprises three phases, wherein each of the phases
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comprises at least one inductance (Lsi, Lsp, Ls3) and at least one capacitance (Csy,
Cssz, Cs3), wherein the rectifier (6) is a three-phase rectifier.

The circuit arrangement according to claim 7, wherein the inverter (19) is a three-
phase full-bridge inverter (19).

The circuit arrangement of one of the claims 1 to 8, wherein the circuit arrangement

(11) further comprises a radio frequency interference filter (8).

The circuit arrangement of one of the claims 1 to 9, wherein the circuit arrangement (11)
comprises a sensing means for sensing an output voltage of the rectifier (6) and/or a
sensing means for sensing an output voltage (V..) of the DC part (5) of the circuit

arrangement (11) and/or a sensing means for sensing a phase current (I 1, lio, I.3).

A method of operating a circuit arrangement (11), in particular a circuit arrangement
(11) of an electric vehicle for inductive power transfer to the vehicle,

wherein the circuit arrangement (11) comprises an impedance (IM1, IM2, IM3) and at
least one rectifier (6) for rectifying an AC voltage, wherein an AC part (4) of the circuit
arrangement (11) comprises the impedance (IM1, IM2, IM3), wherein the rectifier (6)
connects the AC part (4) to a DC part (5) of the circuit arrangement (11),
characterized in that

at least one current control means for controlling a current flow in the AC part (4) is
controlled such that a desired power transfer is achieved.

The method of claim 11, wherein the current flow in the AC part (4) of the circuit
arrangement (11) is controlled depending on a period (T) of an induced AC voltage
(Vin1) and/or an output voltage (V.u) of the DC part (5) of the circuit arrangement (11).

The method of claim 12, wherein the period (T) of an induced AC voltage (Vi) is
determined by a phase locked loop.

The method of one of the claims 11 to 13, wherein the circuit arrangement (11)
comprises a voltage generator, wherein the voltage generator is arranged such that an
output voltage of the voltage generator is fed into the AC part (4) of the circuit
arrangement (11), wherein an output voltage of the voltage generator is controlled
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such that a desired voltage falling across the impedance (IM1, IM2, IM3) is achieved.

The method of claim 14, wherein the circuit arrangement (11) comprises an inverter
(19), wherein the inverter (19) or an electric path comprising the inverter (19) is
connected in parallel to the rectifier (6) or an electric path comprising the rectifier (6),
wherein an output voltage of the inverter (19) is controlled such that a desired voltage
falling across the impedance (IM1, IM2, IM3) is achieved.

The method of claim 15, wherein the inverter (19) is an active inverter comprising at
least one leg (20, 21, 23), wherein the leg (20, 21, 23) comprises a first switching
element (Q1, Q3, Q5) and a second switching element (Q2, Q4, Q6), wherein duty
cycles of the first and second switching elements (Q1, ..., Q6) are controlled such that
a desired output voltage of the inverter (19) is achieved.

The method of claim 15 or 16, wherein the inverter (19) is an active three-phase full-
bridge inverter (19) comprising three legs (20, 21, 23), wherein each of the legs (20,
21, 23) comprises a first switching element (Q1, Q3, Q5) and a second switching
element (Q2, Q4, Q6) , wherein duty cycles of the first and second switching elements
(Q1, ..., Q6) are controlled such that a desired output voltage of the inverter (19) is
achieved.

The method of one of the claims 16 or 17, wherein a duty cycle is determined
depending on an output voltage (V) of the DC part (5) of the circuit arrangement (11)
and/or a phase current (l.4, I 5, I 3) of the alternating part (5) of the circuit arrangement

(11).

The method of one of the claims 11 to 18, wherein the AC part (5) of the circuit
arrangement (11) comprises three phases, wherein each of the phases comprises an
impedance (IM1, IM2, IM3), wherein at least one current control means controls a
current flow in each phase, wherein the at least one control means is controlled such

that a desired power transfer is achieved.

A method of manufacturing a circuit arrangement (11), in particular a circuit
arrangement (11) of an electric vehicle for an inductive power transfer to the vehicle,
wherein the circuit arrangement (11) comprises an impedance (IM1, IM2, IM3) and at
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least one rectifier (6) for rectifying an AC voltage, wherein an AC part (4) of the circuit
arrangement (11) comprises the impedance (IM1, IM2, IM3), wherein the rectifier (6)
connects the AC part (4) to a DC part (5) of the circuit arrangement (11),
characterized in that

at least one current control means is provided and arranged such that a current flow in

the AC part (4) can be controlled.

The method of claim 20, wherein a voltage generator is provided, wherein the voltage
generator is arranged such that an output voltage of the voltage generator is fed into
the AC part (4) of the circuit arrangement (11).

The method of claim 21, wherein an inverter (19) is provided as a voltage generator,
wherein the inverter (19) or an electric path comprising the inverter (19) is connected
in parallel to the rectifier (6) or an electric path comprising the rectifier (6).

Electric vehicle, wherein the electric vehicle comprises a circuit arrangement (11)
according to one of the claims 1 to 10.
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