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FIG 1

(57) Abstract: Electrical converter for converting between an AC signal having at least three phases and a DC signal, comprising at
least three phase terminals, a first DC terminal and a second DC terminal, a first converter stage operable to convert between an AC
current at the at least three phase terminals and a first DC current at the first and second intermediate nodes (p, n), a second converter
stage operable to convert between a first DC signal at third and fourth intermediate nodes (q, 1) and a second DC signal at the first and
second DC terminals, a first filter stage comprising a capacitor network (Cjy) having a star-point (k), a DC link connecting the first
intermediate node (p) to the third intermediate node (q) and the second intermediate node (n) to the fourth intermediate node (r). The
second converter stage comprises a middle voltage node (m) between the first and
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second DC terminals and a boost circuit having a midpoint node (s) at the same electrical potential as the middle voltage node (m).
The DC link comprises a common mode filter, the common mode filter comprising a common mode capacitor (Ccng ) connecting the
middle voltage node (m) to the star- point (k).
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Electrical power converter

Technical field
[0001] The present invention is related to electrical converters allowing to
convert between a three phase AC signal and a DC signal. The electrical converter

comprises an AC/DC stage and a DC/DC stage.

Background art

[0002] High power and high efficiency battery chargers, enabling fast
charging of electric vehicles (EVs), are of crucial importance for a fast growth of the EV
market. Moreover, in case EV batteries serve as distributed energy storage elements to
support the grid operation, EV chargers must allow bidirectional power conversion. The
AC/DC front-end is a main element of an EV battery charging system, and must cover
a wide output voltage range to adapt to different battery voltages.

[0003] Three-phase buck-boost rectifiers are known. The buck-boost
topology is simply a buck rectifier with a boost-stage added at the output end of the
inductor, as illustrated in Fig. 6.5 in [3]. The two input switches rectify the AC line into a
switched voltage, converted next into a DC current by the high-frequency inductor. The
output switch then feeds this current into the load.

[0004] In [4], a three-phase buck-boost current source inverter is
described, comprising a buck-type DC/DC converter input stage and a boost-type
three-phase current DC-link inverter output stage. The current source inverter is
implemented with two different modulation schemes, namely conventional pulse-width
modulation and two-third pulse-width modulation (2/3-PWM). The 2/3-PWM reduces
conduction and switching losses and can be applied in a subset of the buck-mode
operation region. In the remainder of the buck-mode operation region, conventional
PWM (3/3-PWM) and 2/3-PWM are alternated depending on the instantaneous value
of the output voltage.

[0005] References:

[1]1 C. A. Bendall and W. A. Peterson, An EV On-Board Battery Charger, in Proc. of the
IEEE Applied Power Electronics Conference and Exposition (APEC), San Jose, CA,
USA, 1996.

[2] US 2012/0286740, S. Loudot, B. Briane, O. Ploix, and A. Villeneuve, Fast Charging
Device for an Electric Vehicle.

[3] K. D. T. Ngo, Topology and Analysis in PWM Inversion, Rectification, and

Cycloconversion, Ph.D. dissertation, California Institute of Technology, May 1984.
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[4] M. Guacci, D. Zhang, M. Tatic, D. Bortis, J. W. Kolar, Y. Kinoshita, H. Ishida, Three-
Phase Two-Third-PWM Buck-Boost Current Source Inverter System Employing Dual-
Gate Monolithic Bidirectional GaN e-FETs, CPSS Transactions on Power Electronics
and Applications, vol. 4, no. 4, pp. 339-354, December 2019.

[5] M. Baumann, J. W. Kolar, A Novel Control Concept for Reliable Operation of a
Three-Phase Three-Switch Buck-Type Unity-Power-Factor Rectifier With Integrated
Boost Output Stage Under Heavily Unbalanced Mains Condition, /IEEE Transactions on
Industrial Electronics, vol. 52, no. 2, pp. 399-409, April 2005.

[6] Q. Lei, B. Wang, and F. Z. Peng, Unified Space Vector PWM Control for Current
Source Inverter, in Proc. of the IEEE Energy Conversion Congress and Exposition
(ECCE USA), Raleigh, NC, USA, 2012.

[7]1 D. Menzi, D. Bortis, J. W. Kolar, Three-Phase Two-Phase-Clamped Boost-Buck
Unity Power Factor Rectifier Employing Novel Variable DC Link Voltage Input Current
Control, Proceedings of the 2" IEEE International Power Electronics and Application
Conference and Exposition (PEAC), Shenzhen, China, November 4-7, 2018.

[8] CH 698490, J. W. Kolar, Vorrichtung zur Regelung der Teilausgangsspannungen

eines Dreipunkt-Hochsetzstellers.

Summary of the invention

[0006] There is a need in the art to provide a buck-boost electrical
converter of the above described kind, allowing an extended converter output voltage
range. There is a need in the art to provide such an electrical converter allowing
improved suppression of noise at the DC-side.

[0007] According to a first aspect of the invention, there is therefore
provided an electrical converter as set out in the appended claims.

[0008] An electrical converter according to the invention comprises at
least three phase terminals, a first DC terminal and a second DC terminal, a first
converter stage and a second converter stage, and a DC link connecting the first and
second converter stages.

[0009] The first converter stage is operably coupled to the at least three
phase terminals and comprises a first intermediate node and a second intermediate
node, wherein the converter stage is operable to convert between an AC current at the
at least three phase terminals and a first DC current at the first and second
intermediate nodes. The first converter stage is advantageously implemented as a
buck-type bridge converter, advantageously as a current-source converter, in particular

a (bidirectional) current-source rectifier.
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[0010] The second converter stage is operably coupled to the first DC
terminal and the second DC terminal and comprises a third intermediate node and a
fourth intermediate node. The second converter stage is operable to convert between a
first DC signal, preferably a current signal, at the third and fourth intermediate nodes
and a second DC signal, preferably a voltage signal, at the first and second DC
terminals, wherein the second converter stage comprises a middle voltage node
between the first and second DC terminals. The second converter stage is
advantageously implemented as, or comprises, a boost circuit, in particular comprising
a first boost circuit and a second boost circuit series stacked between the first DC
terminal and the second DC terminal. The second converter stage, e.g. the boost
circuit comprises a plurality of first (active) switches series connected between the third
intermediate node and the fourth intermediate node. By way of example, the first boost
circuit comprises at least a first one of the first switches and the second boost circuit
comprises at least a second one of the first switches. Advantageously, the middle
voltage node is or acts as a common node of the first and second boost circuits, e.g.
the middle voltage node and the common node (midpoint) of the first and second boost
circuits are coincident or connected, e.g. through a direct link, so as to be at a same
electrical potential. Either one, or both the first boost circuit and the second boost
circuit can be a multi-level boost circuit comprising at least three voltage nodes.

[0011] The DC link connects the first intermediate node to the third
intermediate node, and the second intermediate node to the fourth intermediate node.
The electrical converter further comprises a first filter stage comprising a capacitor
network operably coupled to each of the three phase terminals, wherein the capacitor
network comprises a star-point. The DC link comprises a common mode filter, the
common mode filter comprising a common mode capacitor connecting the middle
voltage node to the star-point. Advantageously, the common mode filter comprises a
common mode filter choke operably coupled to the first intermediate node and the
second intermediate node, the third intermediate node and the fourth intermediate
node. Advantageously, the DC link comprises at least one differential mode inductor
operably coupled to the first intermediate node and the third intermediate node and/or
operably coupled to the second intermediate node and the fourth intermediate node.
[0012] The electrical converter topology according to the present
invention combines one or more of the following advantages. First, a three-level
second converter stage is employed to extend the converter output voltage range
without compromising its performance, but instead reducing the occurring switching

losses and/or minimizing the number of magnetic components and the size of the DC-
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link inductor. Second, a novel integrated common mode (CM) filter is applied to

suppress the CM noise at the DC-side.

[0013] Advantageously, the control structure is capable to seamlessly
transition between conventional 3/3-PWM and 2/3-PWM [6].
[0014] As an advantage, the electrical converter according to aspects of

the invention can be implemented with a control structure as discussed in this
document capable to automatically select the optimal operating modes for different
output voltage values. Compared to the conventional voltage source approach, the
converter system introduced herein offers several advantages, i.e. a reduction of
switching losses enabled by a variable DC-link current control strategy (synergetic
control) and by a sinusoidally varying switched voltage.

[0015] Accordingly, in one advantageous aspect, the present disclosure
provides a three-phase current DC-link split-output buck-three-level-boost AC/DC
converter, formed by a three-phase buck-type current source rectifier (CSR)-stage and
a subsequent boost-type DC/DC-stage. This power converter is advantageously
bidirectional and can operate under non-ideal three-phase mains conditions, e.g., in
case of harmonics distortion, over- or under-voltage events, voltage dips and phase
voltage interruptions. Moreover, both stages are advantageously operated
synergetically to provide a wide output voltage range. Electrical converters according to
the invention are as well applicable in non-isolated on-board chargers protected by an
on-board ground fault circuit interrupter [1]. In this case, the switches of the traction
inverter and the stator coils of the motor, already present on-board of the EV, can be
used as DC/DC-stage and DC-link inductor, respectively, aiming for a compact and
low-cost solution [2].

[0016] Furthermore, this invention can also be applied to other areas
requiring a three-phase AC/DC PFC rectifier front-end either for providing a widely
adjustable DC output/load voltage from a constant three-phase mains or for providing a
constant DC output voltage despite a large tolerance of the mains voltage. An example
for the latter case would be datacenter power supplies, which (besides wide input
voltage range) should feature continuous power supply and sinusoidal input current
also in case of a mains phase loss which is possible due to the boost output stage of
the proposed system. Moreover, the system could be employed for supplying a non-
isolated converter stage supplying a single-side grounded load, as frequently given for
envelope tracking power supplies of linear amplifiers, e.g. used for testing purposes.
[0017] Finally, it should be highlighted, that actually two individually

controlled DC outputs are generated, which could be different in reference voltage
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values and power delivery to the individual loads, i.e. the total power taken from the
three-phase can be freely distributed to the two outputs. Accordingly, e.g. two isolated
DC/DC load converters could be supplied from the two DC outputs, which would allow
a design with power semiconductors of lower voltage rating and the utilization of
transformers with lower turns ratio in case a low output voltage needs to be generated
like for telecom applications.

[0018] According to a second aspect of the disclosure, there is provided
an electric motor drive system as set out in the appended claims.

[0019] According to a third aspect of the disclosure, there is provided a
battery charging system as set out in the appended claims.

[0020] According to a fourth aspect of the disclosure, there is provided a
method of converting between an AC signal having at least three phases at three or
more phase nodes and a DC signal at a high node and a low node. The method
comprises switching by pulse width modulation between the at least three phase nodes
and the high node and the low node to obtain a switched voltage signal across the high
node and low node. A period of the switched voltage signal comprises a zero voltage
level portion obtained by connecting the phase node having a smallest absolute
instantaneous voltage value of the at least three phases of the AC signal to both the
high node and the low node. The method reduces the common mode noise generated
by the PWM switching without increasing switching losses or degrading a differential
mode performance. Advantageously, the switched voltage signal comprises a second
voltage level portion obtained by connecting the phase node having the highest
instantaneous voltage value of the at least three phases of the AC signal to the high
node, and connecting the phase node having the lowest instantaneous voltage value of
the at least three phases of the AC signal to the low node. Advantageously, the
switched voltage signal comprises a third voltage level portion obtained by connecting
the phase node having the smallest absolute instantaneous voltage value to the high
node, and connecting the phase node having the lowest instantaneous voltage value of
the at least three phases of the AC signal to the low node, or vice versa.

[0021] According to a fifth aspect of the disclosure, there is provided a
method of converting between an AC signal having at least three phases at three or
more phase nodes and a DC signal at a high node and a low node. The method
comprises switching by pulse width modulation between the at least three phase nodes
and the high node and the low node to convert between the AC signal and the DC
signal. The switching comprises switching between active states in which a connection

is made between two of the at least three phases and the high node and the low node
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and zero states in which the high node and the low node are short circuited, in
particular in which both high and low node are both connected to only one of the at
least three phases. At least one, preferably all the zero states are obtained by
connecting a phase of the at least three phases of the AC signal having a smallest
absolute instantaneous voltage value to the high and low nodes.

[0022] The fourth and fifth aspects described above can be provided
independently of the first to third aspects, or in combination. In particular, the fourth and
fifth aspects can be implemented in the electrical converter according to the first

aspect.

Brief description of the figures

[0023] Aspects of the disclosure will now be described in more detail with
reference to the appended drawings, wherein same reference numerals illustrate same
features and wherein:

[0024] Figure 1 represents a schematic of an exemplary embodiment of
an electrical converter according to the invention implemented as a three-level (3-L)
three phase (3-®) buck-boost (bB) current DC-link AC/DC converter system. To filter
the common mode (CM) noise at the DC output port, the artificial 3-® neutral point k
and the DC midpoint m are connected through a CM filter capacitor Ccm.

[0025] Figure 2 represents Operating regions of the proposed 3-L 3-® bB
current DC-link AC/DC converter system of Fig. 1. Depending on the required output
voltage Vou, different operating modes, i.e. Buck-Mode, Transition-Mode, and Boost-
Mode (#1 or #2), are applied in order to minimize the switching and conduction losses,
and reduce the CM noise emission. Different colour intensity indicate different output
power levels.

[0026] Figure 3a-d represent simulated waveforms of the converter of
Fig. 1 operating in Buck-Mode with a capacitive return connection. In particular, in Fig.
3a the three-phase mains voltages va, v, and v, in Fig. 3b the three-phase mains
currents ia, ib, and i, the DC-link currents ipcp and ioc,n and the CM current on the return
connection icu, in Fig. 3c the output voltage v, and the output capacitor voltages Veoutp
and Veoutn, and in Fig. 3d the three-phase mains line-to-line voltages vab, Vie, and vea are
shown.

[0027] Figure 4 represents differential mode (DM) voltages in Buck-Mode
operation over one 60°-wide sector of the mains period defined by the three-phase
mains currents, i.e. in this sector phase ¢ has the minimum current value. In particular,
Vpn is @ switched waveform alternately assuming the values of two line-to-line voltages

Vac @and wyc during the active states, and of OV during the zero state, and vy is equal to
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Vout. The graphs in the upper part offer a zoomed view of typical voltage waveforms
within a switching period.

[0028] Figure 5a represents the CM voltage of the converter of Fig. 1
operating in the Buck-Mode according to an aspect of the invention, with the capacitive
return connection as described in the present disclosure.

[0029] Figure 5b represents the CM voltage of a converter as in Fig. 1
operating in Buck-Mode as described herein without the return connection that is
contemplated in the present disclosure (the white dotted line indicates the local
average value (within one pulse period) of the switched voltage waveform vcu).

[0030] Figure 6 represents common mode (CM) voltages in Buck-mode
operation of the converter of Fig. 1 over one 60°-wide sector of the mains period
defined by the three-phase mains currents, i.e. in this sector phase ¢ has the minimum
current value. specifically, the CM voltage generated by the CSR-stage vcmcsr

. . +
constituted of two active states common mode voltages vy pc = v”va and vy g =

Vatve

e and one phase voltage v, or v;, and low-frequency components of the generated

CM voltage vemir. The graphs in the upper part offer a zoomed view of typical voltage
waveforms during two switching periods.

[0031] Figure 7 represents space vector diagram of a three-phase
current DC-link converter highlighting the nine states of the three-phase rectifier. The
60°-wide sector considered in Fig. 3d is shaded.

[0032] Figure 8a-d represent simulated waveforms of the converter of
Fig. 1 operating in Boost-Mode with a capacitive return connection. In particular, in Fig.
8a the three-phase mains voltages va, v, and v, in Fig. 8b the three-phase mains
currents ia, i, and i;, the DC-link current ipcp and ipcn and the CM current in the return
connection icu, in Fig. 8c the output voltage v, and the output capacitor voltages Veoutp
and Veoutn, and in Fig. 8d the three-phase mains line-to-line voltages vab, Vi, and vea are
shown.

[0033] Figure 9 represents DM voltages in Boost-Mode #1 operation over
one 60°-wide sector defined by the three-phase mains currents, i.e. in this sector phase
¢ has the minimum current value. In particular, vy, is a switched waveform alternately

assuming the values of two line-to-line voltages vac and vy, during the active states,
while vy switches between % and Vou. The graphs in the upper part offer a zoomed

view of typical voltage waveforms within a switching period Tsy.
[0034] Figure 10a represents the CM voltage vem of the converter of Fig.

1 operating in Boost-Mode #1 with the return connection according to the disclosure.
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[0035] Figure 10b represents the CM voltage vcm of a converter as in Fig.
1 operating in Boost-Mode #1 without the return connection that is contemplated in the
present disclosure (the white dot line indicates the local average value of the switched
voltage waveform vcw).

[0036] Figure 11 represents CM voltages in Boost mode #1 operation
over a 60°-wide sector defined by the three-phase mains currents, i.e. in this sector

phase ¢ has the minimum current value. Specifically, CM voltage generated by the

vptv,

CSR-stage vewmcsr constituted of the CM voltages of two active states vy . = -

Vg

¢ and low-frequency components of the generated CM voltage vemr.

and UCM,(IC - >

Furthermore, the CM voltage generated by the DC/DC-stage vcmpcoc formed by
i%VOm and 0V is demonstrated. The graphs in the upper part offer a zoomed view of
typical voltage waveforms during two switching periods.

[0037] Figure 12 represents DM voltages in Boost-Mode #2 operation
over one 60°-wide selected sector defined by the three-phase mains currents, i.e. in

this sector phase ¢ has the minimum current value. In particular, vpn is a switched

waveform alternately assuming the values of two line-to-line voltages vac and v, during

VOZ’“ and OV depending on

. . . V,
the active states, while vy switches between OT’“ and Vou, Or

the local average value of v,n. The graphs in the upper part offer a zoomed view of
typical voltage waveforms within a switching period Tey.

[0038] Figure 13a represents the CM voltage of the converter of Fig. 1
operating in Boost-Mode #2 with the return connection according to the disclosure.
[0039] Figure 13b represents the CM voltage of a converter as in Fig. 1
operating in Boost-Mode #2 without the return connection that is contemplated in the
present disclosure (the white dotted line indicates the local average value of the
switched voltage waveform vew).

[0040] Figure 14 represents CM voltages in Boost mode #2 operation
over a 60°-wide selected sector defined by the three-phase mains currents, i.e. in this
sector phase ¢ has the minimum current value. Specifically, CM voltage generated by

the CSR-stage vcmcsr constituted of the CM voltages of two active states vy . =

Vatve
2

vptv,

and vey g = and low-frequency components of the generated CM voltage
vemLr. Furthermore, the CM voltage generated by the DC/DC-stage vempeoc formed by
i%VOm and 0V is demonstrated. The graphs in the upper part offer a zoomed view of

typical voltage waveforms during two switching periods.
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[0041] Figure 15a-d represent simulated waveforms of the converter of
Fig. 1 operating in Transition-Mode with a capacitive return connection. In particular, in
Fig. 15a the three-phase mains voltages va, wvb, and v., in Fig. 16b the three-phase
mains currents ia, i», and ic, the DC-link current ipcp and ipc.n and the CM current on the
return connection icy, in Fig. 15¢ the output voltage vout and the output capacitor
voltages Veoutp @and Veoutn, @nd in Fig. 15d the voltage vk across the CM capacitor Cem
are shown.

[0042] Figure 16 represents a synergetic control structure according to
an exemplary embodiment includes three main blocks, i.e. the Output Voltage Control,
the DCLink Current Reference Generation and the Synergetic DC-Link Current Control,
enabling PFC operation with sinusoidal three-phase mains currents /s, /s, and i in
phase with the sinusoidal three-phase mains voltages Vmga, Vmp, and vmc, regulation of
the output voltage Voui, control of the DC-link current ipc with synergetic operation of the
three-phase buck CSR-stage and of the boost DC/DC-stage, and seamless transition
between the different operating modes, i.e. Buck- and Boost-mode, and modulation
schemes, i.e. 3/3-PWM and 2/3-PWM.

[0043] Figure 17a represents a CM/DM equivalent circuit of the electrical
converter of Fig. 1, in which the CSR-stage and the DC/DC-stage are replaced by
switched voltage sources.

[0044] Figure 17b represents a CM/DM equivalent circuit of the electrical
converter of Fig. 1, in which the CSR-stage and the DC/DC-stage are replaced by
equivalent CM/DM voltage sources.

[0045] Figure 18 represents another exemplary embodiment of an
electrical converter according to the invention, which differs from the converter of Fig. 1
in that the second converter stage (DC/DC stage) is implemented as a flyback
capacitor circuit.

[0046] Figure 19 represents a battery charging system according to
aspects of the present disclosure.

[0047] Figure 20 represents an electric motor drive system according to

aspects of the present disclosure.

Description of embodiments

[0048] Referring to Fig. 1, an embodiment of an electrical converter 10
according to aspects of the present invention is implemented as a three-phase (3-®)
current DC-link split-output buck-three-level-boost current AC/DC converter system,
comprising a 3-® buck-type current source rectifier (CSR)-stage 11 and a subsequent

three-level (3-L) boost-type DC/DC-stage 12. The CSR stage 11 comprises six
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semiconductor switches Tan, Tay, Ton, Toi Tch, Tei having bidirectional voltage blocking
capability, advantageously arranged in three bridge legs, and operable to switchingly
connect the AC voltage nodes a, b, ¢ to the DC nodes p, n. Each of these
semiconductor switches can be formed by anti-series connecting two discrete
semiconductor switches having unidirectional voltage blocking capability, possibly with
external anti-parallel diodes. Alternatively, the semiconductor switches of the CSR
stage 11 can be formed as monolithic bidirectional GaN field effect transistors, in
particular enhanced-mode field effect transistors (e-FET).

[0049] The DC/DC stage 12 advantageously comprises an upper boost
circuit 121 and a lower boost circuit 122 stacked between the DC terminals P and N.
The upper and lower boost circuits 121, 122 comprise a common node s connected to
the middle voltage node m such that nodes s and m are at a same electrical potential.
Each of the upper and lower boost circuits can be implemented with semiconductor
switches Tocwp and Tpenp for the upper boost circuit 121 and semiconductor switches
Toc,w and Tpenn for the lower boost circuit 122. Other implementations are possible. By
way of example, either one or both the upper and lower boost circuits can be
implemented as a flyback capacitor circuit 123, 124 as shown in Fig. 18. Fig. 18 also
shows the possibility of utilizing the middle voltage node m as a third DC terminal 125.
[0050] A DC-link 13 connects the CSR stage 11 and the DC/DC stage 12.
In particular, the DC-link 13 connects the DC-nodes p, n of the CSR stage 11 to the
input nodes q, r of the DC/DC stage 12. The DC-link 13 is implemented with a novel
common mode (CM) filtering concept, comprising a capacitive return connection 14
between the input capacitors Cin (star-point k) and the middle voltage node m of the
output capacitors Coutp and Coutn, possibly in combination with a CM DC-link inductor
Locem. This common mode filtering concept allows to significantly reduce the high-
frequency components of CM noise.

[0051] An input filter 15 is advantageously arranged between the AC
terminals A, B, C and the AC voltage nodes a, b, ¢. The input filter can comprise a
network of input capacitors Ci, which are advantageously star-point-connected to star-
point k. Furthermore, the split-output structure advantageously enables an
asymmetrical loading capability at the DC output-port. Figs. 17a and b represent
equivalent electrical circuits of the converter of Fig. 1. The DC-link 13 advantageously
comprises a common mode inductor Lpccm and/or a differential mode inductor Lpc,pm

which are operably coupled to nodes p and g and/orn and r.
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[0052] Different possible operating modes employed in the different
output voltage regions characteristic of this converter (see Fig. 2) are analyzed in the
following with the support of simulation results.

[0053] The converter operating modes as described herein
advantageously implement two different pulse-width modulation schemes for operating
the switches Tan, Tar, Ton, Toy, Ten, Ter Of the CSR stage 11, namely conventional
pulse-width modulation (3/3-PWM) and two-third pulse-width modulation (2/3-PWM).
The electrical converter 10 comprises a control unit configured to automatically select
which of the two PWM schemes to use for operating the CSR stage 11 based on a
desired or requested output voltage, as will be described in more detail below.

[0054] Referring to Fig. 7, six symmetric 11/3-wide sectors of the AC input
period are represented with six active states [bc], [ac], [ab], [cb], [ca] and [ba] and three
freewheeling or zero states [aa], [bb] and [cc]. The letters ‘@, ‘b’ and ‘C’ in the above
refer to the voltage nodes a, b, ¢ of Fig. 1. E.g., the state [bc] refers to a state in which
node b is connected to node p by closing switch Ty h and in which node ¢ is connected
to node n by closing switch T¢). Hence, in the active states, the AC input 9 is connected
between the DC-link nodes p, n, whereas in the zero states, the nodes p and n are
short circuited. Consequently, depending on the selected state, the DC-link input
voltage vpn varies between OV (zero states) and the six input voltages tvap, *vihe and
+Vac.

[0055] In 3/3-PWM, the six semiconductor switches Tan, Ta), Ton, T, Tch,
T.i of the CSR stage 11 are operated in order to switch between the two respective
active states and the zero state. In the example of the shaded sector of Fig. 2, the
switches of the CSR stage 11 are operated to switch between states [bc], [ac] and the
zero state. Conventionally, the zero state [cc] is used for this sector. However, in one

aspect of the invention, as will be described below in relation to buck-mode operation,

the zero state used in this sector is [bb] from % to % and [aa] from % to % instead of [cc]

over the whole sector. This allows to further reduce the common mode noise generated
by the CSR stage.

[0056] In 2/3-PWM, a pulse-width modulation scheme is employed that is
free of zero states in all sectors, i.e. all zero space vectors are eliminated and only the
active states are applied. For the shaded sector of Fig. 2, this results in that only active
states [bc] and [ac] are applied, without applying the zero state, e.g. [cc].
Consequently, T¢n is permanently off and only Tan and Ty are alternately switched. In
this case, T, is permanently on and T,, and Ty, are permanently off. The 2/3-PWM

scheme allows to improve efficiency by eliminating switching losses resulting from
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transitioning to/from the zero state and possibly conduction losses in the DC-link due to
reduced RMS value of the DC-link current. Further details regarding 2/3-PWM scheme

can be found in reference [6], section Ill.B and IV and in [4].

(i) Buck-Mode Operation (Vo < = Vi)
[0057] In buck-mode operation, the most significant waveforms of the

CSR-stage and of the DC/DC-stage are reported in Fig. 3a-d. In this mode, only the

CSR-stage operates to step down the three-phase mains voltages to a DC output
voltage lower than %Vm (where V;,, refers to the peak amplitude of the AC input

voltage). The two switches Tpcnp @and Tocnn Of the DC/DC-stage are permanently on to
avoid any switching losses, as shown in Fig. 4, where vgr= Vout.

[0058] The differential mode (DM) output voltage of the CSR-stage vpis a
switched waveform alternately assuming the values of two line-to-line voltages during
the active states, and of OV during the zero state, as shown in Fig. 4.

[0059] In Fig. 5a-b, vemcsr coincides with the CM voltage vem generated
by the converter without the return connection 14, i.e. with an open circuit between m
and k, due to permanently clamping of the DC/DC stage. With a capacitive return
connection, i.e. a CM capacitor Ccm connected between m and k, Ccw, together with the
CM DC-link inductor Lpc, forms a CM filter. Accordingly, the low-frequency (LF), i.e.
150Hz, component of vem appears across Cem (see Fig. 5a), while the high-frequency
(HF) component, i.e. at the switching frequency, appears across Lpc, and Lpcn.

[0060] In buck-mode operation, a 3/3-PWM scheme is advantageously
applied. To reduce the CM noise generated by the CSR-stage 11 without increasing
switching losses or degrading the DM performance, e.g. the DC-link current ripple, the
zero state is advantageously implemented by connecting the AC input voltage node a,
b, ¢ having the smallest absolute instantaneous voltage value to the nodes p, n of the
DC-link 13. In Fig. 6, the sector where phase ¢ has the minimum current value is

considered as an example (this sector is shaded in Fig. 7). The zero state used in this

sector is [bb] from % to % and [aa] from % to % instead of [cc] as in the PWM schemes

described in literature (see Fig. 7).

[0061] The aforementioned PWM modulation scheme advantageously
allows to have a continuous LF component of vcm at the boundary between different
sectors, in turn allowing implementation of the capacitive return connection 14. Thus,
advantageously, in each sector, the LF component of vem should, for example, start
from OV and end at OV. Otherwise, a current ringing will occur on the return path and
also in the DC-link.
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(i) Boost-Mode Operation (V,,; > V3Vi,)

[0062] To achieve the boost functionality, both CSR-stage 11 and DC/DC-
stage 11 are operated simultaneously. The CSR-stage 11 always operates at the
maximum modulation index (equal to one) to minimize the DC-link current ipc and the
conduction losses of the whole converter 10. In boost-mode operation, a 2/3-PWM
scheme is advantageously applied to the switches of the CSR stage 11. The DC-link
current ipc is controlled to a pulsed shape as shown in Fig. 8b. Depending on the local

average value (averaged within one pulse period) of vp, the input voltage of the

DC/DC-stage vy is a switched waveform alternately assuming the values of %and Vout

(Boost-Mode #1, see Fig. 9), or OV and % (Boost-Mode #2, see Fig. 12).

[0063] Furthermore, the converter CM voltage vem (for Boost-Mode #1 see
Fig. 10b, and for Boost-Mode #2 see Fig. 13b) is generated by both the CSR-stage 11
and the DC/DC-stage 12, due to the operation of both stages in Boost-Mode.

[0064] Last but not least, the upper and lower output capacitors Coup and
Coutn are alternatively utilized when % is required at the input 12 of the DC/DC-stage

to balance the output mid-point m. As a result, the main frequency component of
Vempepe IS at half of the switching frequency, while the one of Vemcsr is at the three

times of the mains frequency.

(ii.1) Boost-Mode #1 (3V;,, > V,,;; > V3V;,))

[0065] A three-level (3-L) DC/DC-stage 12 is advantageously considered
allowing to extend the output voltage range and reduce the switching losses in the
DC/DC-stage (as compared to a two-level arrangement). Due to a comparably low
output voltage in the Boost-Mode #1, the input voltage of the DC/DC-stage vy is a

switched waveform alternately assuming the values of % and Vou (Boost-Mode #1,

see Fig. 9).

[0066] The CM voltage generated by the CSR-stage vemcsris a switched
waveform alternately assuming the values of two CM voltages during the active states,
as shown in Fig. 11. Advantageously, the LF component of vemcsr is identical to the LF
component of wvcum, which also satisfies the aforementioned requirement for the

proposed CM filtering method. The DC/DC-stage only produces HF CM components,

V, .
'Z” if TDC,hn and TDc,vp are

i.e. OV if vqr= OV or Vou, % if Tochpand Tpewn are on, and —

on.
[0067] Considering the impact on CM and DM voltage-time area, the

same carrier is advantageously used to generate the PWM signals of the CSR-stage
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11 and of the DC/DC-stage 12, and the switching states featuring the larger values of
two switched voltage waveforms vp, and vy are centered in one switching period to
ensure minimum CM and DM voltage-time area over the DC-link CM and DM inductors

Lpc,p and Locn, as shown in Fig. 9.

(ii.2) Boost-Mode #2 (V,,,; > 3V,)

[0068] Due to the increased Vo, the input voltage of the DC/DC-stage v,
is a switched waveform alternately assuming the values of OV and % (Boost-Mode #2,
see Fig. 12). When V,,; > 3V;,, Vou is large enough to balance the DM voltage-time
area of the CSR-stage by only using OV and % so Boost-Mode #2 is applied.

[0069] The CM voltage generated by the CSR-stage vemcsr is a switched

waveform alternately assuming the values of two CM voltages of the active states, as
shown in Fig. 14. Advantageously, the LF component of vcucsr is identical to the LF
component of veu, which also allows to satisfy the aforementioned requirement for the

selected CM filtering method. The DC/DC-stage only produces HF components, i.e. OV

Vout

. V, .
if vgr= 0V or Vou, OT’“ if Tocnpand Toc,n are on, and — -2

if Toc,m @and Tpevp are on.

(i) Transition-Mode Operation (% Vin < Vour <V3V)

[0070] In Transition-Mode, 3/3-PWM and 2/3-PWM are alternately applied
based on the local average value of vpn, . If Uy > Vi, 3/3-PWM is used, and if
Uppn < Vour, 2/3-PWM is used, as shown in Fig. 15.

[0071] The DM and CM voltage analysis follows the behaviour described
for 2/3-PWM and 3/3-PWM independently.

Control unit with synergetic control structure

[0072] Fig. 16 shows a block diagram of control unit 20 implementing a
synergetic control structure according to an aspect of the present invention. The control
unit 20 advantageously comprises three main functional blocks 21, 22 and 23. Control
unit 20 can be configured to receive as input a reference output voltage. Outputs of the
control unit 20 are gate signals to the switches of the CSR stage 11, representative of a
selected PWM scheme and gate signals to the switches of the DC/DC stage 12, which
are particularly representative of a duty cycle which the control unit 20 has determined
for these switches (in boost mode operation). On the other hand, in buck-mode
operation, control unit 20 is configured to maintain DC/DC stage 12 inoperative as

described above.
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[0073] The first block 21 is formed by an Output Voltage Controller, and is
configured to define the input power reference F*, e.g. through a Pl-controller,
considering the error between the actual and the reference output voltage, Vout and
ut: respectively. Hence, by measuring the peak value of the three-phase mains
voltages Vin_meas (constant over one mains period even for unbalanced mains
conditions), the converter’s input conductance reference G*is calculated as:
G'=r— ()

2"inmeas
and fed into the following block 22 responsible for the DC-Link Current Reference
Generation.
[0074] In order to achieve PFC operation, the three-phase mains current
references iy, i;, and i; are set proportional to the corresponding three-phase mains
voltages vy, 4 , v, , @nd vy, ., and are limited to /max to ensure the safe operation of the
selected power semiconductors and to avoid the saturation of the DC-link inductor Lpc.
The instantaneous values of these currents advantageously provide the sector
information for the space vector pulse width modulator 24 of the CSR-stage 11, while

the upper envelope of their absolute values ij , 3, obtained by

ipczys = max{ligl, lizl licl}, (2)

is the varying DC-link current reference for 2/3-PWM operation. Differently, multiplying
G* with the calculated peak value of the three-phase mains voltages Vm_c (different from

Vm_meas only in case of unbalanced mains conditions), defined by:

Ve = 202 403400, )

provides the peak value of the three-phase mains current references I, Vm_c is
constant and equal to Vm,meas only for symmetric mains conditions. If the mains is
unbalanced, Vin_c shows a time-dependent behaviour within one switching period. The
varying Vin_c ensures a sinusoidal shape of 156_3/3 during one-phase operation.

[0075] The DC-link current reference for 3/3-PWM operation I 5,3, can

be determined by the reference output power P* and measured phase voltages
Vg, Up, V. This ensures the operation under unbalanced mains condition. Dividing I}, by

the current conversion ratio of the AC/DC-stage m,,,c and of the DC/DC-stage
Mpc/pc, the DC-link current reference for 3/3-PWM operation Iy 5,5, is calculated.
Mac/pc @nd my ¢, pc are derived from the reference output voltage V;,,; to operate with

the minimum DC-link current ipc. It will be convenient to note that the current
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conversion ratio of the AC/DC-stage can alternatively be stated as m p; = Ilm and of
DC

£

the DC/DC-stage as m;C/DC = Ioc Therefore, as an advantage and as shown in Fig.

Toue

16, the present method advantageously allows to determine 156_3/3 without requiring to
measure the output current /o In buck mode operation, the DC-link current reference
for 3/3-PWM operation I 5 3 corresponds to fou.

[0076] Advantageously, the DC-link current reference ij. takes the

maximum value between i, 5, and Ip¢ 53,

ipc = max{iBC,2/3'IBC,3/3}’ 4)

providing the input for the third block 23, controlling the DC-link current, and referred to
as the Synergetic DC-Link Current Control. In particular, in one embodiment, automatic
selection of the operating mode can be based on the value of i}, and hence based on
comparison between ip¢,,; and Ipc 5 3.

[0077] If ipc /5 is larger than low, hence larger than I 53, the converter
10 operates in Boost-mode, with 2/3-PWM operation of the CSR stage 11. If smaller,
the DC/DC-stage 12 does not operate, the switches Tocnp and Tocnn @re permanently
on, and the CSR-stage 11 operates with 3/3-PWM in Buck-mode, resulting in identical
currents flowing through the DC-link inductor and at the DC output.

[0078] Advantageously, the method for determining i, shown in (4),
ensures a seamless transition from 3/3-PWM to 2/3-PWM and vice versa. It
furthermore advantageously ensures minimum conduction losses in Transition-mode.
[0079] In the Synergetic DC-Link Current Control block 23, ip is first

compared with ipc =%(iDC_p +ipcn); their difference, e.g. by means of the DC-link
current Pl-controller, provides the voltage v; to be generated across Lpc by switching
the CSR-stage 11 and possibly the DC/DC-stage 12. The sum of v; and the output

voltage reference V,,,; results in the virtual DC-link voltage reference V.. Feeding V.

into two voltage limiters, the virtual DC-link voltage references for 3/3-PWM vy, 5 5 and
for 2/3-PWM v, , /5 are calculated. This is the core of the synergetic operation; in fact,

when the three-phase mains voltages are large enough to generate the necessary V;
without operating the DC/DC-stage, i.e. V;,; < Vi, this stage is permanently clamped
to eliminate its switching losses, while the CSR-stage provides the required voltage
gain (Buck-mode), but must operate with 3/3-PWM. |n this case, vgc_3/3 = Vpc = Vpn,
i.e. the reference output voltage of the CSR-stage, and vy ,,3 = V. Differently, when

V.t is large enough to balance the volt-second area applied to Lpc by the CSR-stage
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with macioe = 1, i.e. V> %Vmax, the CSR-stage operates with 2/3-PWM and the

DC/DC-stage is actively switched with PWM (Boost-mode). Specifically, vy 3/3 = Vinax,

and vgc_2/3 = vy, i.€. the reference input voltage of the DC/DC-stage. Finally, when

Vinax < Vour < %Vmax, the current controller democratically switches between 2/3-PWM

and 3/3-PWM, depending on the instantaneous v; (Transition-mode).

[0080] Accordingly, the current control block 23 advantageously regulates
the DC-link current ipc always by means of only one stage, i.e. when operating with 3/3-
PWM, the CSR-stage 11 is controlled by modifying vj¢ 5,3 and vp , /5 is not influenced
thanks to the voltage limiter; when operating with 2/3-PWM, instead, the DC/DC-stage
11 is controlled by modifying vy 5,3 and vy 3,3 is clamped to Vinax.

[0081] To ultimately operate the two stages, vj¢ 3,3 and vy, 5 are fed to
the modulators 24, 25. For the CSR-stage, the reference DC-link current ij¢ ¢z utilized
in the modulator 24 is determined based on vy 5,3 and on Mocioc. ipccsg @nd ipe are
identical in steady state. Specifically, in 3/3-PWM operation, V;,,, coincides with vz, =
Vpc3ss @nd mpc pe=1 because Tocnp @nd Tocnn are permanently on. Differently, in 2/3-
PWM operation, mp,pc must be considered due to the operation of the DC/DC stage.

Given

*
out

mBC/Dc- Vimax -1

the CSR-stage operates with the maximum modulation index, and ij,. is regulated by
the DC/DC-stage only. The switching signals for the CSR-stage 11 can be calculated
from iz, i, i, and ip¢ csg @s described in reference [4] and appropriately distributed to
the twelve gate terminals.

[0082] An example is given in the following considering the sector where
phase ¢ has the minimum current value (see Fig. 7). The zero state used in this sector

is [bb] from % to % and [aa] from % to % instead of [cc] as in the PWM schemes

described in the prior art. The duty cycles of the two active states and of the zero state
are calculated as:

la

Slac) = g»(s[bc] = i;—”c»and 8101 = 1 = 8lac] — Sipels

where §[,, indicates the duty cycle of the state [xy].
[0083] Finally, the duty-cycle reference of the DC/DC-stage 12 is

calculated by:

* *
g = Upcz/3  Vgn
- * - *
Vout Vout
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and then compared with a three-level triangular carrier to generate complementary
switching signals.

[0084] Referring to FIG. 19, a battery charging system 700 comprises a
power supply unit 704. The power supply unit 704 is coupled on one side to the AC grid
through terminals A, B, C, and on the other side (at terminals P’, N’) to an interface
702, e.g. comprising a switch device, which allows to connect the power supply unit
704 to a battery 703. The power supply unit 704 comprises any one of the electrical
converter 10 as described hereinabove with first and second converter stages and
further can comprise a third converter stage 701, which in the present system is a DC-
DC converter, e.g. an LLC resonant converter. The power supply unit 704, e.g. the third
converter stage 701, can comprise a pair of coils which are inductively coupled through
air (not shown), such as in the case of wireless power transfer. Alternatively, the DC-
DC converter stage 701 can comprise or consist of an isolated DC-DC converter. In
some cases, the interface 702 can comprise a plug and socket, e.g. in wired power
transfer. Alternatively, the plug and socket can be provided at the input (e.g., at nodes
A, B, C).

[0085] Referring to Fig. 20, an electric motor drive system 30 can
incorporate the electrical converter as described herein. In an advantageous
embodiment, the stator coils 33 of an electric motor (not shown) are connected to act
as a common mode filter choke and/or as a differential mode inductor of the DC link 13.
Additionally, or alternatively, the second converter stage 12 can be configured to
operate as a traction inverter of the electric motor. The traction inverter can be formed
by the half bridge 320 between nodes g and r. Switches 321, 322, 323, 324 can be
semiconductor switches, e.g. just as switches Tocw , Tochp , Tocwn @nd Toepn
respectively of Fig. 1.

[0086] Aspects of the present disclosure are set out in the following
numbered clauses.

1. Electrical converter for converting between an AC signal
having at least three phases and a DC signal, comprising:

at least three phase terminals, a first DC terminal and a second
DC terminal,

a first converter stage operably coupled to the at least three phase
terminals and comprising a first intermediate node (p) and a second intermediate node
(n), wherein the converter stage is operable to convert between an AC current at the at
least three phase terminals and a first DC current at the first and second intermediate

nodes (p, n),
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a second converter stage operably coupled to the first DC terminal
and the second DC terminal and comprising a third intermediate node (q) and a fourth
intermediate node (r), wherein the second converter stage is operable to convert
between a first DC signal at the third and fourth intermediate nodes (q, r) and a second
DC signal at the first and second DC terminals, wherein the second converter stage
comprises a middle voltage node (m) between the first and second DC terminals,

a first filter stage comprising a capacitor network (Ci,) operably
coupled to each of the three phase terminals, wherein the capacitor network comprises
a star-point (k),

a DC link connecting the first intermediate node (p) to the third
intermediate node (q) and the second intermediate node (n) to the fourth intermediate
node (r),

wherein the DC link comprises a common mode filter, the common
mode filter comprising a common mode capacitor (Ccm ) connecting the middle voltage
node (m) to the star-point (k).

2. Electrical converter of clause 1, wherein the common mode
filter comprises a common mode filter choke operably coupled to the first intermediate
node (p) and the second intermediate node (n), the third intermediate node (q) and the
fourth intermediate node (r).

3. Electrical converter of clause 1 or 2, wherein the DC link
comprises at least one differential mode inductor operably coupled to the first
intermediate node (p) and the third intermediate node (q) and/or operably coupled to
the second intermediate node (n) and the fourth intermediate node (r).

4. Electrical converter of clauses 2 and 3, wherein the common
mode filter choke and the differential mode inductor comprise a common core or
individual cores.

5. Electrical converter of any one of the preceding clauses,
wherein the first DC signal is the first DC current.

6. Electrical converter of any one of the preceding clauses,
wherein the second DC signal is a DC voltage across the first and second DC
terminals.

7. Electrical converter of any one of the preceding clauses,
wherein the first filter stage comprises inductors (Lm) coupled between the three phase
terminals and the capacitor network (Cin).

8. Electrical converter of any one of the preceding clauses,

wherein the second converter stage comprises a capacitor filter (Coup, Coutn)
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comprising a plurality of series connected capacitors across the first and second DC
terminals, wherein the middle voltage node (m) is a middle node of the capacitor filter.

9. Electrical converter of any one of the preceding clauses,
wherein the second converter stage comprises a boost circuit.

10. Electrical converter of clause 9, wherein the second
converter stage comprises a plurality of series connected first switches (Tocw, Tocwn)
connected between the third intermediate node (q) and the fourth intermediate node (r),
wherein a midpoint of the series connected first switches is connected to the middle
voltage node (m).

11. Electrical converter of clause 9 or 10, wherein the boost
circuit comprises a first boost circuit (Tocnp, Tocw) @and a second boost circuit (Toc nn,
Toc, ) stacked between the first DC terminal and the second DC terminal, wherein the
middle voltage node (m) is a common node of the first and second boost circuits.

12. Electrical converter of clause 11, wherein the first boost
circuit and/or the second boost circuit is a multi-level boost circuit.

13. Electrical converter of any one of the preceding clauses,
comprising a third DC terminal connected to the middle voltage node (m).

14. Electrical converter of any one of the preceding clauses,
comprising a control unit, wherein the first converter stage and the second converter
stage comprise active switching devices operably coupled to the control unit, wherein
the control unit is implemented with a plurality of operating modes for operating the
electrical converter.

15. Electrical converter of clause 14, wherein a first operating
mode of the plurality of operating modes corresponds to a buck mode of operation,
wherein the second converter stage is configured to operate to continuously connect
the third and fourth intermediate nodes (q, r) to the first and second DC terminals
respectively, and wherein the control unit is configured to actively operate the active
switching devices (Tan, Tay, Ton, Tb), Ten, Tc,) Of the first converter stage.

16. Electrical converter of clause 14 or 15, wherein a second
operating mode of the plurality of operating modes corresponds to a boost mode of
operation, wherein the control unit is configured to actively operate the active switching
devices (Tan, Tal, Toh, Toi, Teh, Tcl, Tochp, Tocwe, Tbchn, Tbcwn) Of both the first converter
stage and the second converter stage.

17. Electrical converter of any one of the clauses 14 to 16,
wherein the control unit is operable to operate the electrical converter in rectifier mode,

wherein in rectifier mode, the control unit is operable to determine a first current
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reference (ip¢,,3) for a current in the DC link and a second current reference (Ip¢ 3,3)

for the current in the DC link, wherein the control unit is operable to automatically select
between the plurality of operating modes based on comparison of the first current
reference and the second current reference.

18. Electrical converter of clause 17, wherein the first current
reference is determined based on a reference output power and reference input phase
currents.

19. Electrical converter of clause 17 or 18, wherein the second
current reference is determined based on a reference output power and measured
phase voltages.

20. Electrical converter of any one of the clauses 14 to 19,
wherein the control unit is configured to operate the active switching devices through
pulse width modulation.

21. Electrical converter of any one of the clauses 14 to 20,
wherein the control unit is configured to operate the first converter stage and the
second converter stage so as to obtain a voltage across the common mode capacitor
(Ccm) being one of. a substantially constant zero voltage signal, a substantially
triangular waveform and a substantially sinusoidal waveform, preferably comprising
one or more harmonic frequencies of a fundamental frequency of the AC signal,
preferably comprising a third harmonic frequency of the fundamental frequency.

22. Electrical converter of any one of the preceding clauses,
wherein the control unit is operable to inject a common mode voltage signal to the third
and fourth intermediate nodes (q, r) so as to control a voltage across the common
mode capacitor (Ccm ).

23. Electrical converter of clause 22, comprising measurement
means for measuring a voltage signal at the middle voltage node (m) and at nodes (a,
b, ¢) of the at least three phases, wherein the controller is operable to determine the
common mode voltage signal injected to the third and fourth intermediate nodes (q, r)
based on the measured voltage signals.

24. Electrical converter of clause 22 or 23, wherein the control
unit is operable to add an offset to duty cycles of pulse width modulation signals
controlling operation of active switches (Tocw, Tocw) Of the second converter stage,
thereby obtaining the common mode voltage signal injected to the third and fourth
intermediate nodes (q, r).

25. Electric motor drive system, comprising the electrical

converter of any one of the preceding clauses.
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26. Electric motor drive system according to clause 25, further
comprising an electric motor comprising stator coils, wherein the stator coils are
connected to act as a common mode filter choke and/or as a differential mode inductor
of the DC link of the electrical converter.

27. Electric motor drive system according to clause 25 or 26,
comprising a traction inverter operable to drive the electric motor, wherein the traction
inverter is configured to operate as the second converter stage when operating the
electrical converter.

28. Battery charging system, in particular for charging electric
vehicle drive batteries, wherein the battery charging system comprises a power supply,
the power supply comprising the electrical converter of any one of the clauses 1 to 24.

29. Method of converting between an AC signal having at least
three phases at at least three phase nodes (a, b, ¢) and a DC signal at a high node (p)
and a low node (n), comprising switching by pulse width modulation between the at
least three phase nodes (a, b, ¢) and the high node (p) and the low node (n) to obtain a
switched voltage signal across the high node and low node, wherein a period of the
switched voltage signal comprises a zero voltage level portion obtained by connecting
the phase node having a smallest absolute instantaneous voltage value of the at least
three phases of the AC signal to both the high node (p) and the low node (n).

30. Method of clause 29, wherein the switched voltage signal
comprises a second voltage level portion obtained by connecting the phase node
having the highest instantaneous voltage value of the at least three phases of the AC
signal to the high node (p), and connecting the phase node having the lowest
instantaneous voltage value of the at least three phases of the AC signal to the low
node (n).

31. Method of clause 29 or 30, wherein the switched voltage
signal comprises a third voltage level portion obtained by connecting the phase node
having the smallest absolute instantaneous voltage value to the high node, and
connecting the phase node having the lowest instantaneous voltage value of the at
least three phases of the AC signal to the low node.

32. Method of any one of the clauses 29 to 31, applied to the
electrical converter of any one of the clauses 1 to 24.

33. Electrical converter of any one of the clauses 1 to 24,
comprising a control unit configured for operating the first converter stage according to

the method of any one of the clauses 29 to 31.
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CLAIMS

1. Electrical converter (10) for converting between an AC signal
having at least three phases and a DC signal, comprising:

at least three phase terminals (A, B, C), a first DC terminal (P) and
a second DC terminal (N),

a first converter stage (11) operably coupled to the at least three
phase terminals and comprising a first intermediate node (p) and a second
intermediate node (n), wherein the first converter stage (11) is operable to convert
between an AC current at the at least three phase terminals and a first DC current
(ipcp, ipc,n) at the first and second intermediate nodes (p, n),

a second converter stage (12) operably coupled to the first DC
terminal (P) and the second DC terminal (N) and comprising a third intermediate node
(9), a fourth intermediate node (r) and a middle voltage node (m) between the first and
second DC terminals, wherein the second converter stage is operable to convert
between a first DC signal at the third and fourth intermediate nodes (q, r) and a second
DC signal at the first and second DC terminals, wherein the second converter stage
comprises a boost circuit (121, 122, 123, 124) comprising a plurality of first switches
(Tocwp, Tocwn) series connected between the third intermediate node (q) and the fourth
intermediate node (r), wherein a midpoint (s) of the series connected first switches is
connected to the middle voltage node (m) so as to be at a same electrical potential as
the middle voltage node,

a first filter stage (15) comprising a capacitor network (Cin)
operably coupled to each of the three phase terminals, wherein the capacitor network
comprises a star-point (k),

a DC link (13) connecting the first intermediate node (p) to the third
intermediate node (q) and the second intermediate node (n) to the fourth intermediate
node (r),

wherein the DC link comprises a common mode filter, the common
mode filter comprising a common mode capacitor (Ccm ) connecting the middle voltage
node (m) to the star-point (k).

2. Electrical converter of claim 1, wherein the common mode
filter comprises a common mode filter choke (Loccm) operably coupled to the first
intermediate node (p) and the second intermediate node (n), the third intermediate
node (q) and the fourth intermediate node (r).

3. Electrical converter of claim 1 or 2, wherein the DC link

comprises at least one differential mode inductor (Locom) operably coupled to the first
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intermediate node (p) and the third intermediate node (q) and/or operably coupled to
the second intermediate node (n) and the fourth intermediate node (r).

4. Electrical converter of claims 2 and 3, wherein the common
mode filter choke (Loccm) and the differential mode inductor (Locpom) comprise a
common core or individual cores.

5. Electrical converter of any one of the preceding claims,
wherein the first DC signal is the first DC current (ioc p, ipc.n).

6. Electrical converter of any one of the preceding claims,
wherein the second DC signal is a DC voltage (Vou) across the first and second DC
terminals.

7. Electrical converter of any one of the preceding claims,
wherein the first filter stage (15) comprises inductors (Lm) coupled between the three
phase terminals (A, B, C) and the capacitor network (Ciy).

8. Electrical converter of any one of the preceding claims,
wherein the second converter stage (12) comprises a capacitor filter (Coutp, Coutn)
comprising a plurality of series connected capacitors across the first and second DC
terminals, wherein the middle voltage node (m) is a middle node of the capacitor filter.

9. Electrical converter of any one of the preceding claims,
wherein the boost circuit comprises a first boost circuit (121, 123) and a second boost
circuit (122, 124) stacked between the first DC terminal (P) and the second DC terminal
(N), wherein the middle voltage node (m) is a common node of the first and second
boost circuits.

10. Electrical converter of claim 9, wherein the first boost circuit
and/or the second boost circuit is a multi-level boost circuit.

11. Electrical converter of any one of the preceding claims,
comprising a third DC terminal (125) connected to the middle voltage node (m).

12. Electrical converter of any one of the preceding claims,
comprising a control unit (20), wherein the first converter stage (11) and the second
converter stage (12) comprise active switching devices operably coupled to the control
unit, wherein the control unit is implemented with a plurality of operating modes for
operating the electrical converter.

13. Electrical converter of claim 12, wherein a first operating
mode of the plurality of operating modes corresponds to a buck-mode of operation,
wherein the second converter stage is configured to operate to continuously connect
the third and fourth intermediate nodes (q, r) to the first and second DC terminals

respectively, and wherein the control unit (20) is configured to operate the active
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switching devices (Tan, Tay, Ton, Tby, Ten, Tci) Of the first converter stage (11) through
pulse width modulation.

14. Electrical converter of claim 13, wherein in the first operating
mode, the control unit is configured to operate the active switching devices of the first
converter stage (11) according to a pulse-width modulation scheme switching between
active states in which two phases of the at least three phases are connected to the first
and second intermediate nodes (p, n) and zero states in which the first and second
intermediate nodes (p, n) are short-circuited, wherein the control unit is configured to
implement the zero states by connecting a phase of the at least three phases of the AC
signal having a smallest absolute instantaneous voltage value to the first and second
intermediate nodes (p, n).

15. Electrical converter of any one of the claims 12 to 14,
wherein a second operating mode of the plurality of operating modes corresponds to a
boost mode of operation, wherein the control unit (20) is configured to operate the
active switching devices (Tan, Tat, Ton, Tbi, Tch, Tel, Tochp, Tocwp, Tochn, Tbcwn) Of both
the first converter stage (11) and the second converter stage (12) through pulse width
modulation.

16. Electrical converter of clam 15, wherein in the second
operating mode, the control unit (20) is configured to operate the active switching
devices of the first converter stage (11) according to a pulse-width modulation scheme
being free of zero states in which the first and the second intermediate nodes are short
circuited by the active switches of the first converter stage.

17. Electrical converter of any one of the claims 12 to 16,
wherein the control unit (20) is operable to operate the electrical converter in rectifier
mode, wherein in rectifier mode, the control unit is operable to determine a first current

reference (ip¢,,3) for a current in the DC link and a second current reference (Ip¢ 3,3)

for the current in the DC link, wherein the control unit is operable to automatically select
between the plurality of operating modes based on comparison of the first current
reference and the second current reference.

18. Electrical converter of claim 17, wherein the first current
reference is determined based on a reference output power and reference input phase
currents.

19. Electrical converter of claim 17 or 18, wherein the second
current reference is determined based on a reference output power and measured

phase voltages.
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20. Electrical converter of any one of the claims 12 to 19,
wherein the control unit (20) is configured to operate the first converter stage (11) and
the second converter stage (12) so as to obtain a voltage across the common mode
capacitor (Ccm) being one of: a substantially constant zero voltage signal, a
substantially triangular waveform and a substantially sinusoidal waveform, preferably
comprising one or more harmonic frequencies of a fundamental frequency of the AC
signal, preferably comprising a third harmonic frequency of the fundamental frequency.

21. Electrical converter of any one of the claims 12 to 20,
wherein the control unit (20) is operable to inject a common mode voltage signal to the
third and fourth intermediate nodes (q, r) so as to control a voltage across the common
mode capacitor (Ccm ).

22. Electrical converter of claim 21, comprising measurement
means for measuring a voltage signal at the middle voltage node (m) and at nodes (a,
b, ¢) of the at least three phases, wherein the controller is operable to determine the
common mode voltage signal injected to the third and fourth intermediate nodes (q, r)
based on the measured voltage signals.

23. Electrical converter of claim 21 or 22, wherein the control
unit is operable to add an offset to duty cycles of pulse width modulation signals
controlling operation of active switches (Tocw, Tocw) Of the second converter stage,
thereby obtaining the common mode voltage signal injected to the third and fourth
intermediate nodes (q, ).

24. Electric motor drive system (30), comprising the electrical
converter of any one of the preceding claims.

25. Electric motor drive system according to claim 24, further
comprising an electric motor comprising stator coils, wherein the stator coils are
connected to act as a common mode filter choke and/or as a differential mode inductor
of the DC link of the electrical converter.

26. Electric motor drive system according to claim 24 or 25,
comprising a traction inverter operable to drive the electric motor, wherein the traction
inverter is configured to operate as the second converter stage when operating the
electrical converter.

27. Battery charging system, in particular for charging electric
vehicle drive batteries, wherein the battery charging system comprises a power supply,
the power supply comprising the electrical converter of any one of the claims 1 to 23.

28. Method of converting between an AC signal having at least

three phases at at least three phase nodes (a, b, ¢) and a DC signal at a high node (p)
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and a low node (n), comprising providing the electrical converter of any one of the
claims 12 to 23, and switching by pulse width modulation between the at least three
phase nodes (a, b, ¢) and the high node (p) and the low node (n) to obtain a switched
voltage signal across the high node and low node, wherein a period of the switched
voltage signal comprises a zero voltage level portion obtained by connecting the phase
node having a smallest absolute instantaneous voltage value of the at least three
phases of the AC signal to both the high node (p) and the low node (n).

29. Method of claim 28, wherein the switched voltage signal
comprises a second voltage level portion obtained by connecting the phase node
having the highest instantaneous voltage value of the at least three phases of the AC
signal to the high node (p), and connecting the phase node having the lowest
instantaneous voltage value of the at least three phases of the AC signal to the low
node (n).

30. Method of claim 28 or 29, wherein the switched voltage
signal comprises a third voltage level portion obtained by connecting the phase node
having the smallest absolute instantaneous voltage value to the high node, and
connecting the phase node having the lowest instantaneous voltage value of the at

least three phases of the AC signal to the low node, or vice versa.
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