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FIG. 2

(57) Abstract: A three-phase power converter for converting power between a power grid network and a battery (255) comprises a
three-phase grid transformer (230), a three-phase switching converter (251) for coupling to a positive terminal of the battery, a first,
second and third series inductors(Ls1, Ls2, Ls3) coupled between the three-phase grid transformer and the three-phase switching
converter, a control circuit (262) configured for controlling a first, second and third phase differences between first, second and third
time-periodical power grid voltage signals(Vsl, Vs, Vs3) provided by the grid transformer and first, second and third converter time-
periodical voltage signals (Vcl, Vc2, Ve3)provided to the switching converter such that the first, second and third time- periodical
power grid voltage signals(Vsl, Vs2, Vs3) and first, second and third converter time-periodical currents(Icl1, Ic2, Ic3) are in phase.
The three-phase grid transformer provides electrical isolation between the power grid network and the battery.
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A BIDIRECTIONAL POWER CONVERTER

FIELD OF THE INVENTION

The invention relates to a three-phase power converter for converting power
between a battery and three-phase time-periodical power grid voltage signals, and a
power converter system comprising the power converter or the three-phase power

converter.

BACKGROUND ART

Recent drive to abate emissions of automotive vehicles has increased the
use of electrical vehicles which are driven by electric motors. Electric motors are
supplied by batteries which are periodically charged from a charging station or
electrical outlet.

Power converters may provide high power to the battery for charging the
battery in reasonable short times. Power converters may thus be used to charge the
batteries of passenger vehicles or heavy duty commercial vehicles, such as vans,
trucks, buses or the like. Power converters may deliver to the battery a power from a
few kilowatts to several hundreds of kilowatts depending on the battery capacity and
desired charge times.

Existing power converters for charging batteries typically include a chain of
transformers and converters whose one end is connected to a voltage source providing
a power grid time-periodical voltage and another end is connected to the battery for
delivering the desired power to the battery.

One example of such an existing battery charger is described in Whitaker B,
et al.,”A High-Density, High-Efficiency, Isolated On-Board Vehicle Battery Charger
Utilizing Silicon Carbide Power Devices”, On IEEE Transactions on Power Electronics,
VOL. 29, NO. 5, May 2004. Whitaker et al. describes a battery charger consisting of a
bridgeless Boost AC-DC Converter and a phase shifted Full-Bridge Isolated DC-DC
converter. The bridgeless Boost AC-DC converter converts a power outlet voltage to a
direct current voltage (DC) voltage. The phase shifted Full-Bridge Isolated DC-DC
converter of Whitaker et al. includes a second converter, implemented by switches for
converting the DC voltage again to a time-periodical high-frequency voltage such that a
second subsequent transformer can be used for further improving the isolation

between the battery and the grid network. The phase shifted Full-Bridge Isolated DC-
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DC converter of Whitaker et al. further includes a second rectifier, implemented by
diodes and a coil, for filtering the high frequency output of the second transformer and
providing the desired constant output power for charging the battery.

The first transformer is typically shared between several devices, for
example battery chargers as well as household appliances (televisions, refrigerators,
personal computers, radios, and the like) wherein each device may require separate
isolation. In the existing battery charger the separate isolation can be provided by the
second transformer.

However, since the battery charger described above uses several
transformers and converters in the chain connecting the grid network to the battery,

said existing battery charger is big and expensive.

SUMMARY OF THE INVENTION

A drawback of existing power converters is that they are be big and
expensive because a chain of transformers and converters is used to connect a power
grid voltage to a battery for charging the battery.

One of the objects of the invention is to reduce the size and cost of the
existing power converter. Embodiments are defined in the dependent claims.

A first aspect of the invention provides a three-phase power converter
for converting power between a power grid network and a battery. The power converter
comprises a three-phase grid transformer, a three-phase switching converter, a first
series inductor, a second series inductor, a third series inductor and a control circuit.

The three-phase grid transformer provides electrical isolation between
the power grid network and the battery.

The three-phase switching converter comprises a first converter
terminal for the first phase, a second converter terminal for the second phase and a
third converter terminal for the third phase for transferring power between the power
grid network and the three-phase switching converter. The three-phase switching
converter comprises a further converter terminal for electrically connecting to a positive
terminal of the battery.

The first series inductor, the second series inductor and the third series
inductor are arranged in series between the three-phase grid transformer and the
three-phase switching converter.

The first series inductor has a first inductor terminal for electrically

coupling to a first grid terminal. The first grid terminal is electrically coupled to a first
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time-periodical power grid voltage signal for providing a first converter time-periodical
current signal. The first series inductor has another first inductor terminal electrically
coupled to the first converter terminal for providing a first converter time-periodical
voltage signal to the three-phase switching converter.

The second series inductor has a second inductor terminal for electrically
coupling to a second grid terminal. The second grid terminal is electrically coupled to a
second time-periodical power grid voltage signal for providing a second converter time-
periodical current signal. The second series inductor has another second inductor
terminal electrically coupled to the second converter terminal for providing a second
converter time-periodical voltage signal to the three-phase switching converter.

The third series inductor has a third inductor terminal for electrically
coupling to a third grid terminal. The third grid terminal is electrically coupled to a third
time-periodical power grid voltage signal for providing a third converter time-periodical
current signal. The third series inductor has another third inductor terminal electrically
coupled to the third converter terminal for providing a third converter time-periodical
voltage signal to the three-phase switching converter.

The control circuit is configured for controlling a first phase difference
between the first time periodical power grid voltage and the first converter time
periodical voltage signal by switching the switching converter such that the first time-
periodical power grid voltage signal and the first converter time-periodical current are in
phase.

The control circuit is configured for controlling a second phase difference
between the second time periodical power grid voltage and the second converter time
periodical voltage signal by switching the switching converter such that the second
time-periodical power grid voltage signal and the second converter time-periodical
current are in phase.

The control circuit is configured for controlling a third phase difference
between the third time periodical power grid voltage and the third converter time
periodical voltage signal by switching the switching converter such that the third time-
periodical power grid voltage signal and the third converter time-periodical current are
in phase.

For example, the control circuit may be electrically coupled to the first
inductor terminal and the other first inductor terminal for measuring a first phase
difference between the first time-periodical power grid voltage signal and the first
converter time-periodical voltage signal.
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Similarly, the control circuit may be electrically coupled to the second inductor
terminal and the other second inductor terminal and to the third inductor terminal and
the other third inductor terminal for measuring a second phase difference between the
second time-periodical power grid voltage signal and the second converter time-
periodical voltage signal and a third phase difference between the third time-periodical
power grid voltage signal and the third converter time-periodical voltage signal,
respectively.

By appropriate switching of the three-phase switching converter the control
circuit can adjust the first phase difference, second phase difference and third phase
difference which are, for example, directly measured by the control circuit across the
first series inductor, second series inductor and third series inductor, respectively.

Alternatively, the control circuit may be configured to measure the first, second
and third time-periodical power grid voltage signals, the first, second and third
converter time-periodical current signals and a voltage at the further converter terminal
(i.e. the battery voltage). Based on the measured signals the control circuit may be
configured to switch the switching converter such that the first phase difference, the
second phase difference and the third phase difference are controlled.

If the first, second and third converter time-periodical current signals are taken
positive when flowing from the grid network to the three-phase switching converter, and
the first, second and third time-periodical power grid voltage signals are in phase with
the respective first, second and third converter time-periodical current signals, then
power is converted from the grid network to the battery with minimum power losses. In
this case, the three-phase power converter operates in charging mode to charge the
battery with a direct current (DC) voltage converted from alternating current (AC)
voltages provided by the grid network and grid transformer.

When the control circuit is configured to control the phase of the first,
second and third converter time-periodical current signals to be in opposite phase (i.e.
the same phase but with opposite sign) with respect to the phase of the respective first,
second and third time-periodical power grid voltage signals, the power converter
operates in inverter mode converting power from the battery to the grid network (i.e. DC
power of the battery to AC power of the grid network) with minimum power losses.
Bidirectional power converter may increase stability of the grid by providing power to
the grid when possible.

The ratio of real power to reactive power can be adjusted by adjusting said
first, second and third phase difference in both charging and inverter modes. In

charging mode, the battery can be thereby charged in a controlled way with only two
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conversion stages and by arranging three inductors in series to the three-phase grid
transformer. The power converter is thus simpler and more compact than existing
battery chargers. The grid transformer has a primary and a secondary for providing the
first, second and third time-periodical power grid voltage signals from a first primary
alternating current (AC) voltage signal, a second primary alternating current (AC)
voltage signal and a third primary alternating current (AC) voltage signal, respectively.
The primary first, second and third time-periodical power grid voltage signals are
generated by a power grid source. The power grid source has a reference terminal
which is electrically connected to a first reference potential, i.e. the earth. The primary
first, second and third time-periodical power grid voltage signals are referenced, in use,
to the first reference potential.

The three-phase switching converter, the control circuit, the battery and the
secondary of the three-phase grid transformer are referenced, in use, to a second
reference potential different from the first reference potential for providing electrical
isolation between the battery and the grid network.

The secondary of the grid transformer is electrically coupled to the battery
via the first, second and third inductors and switching converter without electrical
connection to the first reference potential. The secondary of the grid transformer is
referenced, in use, to the second reference potential different from the first reference
potential, for example via the first, second and third inductors and the three-phase
switching converter.

Electrical isolation between the power grid network and the battery is
provided by the three-phase grid transformer.

The second reference potential may be a local ground electrically
disconnected from the first reference potential. No direct or indirect electrical
connection exists between the primary of the grid transformer, circuitry electrically
connected to the primary, and the secondary of the grid transformer and circuitry
electrically connected to the secondary.

In the invention, the secondary of the grid transformer is not electrically
coupled to the battery via an additional transformer. The secondary of the grid
transformer is not electrically coupled to the battery via an additional isolation
transformer or high frequency transformer.

In one embodiment, the primary of the transformer is arranged in a delta
configuration, or also commonly known as A configuration and the secondary in a star
configuration, or also commonly known as Y configuration. The star configuration has a

common connection point, i.e. the star point, which is floating.
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In other embodiments, other configurations of the primary and the
secondary are possible. The primary may be configured with a star configuration. The
secondary may be configured with a delta configuration. Any combinations of delta or
star configurations for the primary and secondary are possible. If the primary is
configured with a star configuration, the star point of the primary may be electrically
connected to the first electrical potential, i.e. to the earth. If the secondary is configured
with a star configuration is essential that the star point is floating.

In another embodiment, the three-phase grid transformer of the invention
is not a standard grid distribution transformer of which only the secondary terminals are
accessible to the power converter manufacturer and secondary to primary winding
turns ratio cannot be customized. A standard grid transformer is not isolated from the
earth. When a standard grid transformer is used and electrical isolation between the
power grid network and the battery is desired, an additional isolation transformer, e.g. a
high frequency transformer, is used.

The three-phase switching converter may comprise, for each phase, at least
two switches arranged in series between a reference terminal and the positive terminal
of the battery. The at least two switches have a common switch terminal electrically
connected to the first, second and third converter terminal of the three-phase switching
converter. The reference terminal may be connected to the second reference potential,
i.e. a local ground.

The control circuit may be configured for switching the switching converter for
each phase based on a comparison between a time-periodical carrier signal at a
predetermined switching frequency and a time-periodical modulating signal at the grid
frequency.

The time-periodical modulating signal may have a modulating amplitude and the
time-periodical carrier signal a carrier amplitude. The control circuit may be configured
for comparing the modulating amplitude with the carrier amplitude and alternatively
switching the at least two switches each time the modulating amplitude becomes
higher or lower than the carrier amplitude.

The time-periodical modulating signal may be derived by processing a control
signal at the grid frequency and based on the respective phase difference between the
time-periodical power grid voltage signal and the converter time-periodical voltage
signal, for example measured across the first series inductor. The carrier signal may be
generated by a clock generator and defines the frequency of switching the switching

converter.
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In this way a pulse-width modulated control voltage signal may be obtained to switch
on and off the at least two switches such that the phase of the converter time-periodical
voltage signal with respect to the phase of the time-periodical power grid voltage signal
is controlled to a desired value to transfer a desired amount of power in the desired
direction. The grid transformer is arranged to have a selected secondary to primary
winding turns ratio, for each phase. The selected secondary to primary winding turns
ratio for the first phase defines the ratio between a first amplitude of the first primary
time-periodical power grid voltage signal to a second amplitude of the first time-
periodical power grid voltage signal. Similarly the selected secondary to primary
winding turns ratio for the fsecond and third phases define the ratio between a first
amplitude of the second and third primary time-periodical power grid voltage signals to
a second amplitude of the second and third time-periodical power grid voltage signals,
respectively.

The grid transformer may be a customized hardware component and
integrated by the power converter manufacturer in the power converter design. The
grid transformer provides electrical isolation between the grid network and the battery.
No further transformers are required as in prior art power converters. This simplifies the
design of the power converter and reduces the costs of manufacturing it.

The distribution grid transformer together with the first, second and third
series inductors can be effectively seen as a load of an Alternating Current (AC)
induction electric motor. When charging the batter, the functionality of the inventive
three-phase power converter can be compared to that of a three-phase AC induction
electric motor working in regenerative mode.

By selecting the primary to secondary winding turns ratio of the three-
phase grid transformer, the magnitude of the first, second and third converter time-
periodical voltage signals and as a consequence the magnitude of the power
transferred between the power grid network and the battery can be better controlled.

A first reactance of the first series inductor, a second reactance of the second
series inductor and a third reactance of the third series inductor may be selected based
on the selected winding turns ratio at a desired power.

The first, second and third reactance reactance may be selected such
that the winding turns ratio is equivalent to the ratio of the root mean square of the
transferred desired power multiplied by the selected reactance and divided by three, to
the first, second and third primary time-periodical power grid voltage signals,

respectively.
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In an embodiment, the control circuit may be configured to control the
first, second and third phase differences between the first, second and third converter
time-periodical voltage signals and the first, second and third time-periodical power grid
voltage signals to a value close to 45 degrees.

By controlling the first, second and third phase differences, and by
properly selecting the first, second and third reactance of the first, second and third
series inductors and the winding turns ratio of the grid transformer, power losses due to
reactive power circulation in the power converter may be minimized.

In an embodiment an LC filter having a series inductor and a shunt
capacitor may be arranged in series for each phase between a respective first, second
and third grid terminal of the grid transformer and a first, second and third terminal of
the respective first, second and third series inductor. The LC filter may be used to filter
harmonic components generated by switching of the switching converter.

A dedicated LC filter may relax the filtering requirements of the first,
second and third series inductor, thereby allowing using a smaller first, second and
third series inductor. The smaller first, second and third series inductors may be thus
optimized only for power transfer between the grid network and the switching converter
and reactive power reduction.

In one embodiment, a power converter system is provided. The power
converter system may comprise the three-phase grid transformer. The power converter
system may further comprise a three-phase power converter, a charger connector
electrically coupled to a power converter output of the switching converter and
mechanically connectable to a vehicle connector. The vehicle connector is electrically
coupled to terminals of the battery of the vehicle such that when the charger connector
is in electrical contact with the vehicle connector, the converter output is coupled to the
battery for charging the battery from the grid network or transferring power from the

battery to the grid network.

BRIEF DESCRIPTION OF THE DRAWINGS
These and other aspects of the invention are apparent from and will be
elucidated with reference to the embodiments described hereinafter. In the drawings,
FIG. 1 schematically shows a prior art example of a power converter.
FIG. 2 schematically shows a circuit diagram of a first example of a three-

phase power converter according to an embodiment of the invention,
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FIG. 3 schematically shows a circuit diagram of a first example of a single-
phase power converter according to an embodiment of the invention,

FIG. 4 schematically shows the switching control voltages versus time for
the circuit of FIG. 3,

FIG. 5 schematically shows a phasor diagram of the voltages and currents
for the example shown in FIG. 2 or FIG. 3,

FIG. 6 schematically shows an optimized phasor diagram of the voltages
and currents for the example shown in FIG. 2 or FIG. 3,

FIG. 7 schematically shows a circuit diagram of a second example of a
three-phase power converter according to an embodiment of the invention,

FIG. 8 schematically shows an example of a power converter system
according to an embodiment of the invention.

It should be noted that items which have the same reference numbers in

different Figures, have the same structural features and the same functions, or are the
same signals. Where the function and/or structure of such an item has been explained,

there is no necessity for repeated explanation thereof in the detailed description.

DETAILED DESCRIPTION OF EMBODIMENTS

FIG. 1 schematically shows a prior art example of a battery charger 100 similar
to the one described by Whitaker et al.

The battery charger 100 includes a chain of a first converter 120, a second
converter 130, a second transformer 140, and a third converter 150. The battery
charger 100 is connected at one end to output terminals of a standard three-phase
power grid transformer 135 and at another end to a positive terminal of a battery 155
for charging the battery 155.

The standard three-phase power grid transformer 135 has a primary electrically
coupled to a grid voltage source 105 and a secondary for feeding the battery charger
100. First converter 120, second converter 130 and primary of the second transformer
140 are referenced to the earth potential. Since the turn ratio of the grid transformer is
a standard one, transfer of the electric power provided by the grid network to the
battery 155 is achieved via a chain of many stages of conversion. The secondary of the
standard grid transformer 135 may generate three-phase time-periodical power grid
voltage signals, i.e. alternating current (ac) voltage signals. For example, the three-
phase voltage signals may have peak-to peak amplitudes in the order of a few kilovolts,

for example 10 kV. The three-phase voltage signals may periodically vary with a
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frequency of 50 or 60 Hz. The three-phase voltages may periodically vary with the
same oscillation frequency and be shifted in phase between each other, for example
120 degrees from each other. The three-phase voltages may be sinusoidal in shape.
The first converter 120 may be an alternating current (ac) to direct current (dc) voltage
converter. The output DC voltage of the first converter 120 may be in the order of a few
hundreds of volts, for example between 500 to 700 Volts.

The second converter 130 may be a DC to AC converter for outputting a single
phase high frequency ac voltage signal of higher frequency than the original power grid
voltage signal. For example, the frequency of the output voltage signal of the second
converter 130 may be in the order of 20 to 120 kHz (kilohertz).

The second transformer 140 provides high frequency AC/AC transformation of
the ac voltage signal applied at its input such that a selected signal isolation between
the power grid network and the battery 155 can be obtained.

The third converter 150 provides a DC output voltage and a DC output current
for charging the battery 155 from the high frequency (HF) ac voltage output of the
second transformer 140. The third converter 150 may provide filtering of the DC output
voltage and DC output current such that the DC output voltage and DC output current
are maintained substantially constant over time.

However, the prior art battery charger 100 includes several devices in the chain which
increase costs and size of the battery charger 100.

FIG. 2 schematically shows a first example of a three-phase power converter
220 according to an embodiment of the invention.

The three-phase power converter 220 is arranged to convert power between a power
grid network and a battery 255. A first time-periodical voltage signal Vs1, a second
time-periodical voltage signal Vs2 and a third time-periodical voltage signal Vs3 may be
provided by a three-phase grid transformer 230 at a secondary side of the grid
transformer 230. The power converter 220 comprises the three-phase grid transformer
230. The three-phase grid transformer 230 provides electrical isolation between the
power grid network and the battery 255. A primary side of the grid transformer 230 can
be connected to a power grid voltage source 207 for generating a first time-periodical
power grid voltage Vp1, a second time-periodical power grid voltage Vp2 and a third
time-periodical power grid voltage Vp3 at the primary of the grid transformer 230.

The first time-periodical power grid voltage Vp1, the second time-periodical power grid
voltage Vp2 and third time-periodical power grid voltage Vp3 may be ac voltage signals
having an oscillation frequency of 50 or 60 Hz and amplitude of for example 10 kV root

mean square (RMS).
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The grid transformer 230 is a power grid distribution transformer having
a first primary terminal, a second primary terminal and a third primary terminal
connected to the power grid voltage source 207 and a first secondary terminal, a
second secondary terminal and a third secondary terminal electrically coupled to the
battery 255 via further circuitry of the power converter 220. The secondary terminals
may be for example a high power outlet. The first time-periodical voltage signal Vs1,
the second time-periodical voltage signal Vs2 and the third time-periodical voltage
signal Vs3 may have a peak-to-peak amplitude lower than the first time-periodical
power grid voltage Vp1, second time-periodical power grid voltage Vp2 and third time-
periodical grid voltage Vp3, respectively. The voltages Vs1, Vs2 and Vs3 may
periodically vary with the same oscillation frequency and be shifted in phase between
each other, for example 120 degrees from each other. The three-phase voltages Vs1,
Vs2 and Vs3 may be sinusoidal in shape.

For example, if the sinusoidal voltage signal at the primary terminal has an
amplitude of 10kV, root mean square (RMS) value, the voltage signal may be scaled
down by the grid transformer 230 to a voltage with a amplitude lower than 10kV RMS,
for example 400 V RMS or lower. The three-phase grid transformer 230 comprises a
pair of wire windings for each phase such that the amplitude of the voltage signal at the
primary terminal is scaled down at the secondary terminal proportionally to a ratio
between the wire winding turns of the pair.

The three-phase power converter 220 includes a three-phase switching
converter 251 electrically coupled to the three-phase grid transformer 230 for
transferring power between the grid network and the battery 255. The power
transferred by the three-phase switching converter 251 is indicated with an output
voltage Vo and output current lo transferred to the battery 255.

The switching converter 251 has a first converter terminal 252 for the first
phase, a second converter terminal 253 for the second phase and a third converter
terminal 254 for the third phase for transferring power between the power grid network
and the switching converter 251, and a further converter terminal 256 for electrically
connecting to the positive terminal of the battery 255.

The three-phase power converter 220 further includes a control circuit 262 for
switching the switching converter 251 and a first series inductor Ls1, a second series
inductor Ls2, and a third series inductor Ls3 arranged in series between the grid
transformer 230 and the switching converter 251 for electrically coupling the grid

transformer 230 and the switching converter 251.
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The first series inductor Ls1 has a first inductor terminal for electrically
coupling to a first grid terminal 240. The first grid terminal 240 is electrically coupled to
the first time-periodical power grid voltage signal Vs1 for providing a first converter
time-periodical current signal Ic1. The first series inductor Ls1 has a another first
inductor terminal electrically coupled to the first converter terminal 252 of the switching
converter 251 for providing a first converter time-periodical voltage signal Vc1 to the
switching converter 251.

The second series inductor Ls2 has a second inductor terminal for
electrically coupling to a second grid terminal 241. The second grid terminal 241 is
electrically coupled to the second time-periodical power grid voltage signal Vs2 for
providing a second converter time-periodical current signal Ic2. The second series
inductor Ls2 has a another second inductor terminal electrically coupled to the second
converter terminal 253 for providing a second converter time-periodical voltage signal
Vc2 to the switching converter 251.

The third series inductor Ls3 has a third inductor terminal for electrically
coupling to a third grid terminal 242. The third grid terminal 242 is electrically coupled
to the third time-periodical power grid voltage signal Vs3 for providing a third converter
time-periodical current signal Ic3. The third series inductor Ls3 has a another third
inductor terminal coupled to the third converter terminal 254 for providing a third
converter time-periodical voltage signal Vc3 to the switching converter 251.

The control circuit 262 is configured to control a first phase difference between
the first time-periodical power grid voltage signal Vs1 and the first converter time-
periodical voltage signal Vc1 by switching the switching converter 251 such that a
phase of the first time-periodical power grid voltage signal Vs1 with respect to a phase
of the first converter time-periodical current signal Ic1 is controlled for reducing power
losses when power is converted.

The control circuit 262 may be configured to control the first phase difference
between the first time-periodical power grid voltage signal Vs1 and the converter time-
periodical voltage signal Vc¢1 such that a desired power can be transferred.

The control circuit 262 is configured for controlling a second phase difference by
switching the switching converter 251 such that the phase of the second time-periodical
power grid voltage signal Vs2 with respect to the phase of the second converter time-
periodical current signal Ic2 is controlled for reducing power losses for the second
phase.

The control circuit 262 is further configured for controlling the third phase

difference by switching the switching converter 251 such that the phase of third time-
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periodical power grid voltage signal Vs3 with respect to the phase of the third converter
time-periodical current signal Ic3 is controlled for reducing the power losses of the third
phase conversion.

The control circuit 262 may control the first phase difference, second phase
difference and third phase difference in any manner suitable for the specific
implementation.

For example, as shown in FIG. 2, the control circuit 262 may be electrically
coupled to the first inductor terminal and the other first inductor terminal to measure a
first phase difference between the first time-periodical power grid voltage signal Vs1
and the first converter time-periodical voltage signal Vc1.

The control circuit 262 may be electrically coupled to the second inductor
terminal and the other second inductor terminal for measuring a second phase
difference between the second time-periodical power grid voltage signal Vs2 and the
second converter time-periodical voltage signal Vc2.

The control circuit 262 may be electrically coupled to the third inductor
terminal and the other third inductor terminal for measuring a third phase difference
between the third time-periodical power grid voltage signal Vs3 and the third converter
time-periodical voltage signal Vc3.

The control circuit 262 may directly measure the first phase difference, second
phase difference and third phase difference. Alternatively, the control circuit 262 may
measure the first time-periodical power grid voltage signal Vs1, the first converter time-
periodical current signal Ic1 and a battery voltage Vo at the further converter terminal
256. Phase and magnitude of the first converter time-periodical voltage signal Vc1, the
second converter time-periodical voltage signal Vc2 and third converter time-periodical
voltage signal Vc3 may be controlled by switching the switching converter for adjusting
the phase of the first converter time-periodical current Ic1 with respect to the phase of
the first time-periodical power grid voltage signal Vs1, the phase of the second
converter time-periodical current Ic2 with respect to the phase of the second time-
periodical power grid voltage signal Vs2, and the phase of the third converter time-
periodical current Ic3 with respect to the phase of the third time-periodical power grid
voltage signal Vs3 for reducing the power losses when power is converted.

By controlling the first phase difference, second phase difference and third
phase difference via the first series inductors Ls1, second series inductor Ls2 and third
series inductor Ls3, respectively, and switching the switching converter 251, the battery
255 can be charged in a controlled way with only two conversion stages. The power

converter 220 is thus simpler and more compact than known battery charger 100.
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To explain further, the power converter 220 can operate in two different
modes: in charging mode when power is converted from the grid network to the battery
or in inverter mode when power is transferred from the battery to the grid network.

Referring to the first phase, if the first converter time-periodical current signal
Ic1 is taken positive when flowing from the grid network to the switching converter (as
shown in FIG. 2) and the first time-periodical power grid voltage signal Vs1 is in phase
with the first converter time-periodical current signal Ic1, then power is converted from
the grid network to the battery 255 with minimum power conversion losses.

When the first time-periodical power grid voltage signal Vs1 has opposite
phase (i.e. the same phase but with opposite sign) with respect to the first converter
time-periodical current signal Ic1, the power converter 220 operates in inverter mode
converting power from the battery 255 to the grid network with minimum power
conversion losses.

In charging mode the power converter 220 can be compared to a three-phase
ac electric motor functioning, when charging the battery 255, in regenerative mode, i.e.
when the motor is for example breaking. The switching converter 251 can be of the
same type of converters used to drive ac electric motors. The first series inductor Ls1
can be compared to the winding of the electric motor, i.e. the inductive load of the
electric motor.

The inventor has realized that the distribution grid transformer 230 can be
effectively seen as an inductive load of an induction electric motor by inserting series
inductors Ls1, Ls2 and Ls3 at the secondary side of the grid transformer 230 between
the grid transformer 230 and the switching converter 251. In an induction electric motor
the electromotive force is the voltage induced in the rotating windings which are turning
inside a magnetic field generated inside the induction electric motor. This electromotive
force acts against the applied ac voltage that causes the motor to spin and reduces
current flowing through the windings. In the power converter 220 the electromotive
force can be compared to the first, second and third time-periodical power grid voltage
signals Vs1, Vs2 and Vs3 provided by the grid transformer 230.

In this way a compact power converter can be realized directly from a
customized grid distribution transformer which provides the desired signal isolation
between the power grid network and the battery 255 without additional components.

The grid transformer 230 is used for transforming the first, second and
third time-periodical power grid voltage signals Vp1, Vp2 and Vp3 at the primary side to
first, second and third time-periodical voltage signals Vs1, Vs2 and Vs3 at the

secondary side, respectively. The first, second and third time-periodical power grid
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voltage signals Vs1, Vs2 and Vs3 may have an amplitude lower than the first, second
and third time-periodical power grid voltage signals Vp1, Vp2 and Vp3, respectively.
The winding turns ratio of the grid transformer 230 defines the amplitude ratio of the
primary power grid voltage signals Vp1, Vp2 and Vp3 to the secondary power grid
voltage signals Vs1, Vs2 and Vs3. The grid transformer 230 is arranged to have a
selected secondary to primary winding turns ratio such that the phase of the first,
second and third time-periodical power grid voltage signals Vs1, Vs2 and Vs3 with
respect to the phase of the first, second and third converter time-periodical current
signals Ic1, Ic2, and Ic3 can be controlled and, if desired for minimum power losses, be
close to zero. By tuning the winding turns ratio of the grid transformer 230, the
converter time-periodical ac voltages Vc1, Vc2 and Vc3 and the converter time-
periodical ac currents Ic1, Ic2 and Ic3 and as a consequence the power transferred
between the grid network and the battery can be better controlled.

The grid transformer 230 may be integrated in the three-phase power
converter 220. The inventor has advantageously chosen to embed in the design of the
power converter, the grid transformer 230. The grid transformer 230 may be an
external hardware component. The power converter manufacturer may directly use the
first time-periodical power grid voltage signal Vs1 which may be supplied by the
electricity provider via the grid transformer 230. By incorporating the grid transformer
230 in the design of the power converter 220, the charger manufacturer may
advantageously use a customized hardware component as integral part of the power
converter.

The grid transformer 230 provides electrical isolation between the grid
network and the battery 255. The primary of the grid transformer 230 is electrically
isolated from the secondary of the grid transformer 230 for providing the desired
isolation between the grid network and the battery 255. The power grid voltage source
207 which is electrically connected to the primary of the grid transformer 230 has one
terminal electrically connected to a first reference potential, e.g. the earth. The primary
first time-periodical power grid voltage signal Vp1, the primary second time-periodical
power grid voltage signal Vp2 and the primary third time-periodical power grid voltage
signal Vp3 are referenced to the first reference potential. The secondary of the grid
transformer 230 is electrically coupled to the battery 255 via inductors Ls1, Ls2 and Ls3
and switching converter 251 without electrical connection to the first reference
potential. The secondary of the grid transformer 230 is referenced, in use, to a second
reference potential different from the first reference potential, for example via inductors

Ls1, Ls2 and Ls3 and switching converter 251. The three-phase switching converter



WO 2017/060249 PCT/EP2016/073688

10

15

20

25

30

35

16

251, the control circuit 262, and the battery 255 have reference terminals electrically
connected to the second reference potential. The three-phase switching converter 251,
the control circuit 262, and the battery 255 are thus referenced to the second reference
potential. The second reference potential may be a local ground electrically
disconnected from the first reference potential. No electrical connection exists between
the primary of the grid transformer 230, circuitry electrically connected to the primary,
and the secondary of the grid transformer 230 and circuitry electrically connected to the
secondary. No direct or indirect electrical connection exists between the primary of the
grid transformer 230, circuitry electrically connected to the primary, and the secondary
of the grid transformer 230 and circuitry electrically connected to the secondary, even
via for example the first reference potential or second reference potential.

In the invention the secondary of the grid transformer 230 is not
electrically coupled to the battery 255 via an additional transformer. Differently from the
prior art, the secondary of the grid transformer 230 is not electrically coupled to the
battery 255 via an additional isolation transformer or high frequency transformer. No
further transformers are required as in the prior art power converter 100 described with
reference to FIG. 1. This simplifies the design of the power converter and reduces the
costs of manufacturing it. In the embodiment as shown in FIG. 2, the primary of the
transformer 230 is arranged in a delta configuration, or also commonly known as A
configuration and the secondary in a star configuration, or also commonly known as Y
configuration. The star configuration has a common connection point, i.e. the star point,
which is floating.

In other embodiments, not shown in the figures, other configurations of
the primary and the secondary are possible. The primary may be configured with a star
configuration. The secondary may be configured with a delta configuration. Any
combinations of delta or star configurations for the primary and secondary are possible.
If the primary is configured with a star configuration, the star point of the primary may
be electrically connected to the first electrical potential, i.e. to the earth. If the
secondary is configured with a star configuration is essential that the star point is
floating.

In another embodiment, the three-phase grid transformer of the invention
is not a standard grid distribution transformer of which only the secondary terminals are
accessible to the power converter manufacturer and secondary to primary winding
turns ratio cannot be customized. A standard grid transformer does not provide
electrical isolation for a power converter. In known battery charger 100 of FIG .1,
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electrical isolation between power grid network and the battery 155 is provided by
second high frequency transformer 140.

A standard distribution grid transformer commonly serves a multitude of users’
appliances, equipment. One of the users may provide either that the secondary of the
standard distribution grid transformer has the star point (the neutral connection of the
secondary) connected to the earth, or a direct electrical connection from the secondary
to the earth so that if electrical isolation between the appliances, equipment and the
grid network is present, this is lost. The three-phase power converter according to the
invention cannot use a standard distribution grid transformer because electrical
isolation between the battery and the grid network cannot be obtained by using a
standard distribution grid transformer. In known battery charger 100 of FIG. 1, current
between secondary and primary of transformer 135 would still circulate via the
reference potential.

The three-phase power converter 220 has the advantages of a three-
phase system, for example can be used for transferring higher power levels and
provide more stable dc power than single-phase system.

The switching converter 251 and the control circuit 262 may be implemented in any
manner suitable for the specific implementation.

For example FIG. 3 schematically shows a first example of a single-
phase power converter 235 according to an embodiment of the invention in which
exemplary implementations of a switching converter 258 and a control circuit 263 are
shown in details. The single-phase power converter 235 may be used for the first
phase of a three-phase power converter. Equivalent circuits and concepts applicable to
the single-phase power converter 235 may be used for the second phase and third
phase of a three-phase power converter.

The switching converter 258 may comprise at least two switches S1 and S2 arranged
in series between a reference terminal and the positive terminal of the battery. The at
least two switches S1 and S2 may have a common switch terminal electrically
connected to the first converter terminal 252 of the switching converter 258.
The at least two switches S1 and S2 are implemented as Metal-Oxide-Semiconductor
(MOS) switches which are controlled via control voltages Vctrl1 and Vctri2 at the
respective gates.

The control circuit 263 may comprise a measurement device 264 for measuring
the phase difference between the voltage signals Vs1 and Vc1 across the first series
inductor Ls1. The measurement device 264 may for example measure, for each

voltage Vs1 and Vc1, two successive time points at which the respective voltage signal
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becomes zero (the so-called zero-crossing point) and determine the time difference
between the two points. The first phase difference between the first time-periodical
power grid voltage signal Vs1 and the first converter time-periodical voltage signal V¢1
may be determined by taking the difference between the measured two time
differences.

The measurement device 264 may include a processor (not shown in FIG. 3) to
determine a time-periodical modulating signal Vm based on the measured first phase
difference. A clock generator (not shown in FIG. 3) may generate a carrier signal Vfs at
a predetermined switching frequency fs. FIG. 4 schematically shows the switching
control voltages versus time for the circuit of FIG. 3. As shown in FIG. 4, the carrier
signal Vfs may be a triangular periodical waveform having an oscillation frequency fs
(i.e. time-periodical with period 1/fs) higher than the frequency of oscillation (i.e. the
grid frequency, for example 50 or 60 Hz) of the modulating signal Vm. The carrier
signal Vfs may have a predetermined carrier amplitude and the modulating signal Vm a
modulating amplitude, both varying with time. The control circuit 264 may further
include a comparator 265 for comparing the modulating amplitude with the carrier
amplitude so as that the comparator 265 can output a first control voltage Vctrl1 for the
lower switch S1. The second control voltage Vctrl2 for the upper switch S2 can be
derived from the first control voltage Vctrl1 via for example an inverter. The lower and
upper switches S1 and S2 are alternatively switched each time the modulating
amplitude becomes higher or lower than the carrier amplitude. As shown in the
example of FIG. 4, the voltage control Vctr1 is triggered to a high level each time the
modulating amplitude becomes higher than the carrier amplitude, switching on the
lower switch S1 and switching off the upper switch S2, and triggered to a low level
each time the modulating amplitude becomes lower than the carrier amplitude
switching off the lower switch S1 and switching on the upper switch S2.

The zero-crossing point of the modulating signal Vm (as shown in Fig. 4) should
be set by the processor with respect to the measured zero-crossing point of the first
phase difference between Vs1 and Vc1. This relative zero-crossing time reference for
Vm, together with the value of its modulating amplitude, controls the switching of the
switching converter 258 such that the phase difference between the voltage signals
Vs1 and Vc1 (i.e. the angle 8 shown in the diagrams of FIG. 5 and FIG. 6) is in turns
controlled. This allows the control of active and reactive power by the power converter
235.

The switching converter 258 may be arranged to operate with a pulse-width-

modulated (PWM) switching scheme so that the control circuit 263 is configured to
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control the at least two switches with a time-periodical switching signal having a time-
varying duty cycle, an example of which it is shown at the bottom of FIG. 4.

The switching converter 258 may operate with any modulation scheme
suitable for the specific implementation. The modulation scheme may be a pulse
density modulation (PDM), for example the Pulse Width Modulation (PWM) described
above (wherein the frequency is substantially kept constant and a width of the pulse is
modulated), or a Pulse Frequency Modulation (wherein the pulse width is substantially
kept constant and the frequency is modulated).

It is noted that FIG. 3 shows an example of a single-phase half-bridge
converter. However, the power converter can be arranged in any suitable configuration.
For example, the power converter may be arranged as a full-bridge converter including
another pair of at two series switches for rectifying, when in charging mode, also the
negative cycle of the time-periodical voltage signals.

FIG. 5 shows a phasor diagram 300 for the currents and voltages indicated in
the power converter 220 and 235. The phasor diagram 300 relates to the first phase
time-periodical voltage signal Vs1. The phasor diagram 300 for the second and third
phase time-periodical voltage signals Vs2 and Vs3 of the power converter 220 can be
derived by applying the corresponding phase shift, e.g. 120 degree, to the phasors of
the diagram 300.

Assuming that the first primary signal voltage Vp1 is a sinusoidal ac voltage

signal with frequency fq.iq, the impedance offered by the series inductor Ls1 is
Xs1 = ZﬂfgridLs1 (1)

A first phase shift 8 between the secondary voltage signal Vs1 and the first
converter voltage signal Vc1, can be freely adjusted by the appropriate switching
pattern, an example of which is shown in FIG. 4.

The resulting phase shift between the first converter ac current signal Ic1 (or
the corresponding secondary current signal Is1) and the first power grid voltage signal
Vs1 is indicated with the angle ¢.

In case of sinusoidal pulse-width modulation, it is known that the relation
between the DC voltage of the converter Vo at the battery side and the first converter
voltage Vc1 is:

1 A
Ver = 7z Mg~ (2),
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where 0=m,<1 is the amplitude modulation index, i.e. the ratio between the
amplitudes of the modulating signal and the carrier signal as for example shown in FIG.
4. The frequency of the carrier signal determines the switching frequency fs of the
switching converter.

The power delivered to the battery is:
B, =V, (3),

The power P, calculated for the three-phase power converter and in terms

of the phasors shown in FIG. 5, becomes

P, = 375 5ing (4).

S1

Substituting equation (2) into equation (4),

_aVsimg _.
P, = 3—2ﬁX51 sin@ (5)

The power Py depends on the secondary ac power grid voltage Vs,, the
amplitude modulation index m,, the impedance Xg4 of the series inductor Lsy and the
the first phase difference 8. The first phase difference 8 may be the same phase-shift
as the phase shift between the modulating signal with respect to the (measured) zero-
crossings of the secondary power grid voltage signal Vg .

The power converter may be arranged such that the first converter time-
periodical current Ic1 has a predetermined phase shift ¢ with the first time-periodical
power grid voltage Vs;.

From the phasor diagram of FIG. 5 one can obtain the amplitude of the

vector current Ic4 and the value of the predetermined phase shift ¢ can be found as:

ICl = Xi\/(Vm sin 6)2 + (VSI cos @ — VCl)Z (6)’
S1
_ —1(Vsycos6-Vg
¢ = tan ( Vg1sin8 ) (7)

The power converter may be arranged to minimize power losses in the

power conversion process. This is equivalent to minimize the converter input time-
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periodical voltage Ic1 and results in a reduction of the reactive power circulating
through the switching converter.

Minimization of the power losses can be obtained by tuning the first time-
periodical power grid voltage Vsi and the amplitude modulation index m, to values for
which the first converter input time-periodical current I, is found to have a minimum for
a nominal desired output power P,"".

FIG. 6 shows an optimized phasor diagram 400 wherein the first converter input
current Ic4 is minimized as described in the following paragraph starting from equation
(6).

To determine a local minimum for equation (6), it is convenient to define

the quantity to minimize as:

a(mg,Vs1) = (Xsq Ic1)2 (8).

A minimization of equation (8) leads to a minimization of Icq. From
equation (4), sinf can be derived in function of the output current |,, the amplitude
modulation index m,, the reactance Xss and the time-periodical power grid voltage Vg
by substituting equation (2) and (3) into equation (4):

. P, X 2V2 X¢q1
sin@ = =2 251 _ ZV=2 25170 (9)_

3Ve1 Vs 3 mgVs;

Substitution of equations (2), (6) and (9) into equation (8) results in:

2

yom 22 ypom 2
a(mg,Vsq) = VS12 N \/V521m3 - (TXsﬂgwm) + ( 3z ) mg  (10),

where V;*°™ and I7°™ are the nominal voltage and nominal current delivered to the
battery 255, respectively.

In first instance, it is assumed to keep the value of the amplitude modulation index m,
constant in (10) such that (10) depends only on Vg,. By determining the first derivative
of (10) in function of Vg1 and equaling the first derivative to zero, we obtain:

nom 2
Yo Vsimg

V2 2
2v2
Vszlmfzz—(TXsﬂZwm)

da(mq,Vsq) _
e, 2Vs1

=0 (11)

The particular value Vs, solution for equation (11) is found to be:
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Vi1 (mg) = jmé (2’ +,,%5(¥X511£‘°m)2 (12).

By substituting (12) into (10), follows:

2

. yrom\2 1 722
a(mg, Vs (me) = m2 (2r) +7 (B2 Xealom) (13)

By calculating the first derivative of (13) and equaling the first derivative of
(13) to zero, a global minimum of equation (8) can be found. The first derivative of (13)

in function of the amplitude modulation index m, is

2

da(mg Vi (mg)) _ vaomyE 2 (22 om) _
metatned = oo (U ) — (B Xstllo™) =0 (14)

The particular value m, which is a solution of (14) is found to be:

16 Xpinom
”* Fig
a nom (15)
3 V]

By substituting (15) into equation (12), the global minimum for the nominal

output power P,,"" is found:

Vgmy) = (K (16)

By combining equations (9), (15) and (16) the particular phase difference 6’

for which the converter input current I is minimum can be found.
sing'=2 - 0= 1 (17)

The minimum converter input current Icq (or minimum secondary current ls,) is
in-phase with the first time-periodical power grid voltage Vs1, therefore also in phase
with the distribution grid voltage.

FIG. 6 shows that the first converter input current Ic4 and the secondary power
grid voltage Vg, are in phase. FIG. 6 shows also that the secondary power grid voltage
Vs; and the converter input voltage V¢ have a phase shift 8" equal to 45 degrees when
the converter input current is minimized. The minimum root mean square value of the

converter input current ls; can be derived from (13) and (15) to be
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O
Isi(mg) = [=52— (18)

The control circuit can thus be arranged to control the phase difference to a
value close to 45 degrees.
Equation (16) can be used to determine the wire winding turns ratio of the power grid
distribution transformer 230 in order to obtain the optimal secondary power grid voltage

for the nominal power P,,"™ delivered to the battery:

Y 1) Ll i
Tiodo N3 (19)

Npy  Vpy Vpi1

where Vpq is the first primary power grid voltage at the primary side of the power
grid distribution transformer 230.

The first reactance Xs1 of the first series inductor Ls1 is selected based on the
selected winding turns ratio at a desired power.
In order to obtain the desired power transferred to the battery, the first reactance Xs1
may be selected such that the winding turns ratio is equivalent to the ratio of the root
mean square of the transferred desired power P, multiplied by the selected first
reactance Xs1 and divided by three, to the first primary time-periodical power grid
voltage signal Vp1. This ratio provides a power transfer with minimal power losses.

Since the winding turns ratio of power grid transformer 230 can be
selected by the power converter manufacturer with the procedure explained above
according to equation (19), power transfer from the grid network to the battery can be
optimized with only two conversion stages.

On the contrary, since the winding turns ratio of the standard grid
transformer 135 of FIG. 1 is a standard one and cannot be selected by the
manufacturer, in known battery charger 100, optimal power transfer from the grid
network to the battery can be achieved only via a chain of many conversion stages
120, 130, 140 and 150.

FIG. 7 schematically shows a circuit diagram of a second example of a three-
phase power converter 500 according to another embodiment of the invention.

The power converter 500 differs from the power converter 220 in that it includes
a switching converter 550 and filtering circuitry 520 arranged in series between the
three terminals 512 of the power grid distribution transformer 230 and first terminals
514 of the series inductors Ls1, Ls2, and Ls3. The switching converter 550 is

implemented with Metal-Oxide-Semiconductor Field Effect Transistors (MOS) switches
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S3-88 controlled by control voltages CtrI3-Ctrl8 as a three-phase full wave bridge or full
converter topology. The switching converter 550 comprises a control circuit 570. The
switching converter 550 may operate with the same principles of operation described
with reference to Figures 3 and 4 for the power converter 235, wherein the voltage
controls for each series branch of switches are the same but phase-shifted of 120
degrees between each other.

Filtering circuitry 520 may comprise shunt capacitors C2 (or a single capacitor
in single phase chargers). The shunt capacitors C2 have first capacitor terminals
coupled between the output terminals 512 of the power grid distribution transformer
230 and inductor terminals 514, and second capacitor terminals for coupled to a
reference potential.

The control circuit 570, three-phase switching converter 550 and filtering
circuitry 520 are referenced, in use, to a second reference potential different from the
first reference potential to which the power grid voltage source 207 is referenced.

The shunt capacitors C2 may be coupled to the second reference potential , for
example a local ground different from the earth to which the power grid voltage source
207 is connected, via respective resistors R2. The resistors R2 may be used to damp
any oscillation generated in the filtering circuit 520. Alternatively to the passive
damping, active damping may be used. These techniques are known to the skilled
person and herein are not described.

Additionally to the capacitor C2 and the resistors R2, the filtering circuitry 520
may comprise second series inductors L2s arranged in series between the output
terminals 512 of the power grid distribution transformer 230 and inductor terminals 514
of the first series inductors Ls1, Ls2 and Ls3.

Alternatively to the use of dedicated series filter inductors L2s, parasitic series
inductors of the power grid transformer 230 may be used, thereby saving the cost of
extra added components.

The filtering circuitry 520 may thus be implemented as an LC filter with first
series inductors L2s and shunt capacitor C2 to reduce amplitude of harmonic
components generated by switching of the switching converter 550. Reduction of the
amplitude of the harmonic components may for example be specified by the grid
operator.

The first series inductors Ls1, Ls2 and Ls3 may be designed as explained
through equations (1) to (19) to optimize power transfer between the power grid

distribution transformer and the switching converter. The first series inductors Ls may
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additionally be designed to suppress harmonic components generated in the switching
converter.

However, by implementing a separate filter 520, requirements on the first series
inductors Ls1, Ls2 and Ls3 may be relaxed from the filtering requirements, thereby the
first series inductors Ls may be designed to be smaller and for optimal power transfer
only.

FIG. 8 schematically shows an example of a power converter system
600. The power converter system 600 comprises any of the power converters 220,
235 or 500 shown with reference to the FIG. 2, FIG. 3, or FIG. 7, respectively. The
power converter system 600 comprises a charger connector 605. The charger
connector 605 is electrically coupled to the further converter terminal of the switching
converter (not shown in FIG. 8) and mechanically connectable to a vehicle connector
610 electrically coupled to terminals of a battery 655 of the vehicle 620 for electrically
coupling the converter output to the battery 655 and charging the battery via the output
power.

The vehicle 620 may be any type of plug-in electric or hybrid vehicle, for
example a passenger vehicle, a commercial vehicle, a car, a bus, a truck, a van, or the
like. The vehicle power converter system 600 may be installed in charging stations
where the vehicle 620 temporarily stops for charging the battery 655.

The power converter 220, 235 or 500 may for example comprise all
components shown in the FIG. 2, FIG. 3, or FIG. 7 including the power grid distribution
transformer. Alternatively, the power grid distribution transformer may be located
outside the power converter 220, 235 or 500.

In FIG. 8, the power converter 220, 235 or 500 is shown to be outside
the vehicle 620, i.e. to be an off-vehicle power converter. Alternatively, only the power
grid distribution transformer may an off-vehicle component while the switching
converter, and/or the series inductors Ls and/or the filtering circuitry 520 described with
reference to FIG. 7 may be located inside the vehicles.

The vehicle connector 610 may be mounted on a pantograph system on
top of the vehicle 620 such that when the vehicle is driving the pantograph is tilted
down on the top of the vehicle 620 and when the vehicle is charging the battery 655 the
pantograph is tilted up to contact the charger connector 605.

However, other types of power converter system and vehicle connectors
are possible. The vehicle connector may be of a socket type connector wherein the
charger connector 605, for example a plug, may be inserted. The power converter

system 600 may thus look more similar to a gas pump station having in the charger



10

15

20

25

30

35

WO 2017/060249 PCT/EP2016/073688

26

system an extension electrical cable connecting the plug to the power converter and
suitable for connecting the socket connector in the vehicle.

The power converters 220, 235, 500 and the power converter system
600 have been described with respect to their battery charging function. It is to be
noted however that any of power converters 220, 235 or 500 or power converter
system 600 may be arranged to deliver power to the grid by inverting a direction of the
current in the battery. The power converters 220, 235, 500 may be thus bidirectional,
i.e. delivering power to the battery when the battery is not fully charged or delivering
battery to the grid when the battery is fully charged or when the battery of the vehicle is
sufficiently charged for the next riding. This can be done by controlling the magnitude
and the phase of the first converter time-periodical voltage signal Vc1 with respect to
the first time-periodical power grid voltage signal Vs1 (for each phase) such that the
first converter time-periodical current signal Ic1 has inverted phase compared to the
case when the power converter is in charging mode and thus power can flow from the
battery to the grid network. In this case the power converter is operating as an inverter.
For inverter operation, the battery voltage may be greater than the peak amplitude of
the time-periodical power grid voltage Vs or at least be greater for some cycles during
switching of the switching converter.

Bidirectional chargers may allow for discharging of the vehicle batteries
into the grid for service purposes. Bidirectional chargers may also increase stability of
the grid by providing power to the grid when possible.

It should be noted that the above-mentioned embodiments illustrate
rather than limit the invention, and that those skilled in the art will be able to design
many alternative embodiments.

For example, the switching converters 258 and 550 are implemented with
Metal-Oxide-Semiconductor Field Effect Transitsors (MOS) switches S3-S9.

However, other type of switching elements may be used, for example Metal-
Semiconductor Field Effect Transistors (MESFET's), Junction-Field Effect Transistors
(J-FET’s), Bipolar transistors (BJT’s), Insulated-gate bipolar transistor (IGBT’s) or
thyristors. Also different converter topologies suitable for the specific implementation
may be used: for example, single phase or three-phase half-bridge converters, single
phase full converters, single phase or three-phase boost or buck converters etc.

In the claims, any reference signs placed between parentheses shall not
be construed as limiting the claim. Use of the verb "comprise” and its conjugations
does not exclude the presence of elements or steps other than those stated in a claim.

The article "a" or "an" preceding an element does not exclude the presence of a
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plurality of such elements. The invention may be implemented by means of hardware
comprising several distinct elements, and by means of a suitably programmed
computer. In the device claim enumerating several means, several of these means may
be embodied by one and the same item of hardware. The mere fact that certain
measures are recited in mutually different dependent claims does not indicate that a

combination of these measures cannot be used to advantage.

Examples of a power converter, a three-phase power converter and a power converter

system are defined in the following numbered clauses:

1. A power converter (200) for converting power between a first time-periodical power
grid voltage signal (Vs1) of a power grid network at a grid frequency and a battery
(255), comprising

a switching converter (250) comprising

a first converter terminal (252) for transferring power between the power
grid network and the switching converter (250),

a further converter terminal (256) for coupling to a positive terminal of the
battery,

a first series inductor (Ls1) having a first inductor terminal for electrically
coupling to a grid terminal, the grid terminal being coupled to the time-periodical power
grid voltage signal (Vs1) for providing a first converter time-periodical current signal
(Ic1), and another first inductor terminal for electrically coupling to the first converter
terminal (252) for providing a first converter time-periodical voltage signal (V¢1), and

a control circuit (260) configured for controlling a first phase difference between
the first time periodical power grid voltage signal (Vs1) and the first converter time
periodical voltage signal (Vc1) by switching the switching converter such that a first
voltage phase of the time-periodical power grid voltage signal (Vs1) with respect to a
first current phase of the first converter time-periodical current (Ic1) is controlled for
reducing power losses when the power is converted, wherein

the power converter is arranged to cooperate with a grid transformer (210) for
providing the first time-periodical power grid voltage signal (Vs1) from a primary first
time-periodical power grid voltage signal (Vp1), and the grid transformer is arranged to

have a first selected secondary to primary winding turns ratio.

2. A power converter (200) according to clause 1, wherein the control circuit (260) is

configured for controlling the first phase difference such that the first time-periodical
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power grid voltage signal (Vs1) and the first converter time-periodical current (Ic1) are

in phase.

3. A power converter (200) according to any of the preceding clauses, wherein the
control circuit is electrically coupled to the first inductor terminal and the other first

inductor terminal, for measuring the first phase difference.

4. A power converter (200) according to any of the preceding clauses, wherein a first
reactance of the first series inductor is selected based on the selected winding turns

ratio of the grid transformer at a desired power.

5. A power converter according to clause 4, wherein the first reactance is selected such
that the winding turns ratio is equivalent to the ratio of

the root mean square of the transferred desired nominal power (P,)
multiplied by the selected reactance and divided by three, to the first primary time-

periodical power grid voltage signal (Vp1).

6. A power converter according to any of the preceding clauses, wherein the control
circuit is configured for controlling the first phase difference to a value close to 45

degrees.

7. A power converter (230) according to any of the preceding clauses, wherein the
switching converter (252) comprises at least two switches (S1; S2) arranged in series
between a reference terminal and the positive terminal of the battery and having a

common switch terminal electrically connected to the first terminal.

8. A power converter (230) according to clause 7, wherein the control circuit is
configured for switching the switching converter based on a comparison between a
time-periodical carrier signal at a predetermined switching frequency and a first time-

periodical modulating signal at the grid frequency.

9. A power converter (230) according to clause 8, wherein the time-periodical
modulating signal has a modulating amplitude and the time-periodical carrier signal has
a carrier amplitude, and wherein the control circuit (263) is configured for comparing

the modulating amplitude with the carrier amplitude and alternatively switching the at
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least two switches each time the modulating amplitude becomes higher or lower than

the carrier amplitude.

10. A power converter according to any one of the preceding clauses, further
comprising a shunt capacitor having a first capacitor terminal coupled to the first
inductor terminal and a second capacitor terminal for coupling to a reference potential
for attenuating harmonic components generated by switching of the switching

converter.

11. A power converter according to clause 10, further comprising a second series
inductor (L2s) arranged in series with first series inductor (Ls) between the grid terminal

and the first inductor terminal (514).

12. A power converter according to clause 10 or 11, wherein the second capacitor
terminal is coupled to the reference terminal via a resistor for damping parasitic

oscillations.

13. A power converter according to any preceding clauses, wherein

the power converter is a three-phase power converter, the switching
converter is a three-phase switching converter, for converting power between the first
time-periodical power grid voltage signal for a first phase, a second time-periodical
power grid voltage signal for a second phase, a third time-periodical power grid voltage
signal for a third phase, and a battery (255), and the grid transformer is a three-phase
grid transformer for providing the first time-periodical power grid voltage signal (Vs1)
from the primary first time-periodical power grid voltage signal (Vp1), the second time-
periodical power grid voltage signal (Vs2) from a primary second time-periodical power
grid voltage signal (Vp2) and the third time-periodical power grid voltage signal (Vs3)
from a primary third time-periodical power grid voltage signal (Vp3), wherein

the three-phase switching converter comprises the first converter
terminal for the first phase, a second converter terminal for the second phase and a
third converter terminal for the third phase, wherein
the three-phase power converter further comprises

a second series inductor (Ls2) having a second inductor terminal for
coupling to the second grid terminal being coupled to the second time-periodical power

grid voltage signal (Vs2) for providing a second converter time-periodical current signal
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(Ic2) and another second inductor terminal for coupling to the second converter
terminal for providing a second converter time-periodical voltage signals (Vc2),

a third series inductor (Ls3) having a third inductor terminal for coupling
to the third grid terminal being coupled to the third time-periodical power grid voltage
signal (Vs3) for providing a third converter time-periodical current signal (Ic3) and
another third inductor terminal for coupling to the third converter terminal for providing a
third converter time-periodical voltage signal (Vc3), wherein

the control circuit (262) is configured for controlling

a second phase difference between the second time-periodical power
grid voltage signal (Vs2) and the second converter time-periodical voltage signal (Vc2)
by switching the switching converter such that a second voltage phase of the second
time-periodical power grid voltage signal (Vs2) with respect to a second current phase
of the second converter time-periodical current signal (Ic2) is controlled for reducing
power losses when a second phase power is converted, and

a third phase difference between the third time-periodical power grid
voltage signal (Vs3) and the third converter time-periodical voltage signal (Vc3) by
switching the switching converter (251) such that a third voltage phase of the third time-
periodical power grid voltage signal (Vs3) with respect to a third current phase of the
third converter time-periodical current signal (Ic3) is controlled for reducing power
losses when a third phase power is converted, and wherein

the three-phase power converter is arranged to cooperate with the three-phase
grid transformer (210), and the grid transformer is arranged to have a second selected
secondary to primary winding turns ratio for the second phase and a third selected

secondary to primary winding turns ration for the third phase.

14. A power converter system, comprising the power converter according to any of the
clauses 1 to 12 and a single phase grid transformer or the three-phase power converter
according to clause 13, and a three-phase grid transformer for providing the second
time-periodical power grid voltage signal (Vs1), the second time-periodical power grid
voltage signal (Vs2) and the third time-periodical power grid voltage signal (Vs3),

respectively.

15. A power converter system according to clause 14, comprising a charger connector
electrically coupled to the further converter terminal of the switching converter and
mechanically connectable to a vehicle connector, the vehicle connector for coupling to

the positive terminal of the battery of the vehicle such that when the charger connector
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is connected to the vehicle connector, the further converter terminal is coupled to the
battery for charging the battery from the grid network or transferring power from the

battery to the grid network.
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CLAIMS

1. A three-phase power converter (220) for converting power between a power grid
network and a battery (255), the three-phase power converter comprising

a three-phase switching converter (251) comprising

a first converter terminal (252) for the first phase, a second converter
terminal (253) for the second phase and a third converter terminal (254) for the third
phase for transferring power between the power grid network and the switching
converter (251), and a further converter terminal (256) for coupling to a positive
terminal of the battery,

a first series inductor (Ls1) having a first inductor terminal for electrically
coupling to a first grid terminal, the first grid terminal being coupled to a first time-
periodical power grid voltage signal (Vs1) for providing a first converter time-periodical
current signal (Ic1) and another first inductor terminal for electrically coupling to the first
converter terminal (252) for providing a first converter time-periodical voltage signal
(Vel),

a second series inductor (Ls2) having a second inductor terminal for electrically
coupling to a second grid terminal (241) being electrically coupled to a second time-
periodical power grid voltage signal (Vs2) for providing a second converter time-
periodical current signal (Ic2) and another second inductor terminal for electrically
coupling to the second converter terminal (253) for providing a second converter time-
periodical voltage signals (Vc2),

a third series inductor (Ls3) having a third inductor terminal for electrically
coupling to a third grid terminal (242) being electrically coupled to a third time-
periodical power grid voltage signal (Vs3) for providing a third converter time-periodical
current signal (Ic3) and another third inductor terminal for electrically coupling to the
third converter terminal (254) for providing a third converter time-periodical voltage
signal (Vc3), and

a control circuit (262) configured for controlling

a first phase difference between the first time periodical power grid
voltage signal (Vs1) and the first converter time periodical voltage signal (Vc1) by
switching the switching converter such that the first time-periodical power grid voltage
signal (Vs1) and the first converter time-periodical current (Ic1) are in phase,

a second phase difference between the second time-periodical power
grid voltage signal (Vs2) and the second converter time-periodical voltage signal (Vc2)

by switching the switching converter such that the second time-periodical power grid
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voltage signal (Vs2) and the second converter time-periodical current signal (I1s2) are in
phase, and
a third phase difference between the third time-periodical power grid

voltage signal (Vs3) and the third converter time-periodical voltage signal (Vc3) by
switching the switching converter (251) such that the third time-periodical power grid
voltage signal (Vs3) and the third converter time-periodical current signal (Is3) are in
phase, and

a three-phase grid transformer (230) for providing electrical isolation between
the battery (255) and the grid network, the three-phase grid transformer (230) having a
primary and a secondary for providing the first time-periodical power grid voltage signal
(Vs1) from a primary first time-periodical power grid voltage signal (Vp1), the second
time-periodical power grid voltage signal (Vs2) from a primary second time-periodical
power grid voltage signal (Vp2), the third time-periodical power grid voltage signal
(Vs3) from a primary third time-periodical power grid voltage signal (Vp3), wherein

the primary first time-periodical power grid voltage signal (Vp1), the primary
second time-periodical power grid voltage signal (Vp2) and the primary third time-
periodical power grid voltage signal (Vp3) are referenced, in use, to a first reference
potential, and

the three-phase switching converter (251; 550), the control circuit (262), the
battery and the secondary of the three-phase grid transformer (230) are referenced, in

use, to a second reference potential different from the first reference potential.

2. A power converter (220) according to claim 1, wherein the control circuit (262) is
electrically coupled to the first, second and third inductor terminals and the other first,
second and third inductor terminals, for measuring the first, second and third phase

differences.

3. A power converter (220) according to any of the preceding claims, wherein the
reactance of each series inductor (Ls1; Ls2; Ls3) is selected based on a selected
winding turns ratio of the secondary to the primary of the three-phase grid transformer

at a desired power.

4. A power converter according to claim 3, wherein the reactance of a series inductor is

selected such that the winding turns ratio is equivalent to the ratio of
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the root mean square of the transferred desired nominal power (P,)
multiplied by the selected reactance and divided by three, to the first, second or third

primary time-periodical power grid voltage signal (Vp1; Vp2; Vp3).

5. A power converter according to any of the preceding claims, wherein the control
circuit is configured for controlling the first phase difference, the second phase

difference and the third phase difference to a value close to 45 degrees.

6. A power converter (235) according to any of the preceding claims, wherein the
switching converter (258) comprises, for each phase, at least two switches (S1; S2)
arranged in series between a reference terminal and the positive terminal of the battery
and having a common switch terminal electrically connected to the first converter

terminal, second converter terminal and third converter terminal, respectively.

7. A power converter (235) according to claim 6, wherein the control circuit (263) is
configured for switching the switching converter based on a comparison between a
time-periodical carrier signal at a predetermined switching frequency and a time-

periodical modulating signal at the grid frequency for each phase.

8. A power converter (235) according to claim 7, wherein the time-periodical modulating
signal has a modulating amplitude and the time-periodical carrier signal has a carrier
amplitude, and wherein the control circuit (263) is configured for comparing the
modulating amplitude with the carrier amplitude and alternatively switching the at least
two switches (S1; S2) each time the modulating amplitude becomes higher or lower

than the carrier amplitude.

9. A power converter (500) according to any one of the preceding claims, further
comprising a shunt capacitor (C2) for each phase having a capacitor terminal coupled
to the corresponding inductor terminal and a further capacitor terminal for coupling to
the second reference potential for attenuating harmonic components generated by

switching of the switching converter (550).

10. A power converter (500) according to claim 9, further comprising a further series
inductor (L2s) for each phase arranged in series with the corresponding series inductor
(Ls1; Ls2; Ls3) between the grid terminals (512) and the corresponding inductor
terminals (514).
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11. A power converter (500) according to claim 9 or 10, wherein each further capacitor
terminal is electrically coupled to the second reference potential via a corresponding

resistor (R2) for damping parasitic oscillations.

12. A power converter system (600), comprising the power converter (220, 235, 500)
according to any of claims 1 to 11, a charger connector (605) electrically coupled to the
further converter terminal of the switching converter and mechanically connectable to a
vehicle connector, the vehicle connector for coupling to the positive terminal of the
battery (655) of the vehicle (620) such that when the charger connector (605) is
electrically connected to the vehicle connector, the further converter terminal is coupled
to the battery (655) for charging the battery (655) from the grid network or transferring

power from the battery to the grid network.
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