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METHOD FOR OPERATING A POWER
CONVERTER

TECHNICAL FIELD

[0001] This disclosure relates in general to a method for
operating a power converter.

BACKGROUND

[0002] Efficient power conversion using an electronic
power converter is an important issue in many electronic
applications. Charging batteries of electronic vehicles, for
example, requires an eflicient power conversion and is
gaining importance as the number of electric vehicles of
various kinds (cars, bicycles, scooters, etc.) is expected to
increase within the next years. In this type application, but
also in any other type of power conversion application it is
desirable to keep losses associated with the power conver-
sion as low as possible, that is, to keep losses occurring in
the power converter and associated with operating the power
converter as low as possible.

SUMMARY

[0003] One example relates to a method. The method
includes operating a power converter in a reduced switching
mode. The power converter includes three input nodes each
configured to receive a respective one of three input volt-
ages, two DC link nodes configured to provide a DC link
voltage, and a midpoint coupled to each of the two DC link
nodes. Further, the power converter includes three inductors
each connected to a respective one of the three input nodes,
and a rectifier bridge including three bridge legs. Fach
bridge leg is coupled to a respective one of the three inputs
through a respective one of the three inductors and is
connected to the respective one of the three inductors at a
respective switch node. Each of the three bridge legs is
further connected to the two DC link nodes and the midpoint
and includes at least one electronic switch.

[0004] Operating the power converter in the reduced
switching mode includes deactivating at least one of the
three bridge legs for a predefined time period.

[0005] Those skilled in the art will recognize additional
features and advantages upon reading the following detailed
description, and upon viewing the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0006] Examples are explained below with reference to
the drawings. The drawings serve to illustrate certain prin-
ciples, so that only aspects necessary for understanding
these principles are illustrated. The drawings are not to scale.
In the drawings the same reference characters denote like
features.

[0007] FIG. 1 illustrates a circuit diagram of a power
converter with a Vienna rectifier topology;

[0008] FIG. 2 shows signal diagrams of input voltages of
the power converter according to one example;

[0009] FIG. 3 illustrates one example of a power converter
of the type illustrated in FIG. 1 in greater detail,

[0010] FIG. 4 shows signal diagrams that illustrate oper-
ating the power converter in a conventional way;

[0011] FIG. 5 illustrates one example of a bidirectional
blocking switch that may be used in the power converter
illustrated in FIG. 3;

Sep. 17, 2020

[0012] FIG. 6 illustrates one example of a control circuit
configured to operate the power converter in accordance
with the method illustrated in FIG. 4;

[0013] FIGS.7A-7F illustrate different examples of bridge
legs of a bridge rectifier in a power converter of the type
illustrated in FIG. 1,

[0014] FIG. 8 shows signal diagrams that illustrate oper-
ating the power converter in a reduced switching mode (1/3
mode) according to one example;

[0015] FIG. 9 illustrates a power converter arrangement
with a first power converter and a second power converter,
wherein the second power converter is operated in accor-
dance with the method illustrated in FIGS. 8 and 9;

[0016] FIG. 10 illustrates one example of a control circuit
configured to operate the power converter arrangement such
that the first power converter is operated in accordance with
the method illustrated in FIGS. 8 and 9;

[0017] FIG. 11 illustrates an example of a second power
converter that includes two converter stages;

[0018] FIG. 12 illustrates one example of a control circuit
configured to operate the second power converter according
to FIG. 11,

[0019] FIG. 13 show signal diagrams that illustrate oper-
ating the power converter in the reduced switching mode
illustrated in FIG. 9 in greater detail;

[0020] FIG. 14 illustrates a modification of the control
circuit shown in FIG. 13;

[0021] FIG. 15 shows signal diagrams that illustrate oper-
ating the power converter arrangement shown in FIG. 10 in
a full 1/3 mode, a partial boost mode and a full 3/3 mode;
[0022] FIG. 16 illustrates the different operating modes
shown in FIG. 15 dependent on a desired DC link voltage
during one of six operating phases;

[0023] FIG. 17 illustrates another example of a control
circuit configured to operate the second power converter
according to FIG. 11,

[0024] FIG. 18 illustrates an example of a power converter
arrangement that includes a balancing circuit;

[0025] FIG. 19 illustrates one example of the balancing
circuit;
[0026] FIG. 20 shows signal diagrams that illustrate oper-

ating a power converter in a 2/3 mode or a 3/3 mode;
[0027] FIG. 21 illustrates the different operating modes
shown in FIG. 20 dependent on a DC link voltage during one
of six operating phases;

[0028] FIG. 22 shows signal diagrams of the power con-
verter operating in the 2/3 mode or the 3/3 mode at different
DC link voltages;

[0029] FIG. 23 illustrates one example of a control circuit
configured to operate the power converter in the 2/3 mode or
the 3/3 mode;

[0030] FIG. 24 illustrates operating a power converter in
one of a 1/3 mode, a 2/3 mode, or a 3/3 mode dependent on
a DC link voltage during one of six operating phases; and
[0031] FIG. 25 shows signal diagrams of the power con-
verter operating in the 1/3 mode, the 2/3 mode, or the 3/3
mode at different DC link voltages.

DETAILED DESCRIPTION

[0032] In the following detailed description, reference is
made to the accompanying drawings. The drawings form a
part of the description and for the purpose of illustration
show examples of how the invention may be used and
implemented. It is to be understood that the features of the
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various embodiments described herein may be combined
with each other, unless specifically noted otherwise.

[0033] FIG. 1 shows a circuit diagram of a power con-
verter 10 known as Vienna rectifier, which is a switched-
mode three-phase (3®) AC-DC power converter. The power
converter includes an input with three input nodes A, B, C
each configured to receive a respective one of three input
voltages V1, V2, V3, two DC link nodes X, Z configured to
provide a DC link voltage V4 therebetween, and a midpoint
Y coupled to each of the two DC link nodes X, Z. Each of
the three input voltages V1, V2, V3 is a voltage between the
respective input node A, B, C and a common ground node
N. The power converter further includes three inductors L1,
L2, L3 each coupled to a respective one of the three input
nodes A, B, C. In the example shown in FIG. 1, the inductors
L1, 1.2, L3 are directly coupled to the inputs A, B, C. This,
however is only an example. According to another example
(not shown) an input filter is connected between the inputs
A, B, C and the inductors L1, L2, L3.

[0034] Referring to FIG. 1, the power converter further
includes a rectifier bridge 1 with three bridge legs 1, 1,, 15
Each of the three bridge legs 1,, 1,, 15, which are only
schematically illustrated in FIG. 1, includes at least one
electronic switch Q1, Q2, Q3 and is connected to a respec-
tive one of the three inductors L1, 1.2, L3, so that each of the
bridge legs 11, 12, 13 is coupled to a respective one of the
three inputs A, B, C through a respective one of the three
inductors L1, [.2, L3. Further each of the three bridge legs
1,,1,, 15 is connected to the two DC link nodes X, 7 and the
midpoint Y.

[0035] As illustrated, the midpoint Y may be coupled to a
first one X of the two DC link nodes X, 7 via a first capacitor
C1 and to a second one Z of the two DC link nodes X, Z via
a second capacitor C2. A voltage VC1 across the first
capacitor C1 is referred to as first capacitor voltage and a
voltage VC2 across the second capacitor C2 is referred to as
second capacitor voltage in the following.

[0036] According to one example, the input voltages V1,
V2, V3 received by the power converter are alternating input
voltages such as sinusoidal input voltages. A phase shift
between each pair of these input voltages V1, V2, V3 may
be 120°. FIG. 2 shows signal diagrams of sinusoidal input
voltages V1, V2, V3 during one period of each of these input
voltages V1, V2, V3. A phase shift between each pair of
these input voltages V1-V3 is 120° (2n/3) in this example.
Each of the three sinusoidal input voltages V1-V3 periodi-
cally changes between a minimum voltage level and a
maximum voltage level, wherein the maximum voltage level
is a positive voltage level and the minimum voltage level is
a negative voltage level in this example. According to one
example, a magnitude of the minimum level essentially
equals a magnitude of the maximum level and the three input
voltages V1-V3 have essentially the same minimum voltage
levels and the same maximum voltage levels. Further, the
three input voltages V1-V3 may have essentially the same
frequency, wherein this frequency is between 50 Hz and 60
Hz, for example.

[0037] FIG. 2 illustrates the input voltages V1, V2, V3
dependent on a phase angle. In the following, the plurality
of the input voltages V1, V2, V3 is also referred to as input
voltage system. Further, for the purpose of illustration, it is
assumed that a certain phase angle o of the input voltage
system corresponds to a phase angle o of the first input
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voltage V1, wherein a=0 is the phase angle at the beginning
of a positive halfwave of the first input voltage V1.

[0038] A magnitude A1, A2, A3 of the maximum voltage
level and the minimum voltage level of each of the input
voltages V1, V2, V3 may also be referred to as amplitude of
the respective input voltage V1, V2, V3. Root mean square
(RMS) values Aly,,., A2y, A3, o of the input voltages
are given by the amplitude divided by the square root of 2,
that is Ag,~A/V2, where A denotes the amplitude of any
one of the three input voltages V1, V2, V3 and where A, ¢
denotes the respective RMS value. According to one
example, each of the three input voltages V1, V2, V3 is a
230 V rags grid voltage, that is
Arars Al A2, A3 222230 Viase. The amplitudes
are given by A=A1=A2=A3=325 V in this example.
[0039] At each phase of one period of the three input
voltages V1, V2, V3 one of the three input voltages has the
highest (positive) voltage level of the three input voltages
V1, V2, V3 and one of the three input voltages has the
lowest (negative) voltage level of the three input voltages
V1, V2, V3, wherein in each period each of the three input
voltages V1, V2, V3 has the highest level and each of the
three input voltages V1, V2, V3 has the lowest level for a
certain time period. A difference between the highest voltage
level and the lowest voltage level is referred to as line-to-line
voltage V. The line-to-line voltage V,; associated with the
input voltages V1, V2, V3 shown in FIG. 2 is also illustrated
in FIG. 2. As can be seen, the line-to-line voltage is periodic,
wherein the duration of one period of the line-to-line voltage
V,; 18 1/6 of a duration of one period of the input voltages
V1, V2, V3. In other words, one period of the input voltages
V1, V2, V3 includes phase angles from 0° to 360° (0 to 2m)
and one period of the line-to-line voltage V,, ranges over
60° of one period of the input voltages V1, V2, V3. The
maximum of the line-to-line voltage V;; ,,., which is also
referred to as maximum line-to-line voltage in the following,
is given by the amplitude A of the three input voltages
multiplied with the square root of 3, that is V,; ,,, . =A+/3.
For example, in an input voltage system with three 230
V rags 10put voltages V1, V2, V3, the maximum line-to-line
voltage V;; ., 18 563V.

[0040] Operating a power converter of the type shown in
FIG. 1 may include (a) regulating the DC link voltage V4
such that it has a predefined voltage level, and (b) regulating
each of the three input currents I1, 12, I3 such that it has a
current waveform that essentially equals the waveform of
the respective input voltage V1, V2, V3. Thus, these input
currents 11, 12, 13 essentially have sinusoidal waveforms
when the input voltages V1, V2, V3 are sinusoidal voltages.
Regulating each of the input currents 11, 12, 13 may include
regulating an inductor voltage VL1, VL2, VL3 across the
respective inductor L1, 1.2, L3, wherein regulating the
inductor voltages VL, VL2, VL3 may include regulating
voltages VA', VB!, V(' at circuit nodes A', B!, C' arranged
between the inductors L1, L2, L3 and the bridge legs 1, 1,,
1,. These circuit nodes A', B!, C' are referred to as switch
nodes of the bridge legs 1,, 1,, 15, and the voltages VA', VB/,
V(' at these switch nodes A", B', C', are referred to as switch
node voltages in the following, wherein these voltages VA',
VB, VC are referenced to the common ground node N. One
example of a method for regulating the inductor voltages
VL1, VL2, VL3 in order to regulate the input currents 1, 12,
13 is explained with reference to FIGS. 3 and 4 in the
following.
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[0041] FIG. 3 illustrates a power converter of the type
illustrated in FIG. 1, wherein the bridge legs 1,, 1,, 1, are
implemented in accordance with one specific example. (Fur-
ther examples for implementing the inductor voltages VL1,
V1.2, VL3 are explained herein further below.) FIG. 4
illustrates signal diagrams of signals occurring in the power
converter during one period of the input voltages V1, V2,
V2. In the example illustrated in FIG. 3, each of the bridge
legs 1,, 1,, 1, includes an electronic switch Q1, Q2, Q3
connected between the respective switch node A", B', C' and
the midpoint Y, a first rectifier element D11, D21, D31
connected between the respective input node A', B!, C' and
the first DC link node X, and a second rectifier element D12,
D22, D32. The electronic switches Q1, Q2, Q3 may be
implemented as bidirectional blocking switches. A “bidirec-
tional blocking switch” is a switch that is capable of block-
ing a current independent of a polarity of a voltage applied
to the electronic switch.

[0042] One example of a bidirectional blocking switch is
illustrated in FIG. 5. In this example, the electronic switch
Q (wherein Q represents an arbitrary one of switches Q1,
Q2, Q3) includes two MOSFETs (Metal Oxide Semicon-
ductor Field Effect Transistors) that are connected in series
such that integrated body diodes are connected in a back-
to-back configuration. That is, these MOSFETs are con-
nected in series such that the body diodes integrated in these
MOSFETs either have their anodes connected or have their
cathodes connected. The two MOSFETs may be driven by
the same drive signal S (wherein S represents an arbitrary
one of the drive signals 51, S2, S3 received by the switches
Q1, Q2, Q3). However, implementing the bidirectional
switches Q1, Q2, Q3 in the way illustrated in FIG. 5 is only
an example. Any other type of bidirectional electronic
switch, such as a HEMT (High Electron-Mobility Transis-
tor) may be used as well.

[0043] Referring to FIG. 3, the first and second rectifier
elements D11-D32 may be implemented as passive rectifier
elements such as diodes. This, however, is only an example.
Active rectifier elements such as MOSFETs operated as
synchronous rectifiers may be used as well.

[0044] In the example illustrated in FIG. 3, the first
rectifier elements D11, D21, D31 are configured to enable a
(positive) current flow from the respective switch node A,
B', C' towards the first DC link node X and the second
rectifier elements D12, D22, D32 are configured to enable a
(positive) current flow from the second DC link node Z
towards the respective switch node A', B, C'. That is, in the
example shown in FIG. 3, the diodes forming the first
rectifier elements D11, D21, D31 have their cathodes con-
nected to the first DC link node X and have their anodes
connected to the respective input node A', B!, C', and the
diodes forming the second rectifier elements D12, D22, D32
have their anodes connected to the second DC link node 7
and have their cathodes connected to the respective input
node A", B', C".

[0045] Referring to the above, controlling the current 11,
12, 13 through each of the inductors L1, 1.2, L3 includes
controlling the voltage VL1, VL2, VL3 across the respective
inductor L1, 1.2, L3. Fach inductor voltage VL1, V1.2, VL3
is given by the respective input voltage V1, V2, V3 minus
the respective switch node voltage VA', VB', VC'. The input
voltages V1, V2, V3 are predefined by a voltage source such
as a power grid and can be measured, so that the inductor
voltages VL1, VL2, VL3 and, therefore, the inductor cur-
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rents 11, 12, I3 can be regulated by regulating the switch
node voltages VA', VB', VC'. This is explained with refer-
ence to FIG. 4 in the following.

[0046] FIG. 4 illustrates drive signals S1, S2, S3 of the
electronic switches Q1, Q2, Q3, sinusoidal input voltages
V1, V2, V3 and corresponding input currents 11, 12, 13,
which are essentially sinusoidal. FIG. 4 further illustrates
currents 1D11, ID12 through the first and second rectifier
elements D11, D12 in a first one 1, of the bridge legs 1,, 1,,
1,, a current IQ1 through the electronic switch Q1 in the first
bridge leg 1,, and a voltage VQ1 across the electronic switch
Q1 in the first bridge leg 1,.

[0047] For the purpose of explanation it is assumed that
the power converter is in a steady state in which the DC link
voltage V4 has already reached a desired voltage level and
that a power consumption of a load Z (illustrated in dashed
lines in FIG. 3) connected to the DC link nodes X, Z is
constant. This load may be an arbitrary load, including a
load that includes a further power converter. Referring to
FIG. 4, the power converter may be operated in a continuous
conduction mode (CCM), that is, the inductor currents I1, 12,
13 do not decrease to zero during each of the positive and the
negative halfwave of the respective input voltage V1, V2,
V3. (The input currents 11, 12, I3 turn zero only for a short
time period when the respective input voltage V1, V2, V3
Crosses zero).

[0048] Current flow directions of the inductor currents 11,
12, 13 are dependent on instantaneous voltage levels of the
input voltages V1, V2, V3 and the midpoint voltage VY. The
“midpoint voltage” VY is the voltage at the midpoint Y,
which is not directly connected to the ground node N,
referenced to the ground node N. The midpoint voltage VY
or the negative -VY of the midpoint voltage may also be
referred to as common mode voltage VCM in the following.
Just for the purpose of illustration, in the following, the
negative of the midpoint voltage VY is referred to as the
common mode voltage, VCM=-VY. The common mode
voltage VCM may be regulated such that it is zero, so that
the potential at the midpoint equals the potential at the
ground node. Alternatively, the common mode voltage VCM
may be regulated such that it is different from zero and
varies over one period of the input voltages V1, V2, V3. In
each of these cases, the inductor currents can be regulated
such that each inductor current I1, 12, 13 is positive during
the positive halfwave of the respective input voltage V1, V2,
V3 and negative during the negative halfwave of the respec-
tive input voltage V1, V2, V3. Examples for regulating the
common mode voltage VCM are explained in further detail
herein below.

[0049] Controlling the input currents 11, 12, I3 is explained
in the following with reference to controlling the current 11
through a first one L1 of the inductors L1, L2, L3, which is
the inductor connected to the first bridge leg 11. Regulating
the other two 12, I3 of the input currents I1, 12, 13 is achieved
in the same way. In the following the input A coupled to the
first bridge leg 1, is referred to as first input, the voltage V1
received at this input is referred to as first input voltage, the
switch node A' of the first bridge leg 11 is referred to as first
switch node, the inductor L1 connected to the first switch
node A' is referred to as first inductor, and the voltage VL1
across the first inductor L1 is referred to as first inductor
voltage VL1.

[0050] During the positive halfwave of the first input
voltage V1, the first inductor current 11 is positive, that is,
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the inductor current flows in a direction as indicated by the
arrow in FIG. 3. In this case, the inductor current I1 flows
through the first rectifier element D11 during the off-period
of the first switch Q1, that is, after the first switch Q1 has
been switched off. During the off period of the electronic
switch Q1, the voltage VA' at the first switch node A'is given
by the voltage VX at the first DC link node X minus a
voltage drop across the first rectifier element D11. This
voltage drop across the first rectifier element, however, is
negligible so that during the off-period of the first electronic
switch Q1, the potential at the first switch node A' is
essentially clamped to the voltage VX at the first DC link
node X. This voltage VX is referenced to the ground node
and is referred to as first DC link node voltage in the
following.
[0051] During the negative halfwave of the first input
voltage V1, the first inductor current 11 is negative, that is,
the inductor current flows in a direction opposite the direc-
tion as indicated by the arrow in FIG. 3. In this case, the
inductor current 11 flows through the second rectifier ele-
ment D12 during the off-period of the first switch Q1.
During the off period of the electronic switch Ql, the
potential at the first switch node A' is given by the voltage
VZ at the second DC link node Z minus a voltage drop
across the second rectifier element D12. This voltage drop
across the second rectifier element, however, is negligible so
that during the off-period of the first electronic switch Q1,
the potential at the first switch input node A' is essentially
clamped to the voltage VZ at the second DC link node 7.
This voltage VZ is referenced to the ground node and is
referred to as second DC link node voltage in the following.
[0052] Inthe power converter shown in FIG. 3, the voltage
VA at the first switch node A' (as well as at the other two
switch nodes B', C') can have three different levels depen-
dent on a polarity of the first input voltage V1 and the
switching state of the first electronic switch Q1: (1) VA'=VY
during on-periods of the electronic switch Q1; (2) VA'=VX
during off-periods of the electronic switch Q1 and when the
first input voltage V1 is positive, that is, during the positive
halfwave of the first input voltage V1; and (3) VA=VZ
during off-periods of the electronic switch Q1 and when the
first input voltage V1 is negative, that is, during the negative
halfwave of the first input voltage V1.
[0053] The first DC link node voltage VX is given by the
first capacitor voltage VC1 minus the common mode voltage
VCM,

VX=VC1-VCM 1),

and the second DC link node voltage VZ is given by the
common mode voltage VCM multiplied with minus 1 minus
the second capacitor voltage VC2,

VZ=-VC2-VCM=-(VC2+VCM) (1b),

wherein, just for the purpose of illustration, it is assumed
that the common voltage VCM is VN-VY, wherein VN is
the potential at the ground node N and VY is the potential
at the midpoint.

[0054] The common mode voltage VCM can be positive
and negative. In each case, the magnitude of the common
mode voltage VCM is lower than the magnitude of each of
the first and second capacitor voltages, so that the first DC
link node voltage VX is positive and the second DC link
node voltage VZ is negative.

[0055] The voltage VL1 across the first inductor L1 is
given by
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VLI =11 an
= T

where L1 denotes the inductance of the first inductor L1.
Thus, the inductor current I1 increases when the inductor
voltage VL1 is positive, and decreases when the inductor
voltage VL1 is negative, and remains constant when the
inductor voltage VL1 is zero. By suitably switching the
voltage VA' at the first switch node A' between two of these
three voltage levels VX, VY, VZ the first input current [1 can
be generated such that it follows a sinusoidal waveform.
During the positive halfwave of the first input voltage V1,
(a) the inductor current I1 increases during on-periods of the
first switch Q1, and (b) decreases during off-periods of the
first switch Q1 switches. During the negative halfwave of
the first input voltage V1, (c) the inductor current I1
increases during on-periods of the first switch Q1 and (d)
decreases during off-periods of the first switch Q1. In each
case, the inductor current 11 increases, when the average of
the inductor voltage VL1 over one-period and one off-period
of the first switch Q1 is positive and decreases when the
average of the inductor voltage VL1 over one-period and
one off-period of the first switch Q1 is negative.

[0056] The electronic switch Q1 (as well as the other
switches Q2, Q3) may be operated in a pulse-width modu-
lated (PWM) fashion at a fixed switching frequency fg;,
which is significantly higher than the frequency of the first
input voltage V1. The switching frequency f;, is between
several kHz and several 10 kHz and may range up to several
100 kHz, for example. In order to adjust the first switch node
voltage VA' a duty cycle d1 of operating the first switch Q1
varies, wherein in each drive cycle the duty cycle d1 is given
by a relationship between one of the duration T, of the
on-period of the electronic switch Q1 or a duration TOFF of
the off-period of the electronic switch Q1 and the duration
T of one drive cycle, wherein the duration T of the drive
cycle is given by the reciprocal of the switching frequency
(T=1/f5;;). The duration T,z of the off-period of the elec-
tronic switch Q1 is given by the duration T of the drive cycle
minus the duration T, of the on-period, T ,zz=T-T . Just
for the purpose of illustration it is assumed that a magnitude
|d11 of the duty cycle d1 is given by the ratio between the
duration Tz of the off-period and the duration T of the
drive cycle,

T,
|dl]= 22
T

Further, it is assumed, that the duty cycle d1 can be positive
or negative, wherein the duty cycle dl is positive during the
positive halfwave of the first input voltage V1 and negative
during the negative halfwave of the first input voltage V1.
For example, a duty cycle d1=0 indicates the first switch Q1
is switched on during a respective drive cycle; a duty cycle
d1=1 indicates that the first switch Q1 is switched off during
a respective drive cycle in the positive halfwave of the first
input voltage V1; and a duty cycle d1=-1 indicates the first
switch Q1 is switched off during a respective drive cycle in
the negative halfwave of the first input voltage V1. A
positive duty cycle d1 different from one (1) or zero (0)
represents a ratio between the duration of the on-period and
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the off-period in a drive cycle in the positive halfwave of the
first input voltage V1. Equivalently, a negative duty cycle d1
different from 1 or zero represents a ratio between the
duration of the on-period and the off-period in a drive cycle
in the negative halfwave of the first input voltage V1.

[0057] Referring to the above, the first switch node volt-
age VA' is obtained by switching between the first DC link
node voltage VX and the midpoint voltage VY, or between
the second DC link node voltage VZ and the midpoint
voltage VY. The first switch node voltage A' is therefore
given by the average voltage at the first switch node A' in
one drive cycle. During the positive halfwave of the input
voltage V1, for example, the first switch node voltage VA' is

given by
VA VY -Toy + VX -Torr _ (2a)
= =
—-VCM - Ty + (=VCM + VC1) - Typp _ Torr

=-VCM + V(1
T

T

and during the negative halfwave of the input voltage V1, for
example, the first switch node voltage VA' is given by

VY- T, VZ-T,
VA on + OFF _ (2b)
T
—VCM -Toy + (~VCM = VED)-Torr Torr

=-VCM - —— - V(2.
T T

Thus, by suitably adjusting the duty cycle dl of the first
electronic switch Q1, the first switch node voltage VA' and,
therefore, the first inductor voltage VL1 can be adjusted. On
the other hand, based on the desired first switch node voltage
VA' and the common mode voltage VCM the duty cycle d1
can be calculated. Referring to the above, the duty cycle d1
is given by the ratio between the duration TOFF of the
off-period and the duration T of one drive cycle, and the duty
cycle d1 is positive in the positive halfwave of the first input
voltage V1 and negative in the negative halfwave of the first
input voltage V1. Thus,

Torr
—— =dl
T

in equation (2a) and
Torr

S0 g
T

in equation (2b). Thus, during the positive halfwave, the
duty cycle d1, based on equation (2a), is given by

_ VA +VeM (3a)

dl VCl

and, during the negative halfwave, the duty cycle dl, based
on equation (2b), is given by

VA + VCM (3b)

dl =
ve2

The capacitor voltages VC1, VC2 may be regulated such
that each of these voltages is 50% of the DC link voltage V4,
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so that VC1=VC2=V4/2. In this case, the duty cycle d1 can
be calculated as follows based on equations (3a) and (3b),

VA" + VCM (3c)
1Z%)

Referring to FIGS. 1 and 3, the power converter includes a
control circuit 2 that is configured to operate the at least one
electronic switch Q1, Q2, Q3 in each of the bridge legs 1,
1,, 1,. More specifically, this control circuit 2 may be
configured to generate drive signals S1, S2, S3 received by
the electronic switches Q1, Q2, Q3 such that the DC link
voltage V4 has a predefined voltage level and such that the
inductor currents (the input currents) 11, 12, I3 essentially
have the same waveform as the input voltages V1, V2, V3.
For this, the control circuit 2 receives a DC link voltage
signal S, wherein the DC link voltage signal S,,, represents
the DC link voltage V4. The DC link voltage V4 may be
measured in a conventional way by any kind of voltage
measurement circuit (not shown) in order to obtain the DC
link voltage signal S,.,. Further, the control circuit 2 receives
input voltage signals S,,, Sy». Sys, each representing a
respective one of the input voltages V1, V2, V3 and input
current signals S;;, Sp,, Sy each representing a respective
one of the input currents 11, 12, 13. The input voltage V1, V2,
V3 may be measured in a conventional way in order to
obtain the input voltage signals Sy, S;», Sy5. Further, the
input currents 11, 12, 13 may be measured in a conventional
way in order to obtain the input current signals S;,, S;,, Sy.
One example of a control circuit 2 configured to generate the
drive signals S1-S3 is illustrated in FIG. 6.

[0058] The control circuit 2 shown in FIG. 6 includes a
first filter 21 that receives the DC link voltage signal S ., and
a DC link voltage reference signal S;4 .z Wherein the DC
link voltage reference signal Sy, xz represents the desired
voltage level of the DC link voltage V4. The filter 21
subtracts the DC link voltage reference signal S, zxr from
the DC link voltage signal S,,, and filters the difference in
order to generate a DC link voltage error signal 8,4 gzz. The
filter (or controller) may have one of a proportional (P)
characteristic, a proportional-integrative (PI) characteristic,
a proportional-integrative-derivative (PID) characteristic, or
the like. A multiplier 22 receives the DC link voltage error
signal Sy, zzz and the DC link voltage reference signal
Syu zer Wherein an output signal S22 of the multiplier 22
represents a desired output power of the power converter. A
divider 23 divides the multiplier output signal S22 by a
signal that represents 1.5 times the square of the amplitude
of the input voltages V1, V2, V3 (3/2-V?). An output signal
S23 of the divider 23 represents an overall desired input
current of the power converter, wherein the overall desired
input current is the input current that is required by the
power converter in order to achieve the desired voltage level
of the DC link voltage V4 as defined by the DC link voltage
reference signal S, rrp

[0059] Referring to FIG. 6, the control circuit 2 further
includes three branches, wherein each of these branches
receives the divider output signal S23 and generates a
respective one of the three drive signals S1, S2, S3. Each of
these branches includes a multiplier 24, 24,, 24, that
multiplies the divider output signal S23 with the respective
input voltage signal S;, S;-, Sy, wherein an output signal
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of each of these multipliers 24, 24,, 24, is an input current
reference signal S;, rzm Sp rers S zim that is, each of
these signals S;; gz Sps rer S rer represents the desired
current level of a respective one of the input currents I1, 12,
I3. From each of these reference signals S;; zzr, SL, per,
Sy rer the respective input current signal S;;, Sy, Sy is
subtracted by a respective subtractor 25, 25, 25, connected
downstream the respective multiplier 24,, 24, 245. The
output signal of each of these subtractors 25,, 25,, 25; is
filtered by a respective filter 26,, 26,, 26, connected down-
stream the respective subtractor 25,, 25,, 25;, wherein an
outputsignal S, | rzr, Syrs gers Syra_ger 0f the respective
filter 26,, 26,, 265 represents a desired voltage level of a
respective one of the three inductor voltages VL1, VL2,
VL3. A further subtractor 27, 27,, 27, subtracts the input
voltage signal S, Sy, Sy from the respective inductor
voltage reference signal Sy, rpr Spzo rges SVis ger 0
order to obtain switch node voltage reference signals S,.,.

REF, Syg: pgrs Syer rer Wherein each of these switch node
voltage reference signals S, rrr Svs rer Sve rErF €D
resents the desired voltage level of a respective one of the
three leg input voltages VA', VB', VC'

[0060] Referring to FIG. 6, each of the three branches that
generate the drive signals S1, S2, S3 includes a PWM
modulator 28, 28,, 28, that receives a respective one of the
leg input voltage reference signals S, rrr Sypr rEFs Sy
rer, wherein each of these modulators 28, 28, 28, is
configured to generate a respective one of the drive signals
S1, 82, S3 based on the respective reference signal S, zrr
Sus rEm Sver e Such that in each drive cycle of the at
least one electronic switch Q1, Q2, Q3 an average of the
respective leg input voltage VA', VB', V' equals the voltage
level as defined by the respective leg input voltage reference
signal S, zer Svsr ke Sycr zer- 1he specific implemen-
tation of the PWM modulators 28, 28, 28, is dependent on
the type of a bridge leg 1,, 1,, 15 used in the power
converter.

[0061] In a 3-level power converter, that is, a power
converter implemented with bridge legs as illustrated in
FIG. 3 and FIGS. 7A-7C, for example, each of the PWM
modulators 28,. 28, 28, may be configured to calculate the
duty cycles dl, d2, d3 of the drive signals S1, S2, S3 based
on one of equations (3a), (3b) or (3c) and generate the drive
signals S1, S2, S3 in accordance with the calculated duty
cycle.

[0062] Referring to these equations, by suitably adjusting
the duty cycles d1, d2, d3 not only the switch node voltages
VA', VB, V(' but also the common mode voltage VCM can
be adjusted. Basically, in order to achieve a sinusoidal
current waveform, the first DC link node voltage VX has to
be equal to or higher than the highest voltage level of the
three input voltages V1, V2, V3 and the second DC link
node voltage VZ has to be equal to or lower than the lowest
voltage level of the three input voltages V1, V2, V3. If, for
example, it is desired that the common mode voltage VCM
is zero, each of the capacitor voltages VC1, VC2 has to be
higher than the amplitude of the three input voltages. Thus,
when the input voltages V1, V2, V3 are 230 V, . voltages,
each of the capacitor voltages has to be higher than 325V, so
that the DC link voltage has to be higher than 650V
(=2*%325V). If, for example, the DC link voltage is twice the
amplitude of the input voltages and the common mode
voltage VCM is zero, the duty cycles d1, d2, d3 as defined
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by equations (3a). (3b) and (3c), in the steady state, essen-
tially follow the respective input voltage V1, V2, V3.
[0063] In some cases, however, it may be desirable to
regulate the DC link voltage V4 to a voltage level that is
lower than twice the amplitude of the input voltages V1, V2,
V3. This can be achieved by suitably adjusting the common
mode voltage VCM. In the example illustrated in FIG. 4, the
common voltage VCM (which is not illustrated) has been
selected such that it equals —(Vmax'+Vmin')/2, wherein
Vmax' denotes the voltage level of the highest one of the
three switch node voltages VA', VB', BC' at a certain time
instance, that is Vmax'=max{VA"; VB'; BC'}, and Vmin'
denotes the lowest one of the three switch node voltages at
a certain time instance, that is Vmin'=min{VA'; VB'; BC'}.
In the steady state, the switch node voltages VA', VB', BC'
follow the input voltages V1, V2, V3 and can be considered
to be essentially equal to the input voltages V1, V2, V3 (the
inductor voltages VL1, VL2, VL3 are low as compared to
the input voltages V1, V2, V3). In order to adjust the duty
cycles, the PWM modulators 28, 28,, 28 may each receive
a common mode voltage signal S,.,, that represents the
desired common mode voltage. This common mode signal
S;car May be provided by a central controller (which is not
illustrated). This central controller may be a microcontroller
or the like,

[0064] In the method illustrated in FIG. 4, the electronic
switch Q1, Q2, Q3 in each of the bridge legs 11, 12, 13 is
operated in the PWM mode throughout the period of the
input voltages V1, V2, V3. This type of operating mode will
also be referred to as 3/3 mode in the following.

[0065] Referring to the above, the bridge legs 1,, 1,, 1
can be implemented in various ways. Some examples for
implementing the individual bridge legs 1,-15 are explained
with reference to the first bridge leg 1, in the following. The
second and third bridge leg 1,, 1, can be implemented in the
same way as the first bridge leg 1,. FIG. 7A illustrates a first
example of the first bridge leg 1,. In this example, the first
bridge leg 1, is implemented in the way explained with
reference to FIG. 3. That is, the bridge leg 1, includes a
bidirectional blocking switch Q1 connected between the first
switch node A' and the midpoint Y, a first rectifier element
D11 connected between the first switch node A' and the first
DC link node X, and a second rectifier element D12 con-
nected between the second DC link node Z and the first
switch node A".

[0066] A second example for implementing the first bridge
leg 1, is illustrated in FIG. 7B. In this example, the bridge
leg 1, includes a first rectifier element D211 connected to the
first DC link node X, a second rectifier element D212
connected to the second DC link node Z, a third rectifier
element D213 connected between the switch node A' and the
first rectifier element D211, a fourth rectifier element D214
connected between the switch node A' and the second
rectifier element D212, a fifth rectifier element D215 con-
nected between the midpoint Y and the first rectifier element
D211, and a sixth rectifier element D216 connected between
the midpoint Y and the second rectifier element D212.
Further, an electronic switch Q1 is connected between the
first and second rectifier elements D211, D212. This elec-
tronic switch Q1 may be a unidirectional electronic switch
such as, for example, a MOSFET. Referring to FIG. 7B, the
rectifier elements D211-D216 may be implemented as
diodes. These rectifier elements D211-D216 are connected
such that during the positive halfwave of the first input
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voltage V1, the inductor current I1 can flow from the first
switch node A' via the third rectifier element D213, the
electronic switch Q1 and the sixth rectifier element D216 to
the midpoint Y, when the electronic switch Q1 is switched
on. When the electronic switch Q1 is switched off, the
inductor current I1 flows via the third rectifier element D213
and the first rectifier element D211. During the negative
halfwave of the input voltage V1, the current flows from the
midpoint Y via the fifth rectifier element D215 and the fourth
rectifier element D214 to the first switch node A' when the
electronic switch Q1 is switched on. When the electronic
switch Q1 is switched off, the current flows from the second
DC link node Z via the second rectifier element D212 and
the fourth rectifier element D214 to the first switch node A'.

[0067] FIG. 7C shows a third example of the first bridge
leg 1,. In this example, the first bridge leg 11 includes a first
rectifier element D311 connected to the first DC link node X,
a second rectifier element D312 connected to the second DC
link node Z, a first switch Q311 connected between the first
switch node A' and the first rectifier element D311, a second
switch Q312 connected between the first switch node A' and
the second rectifier element D312, a third rectifier element
D313 connected between the midpoint Y and the first
rectifier element D311, and a fourth rectifier element D314
connected between the midpoint Y and the second rectifier
element D312.

[0068] The electronic switches Q311, Q312 may be uni-
directional blocking switches such as, for example, MOS-
FETs. The electronic switches Q311, Q312 and the rectifier
elements D311-D314 may be connected such that during the
positive halfwave of the input voltage V1 the inductor
current 11 flows via the switch node A' via the second
electronic switch Q312 and the fourth rectifier element D314
to the midpoint Y when the second electronic switch Q312
is switched on. When the second electronic switch Q312 is
switched off, the inductor current I1 flows via the first
electronic switch Q311 and the first rectifier element D311
to the first DC link node X. The first electronic switch Q311,
Q312 may be switched on and off at the same time. In this
case, during the off-period, the inductor current I1 flows via
the body diode of the MOSFET forming the first electronic
switch Q311 and the first rectifier element D311. According
to another example, the first and second electronic switch
Q311, Q312 are operated in a complementary fashion, so
that only one of the switches is switched on at the same time.
In this case, the first switch Q311 is switched on when the
second switch Q312 switches off, so that the inductor current
11 flows via the switched on first electronic switch Q311 and
the first rectifier element D311.

[0069] During the negative halfwave of the input voltage
V1, the inductor curtent I1 flows from the midpoint Y via the
third rectifier element D311 and the first electronic switch
Q311 to the first switch node A' when the first electronic
switch Q311 is switched on. When the first electronic switch
Q311 is switched off, the inductor current I1 flows from the
second DC link node 7 via the second rectifier element D311
and the second electronic switch Q312 to the first switch
node A".

[0070] FIG. 7D shows a modification of the bridge leg 11
shown in FIG. 7C. In the example shown in FIG. 7D the first
switch Q311 is connected between the midpoint Y and the
first rectifier element D311, the second switch Q312 is
connected between the midpoint Y and the second rectifier
element D312, the third rectifier element D313 is connected
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between the switch node A' and the first rectifier element
D311, and the fourth rectifier element D314 is connected
between the switch node A' and the second rectifier element
D311.

[0071] Each of the bridge legs 11 shown in FIGS. 7A, 7B,
7C and 7D is configured to provide three different voltage
levels at the first switch node A'. Using one of the bridge legs
1,shown in FIGS. 7A to 7D, the average electrical potential
at the first switch node A' during one drive cycle is generated
from two voltage levels, the electrical potential VX at the
first DC link node X and the electrical potential VY at the
midpoint Y during the positive halfwave at the input voltage
V1, and the electrical potential VZ at the second DC link
node Z and the electrical potential VY at the midpoint Y
during the negative halfwave of the input voltage V1.
[0072] FIGS. 7E and 7F illustrate further examples of the
first bridge leg 1,. In these examples, the bridge leg 1,
includes capacitors in addition to DC link capacitors C1, C2.
In these examples, in each of the positive halfwave and the
negative halfwave of the input voltage V1, more than two
different voltage levels are available for generating the
switch node voltage VA' such that it assumes the desired
value. The bridge legs 1, illustrated in FIGS. 7D and 7E are
so-called multi-level bridge legs, wherein the bridge leg 1,
shown in FIG. 7D is a Hybrid Active Neutral Point Clamped
Converter leg, and the bridge leg 1, shown in FIG. 7E is a
Stacked Multicell Converter leg. These legs are known (see,
for example, G. Gateau, T. A. Meynard, H. Foch: ““ Stacked
Multicell Converter (SMC): Properties and design”, 2001
IEEE 32"¢ Annual Power Electronics Specialists Confer-
ence, Vol. 3, pages 1583-1588), so that no further explana-
tion is required in this regard. Basically, each of these bridge
legs is capable of providing more than three different voltage
levels, that is, the three voltage levels VX, VY, VZ and
additional voltage levels for generating the switch node
voltage VA"

[0073] In the examples illustrated in FIGS. 7A-7F, the
rectifier elements may be implemented as diodes (as illus-
trated). This, however, is only an example. According to
another example (not shown) these rectifier elements may be
implemented as synchronous rectifier elements.

[0074] Referring to the above, operating a power con-
verter of the type illustrated in FIGS. 1 and 3 may include
a PWM (pulse-width modulated) operation of each of the at
least one electronic switch in each of the bridge legs 1;, 1,,
15 at each time of the operation. Operating the switches Q1,
Q2, Q3 in a PWM mode, however, is associated with
switching losses. “Switching losses™ are losses that occur in
context with switching on and switching off the respective
switch Q1, Q2, Q3. In order to increase the efliciency of the
power converter it is desirable to reduce those switching
losses.

[0075] According to one example, reducing switches
losses includes operating the power converter in a reduced
switching mode, wherein operating the power converter in a
reduced switching mode includes deactivating the at least
one switch Q1, Q2, Q3 in one or two of the bridge legs 1,,
1,, 1, for a time period that is significantly longer than the
duration T of one drive cycle. According to one example,
deactivating the at least one switch includes deactivating the
at least one switch for more than 10, more than 100 or even
more than 1000 drive cycles. In the following, a bridge leg
in which the at least one switch is deactivated is referred to
as deactivated bridge leg. Referring to the above, the “at
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least one electronic switch” of a bridge leg 1,, 1,, 1, may
include one electronic switch or several electronic switches.
A bridge leg 1, with one electronic switch is illustrated in
FIG. 7A wherein, as illustrated in FIG. 5, one switch may
include two transistors. Bridge legs 1, with several (unidi-
rectional blocking) switches are illustrated in FIGS. 7B-7F.
In a bridge leg with several switches, “deactivating the at
least one switch” includes deactivating each of the several
switches. Further, as used herein, “the at least one electronic
switch” is a switch that is used in a respective bridge leg to
connect the switch node to the midpoint Y or to a circuit
node having a voltage between the voltage at the midpoint
Y and one of the first and second DC link node voltages VX,
VZ. Voltages between the voltage at the midpoint Y and one
of the first and second DC link node voltages VX, VZ are
provided in the bridge legs illustrated in FIGS. 7E and 7F,
for example. Referring to the above, the rectifier elements
that couple the switch nodes A', B', C' to the first and second
DC link nodes X, Z may include an electronic switch. Thus,
“deactivating the at least one switch”, does not include
deactivating electronic switches acting as (synchronous)
rectifiers.

[0076] One example of operating the power converter in a
reduced switching mode is illustrated in FIG. 8, wherein
FIG. 8 illustrates signal diagrams of the drive signals S1, S2,
S3, the input voltages V1, V2, V3, the DC link voltage V4,
the input currents I1, 12, 13, the currents ID11, ID12, 1Q11
in the first bridge leg 1, and the voltage VQ1 across the first
switch Q1 in the first bridge leg 1,. The operating mode
illustrated in FIG. 8 is referred to as 1/3 mode in the
following. In this operating mode, there are time periods in
which only one of the three bridge legs 1,,1,, 1, is operated
in the PWM mode and the other two of the bridge legs 1,,
1,, 15 are deactivated, that is, the at least one electronic
switch Q1, Q2, Q3 in the other two of the bridge legs 1,, 1,,
1, is switched off. In the following, a bridge leg in which the
at least one electronic switch is operated in the PWM mode
is referred to as “activated bridge leg”, and a bridge leg in
which the at least one electronic switch is deactivated is
referred to as “deactivated bridge leg”, although a current
may of course flow in the deactivated bridge leg between the
respective switch node and one of the first and second DC
link nodes X, 7.

[0077] In the example shown in FIG. 8, the power con-
verter is operated in the 1/3 mode throughout the period of
the input voltages V1, V2, V3. That is, at each time of the
period of the input voltages V1, V2, V3 only one of the
bridge legs 1, 1,, 1, is activated and the other two bridge
legs are deactivated. This type of operating mode is referred
to as full 1/3 mode in the following. This, however, is only
an example. According to another example explained further
below it is also possible to operate the power converter such
that only in some time periods (at some phase angles of one
period of the input voltages V1, V2, V3) it operates in the 1/3
mode.

[0078] Referring to the above, the switch node voltage of
a deactivated bridge leg is either clamped to the DC link
voltage VX at the first DC link node X or the DC link
voltage VZ at the second DC node Z. Thus, in the 1/3 mode,
the switch node voltage of one bridge leg is clamped to the
first DC link node voltage VX, and the switch node voltage
of another bridge leg is clamped to the second DC link node
voltage VZ. The bridge legs that are deactivated change over
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one period of the input voltage system. This is explained
with reference to signal diagrams illustrated in FIG. 13
herein further below.

[0079] According to one example, the currents through the
two inductors that are connected to the deactivated bridge
legs are regulated by suitably regulating the DC link voltage
V4 by a further power converter 5 connected to the DC link
nodes X, 7Z of the power converter. A power converter
arrangement with a power converter of the type explained
before and a further power converter 5 connected to the DC
link nodes X, 7 of the power converter is illustrated in FIG.
10. The power converter 10 is also referred to as first power
converter and the further power converter 5 is also referred
to as second power converter in the following. The second
power converter 5 may be configured to provide a constant
output current I, or a constant output voltage V.,
different from the DC link voltage V4. When the second
power converter 5 contributes to the regulation of the
inductor currents I1, 12, 13 in the first power converter 10 by
suitably regulating the DC link voltage V4 there is no
increase of the losses occurring in the second power con-
verter 5. The switching losses in the first power converter,
however, are significantly reduced. Thus, there is a synergy
between the control of the first power converter and the
control of the second power converter 5.

[0080] One example of a control circuit 4 configured to
operate a power converter arrangement with a first power
converter and a second power converter of the type shown
in FIG. 9 is illustrated in FIG. 10. The control circuit 4
shown in FIG. 10 includes two main branches (or subcir-
cuits), a first branch 40 configured to operate the first power
converter and a second branch 6 configured to operate the
second power converter 5. It should be noted that the block
diagram shown in FIG. 10 illustrates the functional blocks of
the control circuit 4 rather than a specific implementation.
Those functional blocks can be implemented in various
ways. According to one example, these functional blocks are
implemented using dedicated circuitry. According to another
example, the control circuit 4 is implemented using hard-
ware and software. For example, the first control circuit
includes a microcontroller and software executed by the
microcontroller.

[0081] For the purpose of explanation it is assumed that in
the power converter arrangement illustrated in FIG. 10 the
output current I, of the second power converter 5 is
regulated and that the output voltage V., is defined by a
load (not shown) receiving the output current. The load may
be a battery that receives the output current I ,, - and defines
the output voltage V-

[0082] The first branch 40 of the control circuit 4 shown
in FIG. 10 is based on the control circuit shown in FIG. 6,
wherein the same elements have the same reference char-
acters. Referring to FIG. 10, the control circuit 4 receives an
output current signal S,,, - wherein the output current signal
S;our represents the output current I, The output current
1,7 may be measured in a conventional way by any kind of
current measurement circuit (not shown) in order to obtain
the output current signal S;,. The control circuit 4
includes a first filter 41 that receives the output current signal
S;opr and an output current reference signal S,,p7 ppp,
wherein the an output current reference signal S;or7 zzr
represents the desired current level of the output current
Loyr- The first filter 41 subtracts the output current reference
signal S, e from the output current signal S, for
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example, and filters the difference in order to generate an
output signal Sys; pzp According to one example, this
output signal S,, zxr represents a desired voltage V51
across an inductor 51 in the second power converter 5,
wherein this inductor 51 carries the output current I ;7. One
example of such inductor 51 is illustrated in FIG. 9.
[0083] The filter may have one of a proportional (P)
characteristic, a proportional-integrative (PI) characteristic,
a proportional-integrative-derivative (P1D) characteristic, or
the like. An adder 42 receives the filter output signal
Sy<1 zer and an output voltage signal S, that represents
the output voltage V,,, ., wherein an output signal S42 of the
adder 42 and the filter output signal S, rzare received by
a multiplier. An output signal S43 of the multiplier 43
represents a desired output power of the power converter
arrangement. The divider 23 already explained with FIG. 6
divides the multiplier output signal S43 by a signal that
represents 1.5 times the square of the amplitude of the input
voltages V1, V2, V3 (3/2-V?). An output signal S23 of the
divider 23 represents an overall desired input current of the
first power converter. The divider output signal S23 is
processed by the three branches explained with reference to
FIG. 6 before in order to generate the three switch node
voltage reference signals Syy: rzp Syzs rzr Sver zer It
should be noted that the current control loop is the slowest
one of the control loops explained in context with FIG. 10.
[0084] Controlling the output current I, by the control
circuit 4 is only an example. According to another example,
the output voltage V- 1s controlled. In this example (not
shown), the filter 41 receives the output voltage signal
Syour and an output voltage reference signal Syppr rpr
representing the desired voltage level of the output voltage
V o7 Further, the adder 42 is omitted and the multiplier 43
receives the output signal from the filter 41 and the output
voltage reference signal S, rzr-

[0085] Referring to FIG. 10, a PWM modulator 44
receives the switch node voltage reference signals S, rrr
Svs rErs Sver rer- From these switch node voltage refer-
ence signals S, pers Sya rem Sver e the PWM modu-
lator 44 (a) selects a maximum and deactivates the bridge leg
associated with the maximum voltage reference signal; (b)
selects a minimum and deactivates the bridge leg associated
with the minimum voltage reference signal; and (c) operates
the remaining bridge leg in the PWM mode. The “remaining
bridge leg” is the bridge leg, associated with the switch node
reference signal that is between the maximum and the
minimum switch node voltage reference signal. This switch
node voltage reference signal is referred to as intermediate
switch node voltage reference signal in the following.
[0086] The second branch 6 of the control circuit also
receives the three switch node voltage reference signals
Sia rEF Sype rEF Sye zpe and is configured to control
operation of the second power converter 5 based on these
signals Sy, pers Sys rer Sper rer- One example of the
second branch 6 of the control circuit is explained in detail
herein further below.

[0087] FIG. 11 illustrates one example of the second
power converter 5. In this example, the second power
converter 5 includes a first converter stage 51 and a second
converter stage 52, wherein each of these a first and second
converter stages 51, 52 includes a first input node 511, 521,
a second input node 512, 522, a first output node 513, 523,
and a second output node 514, 524. The first input node 511
of the first converter stage 51 may be connected to the first
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DC link node X, the second input node 522 of the second
converter stage 52 may be connected to the second DC link
node Z, and the second input node 512 of the first converter
stage 51 and the first input node 521 of the second converter
stage 52 may be connected with each other and connected to
the midpoint Y. Further, the second output node 514 of the
first converter stage 51 and the first output node 523 of the
second converter stage 52 may be connected with each other.
The output voltage V,,,,, is the voltage between the first
output node 513 of the first converter stage 51 and the
second output node 524 of the second converter stage 52.

[0088] The converter stages 51, 52 may each be imple-
mented with one of various different converter topologies.
According to one example, each of the converter stages 51,
52 is implemented as an isolated DC-DC converter, that is,
a DC-DC converter that includes a transformer between the
respective input 511, 512 or 521, 522 and the respective
output 513, 514 or 523, 534. According to another example,
each of the converter stages 51, 52 is implemented as a
non-isolated DC-DC converter, that is, a DC-DC converter
that does not include a transformer between the respective
input 511, 512 or 521, 522 and the respective output 513,
514 or 523, 534. Examples of different types of DC-DC
converters that are suitable to be used as first and second
converter stage 51, 52 include, but are not restricted to: a
flyback converter (isolating), an LLC converter (isolating),
dual active bridge (DAB) converter (isolating), a phase-
shifted full bridge converter (isolating), a buck-boost con-
verter, a boost-buck converter, etc. These types of converters
are known, so that no further explanation is required in this
regard.

[0089] One example of the second converter branch 6
configured to control operation of a second power converter
5 of the type shown in FIG. 11 is illustrated in FIG. 12. This
control circuit 6 includes a maximum and minimum selector
61 that receives the three switch node voltage reference
signals S, rere Sypr rErs Sycr zep Lhis maximum and
minimum selector 61 is configured to select the maximum of
switch node voltage reference signals Sy, pzr. Syz: zzs
Sycr rer and the minimum of the switch node voltage
reference signals S,.,. rrr Sya rEr Sper ree and output a
first signal S, that equals the maxinum of the switch
node voltage reference signals Sy, 2z Sy zrem Sy rER
and a second signal S, that equals the minimum of the
switch node voltage reference signals Sy, pzp Spzr g

Syer ners 80 that 8y, ' =max{Sy,. xer Syprers Sver rer

and Sy, max{Sy;. zer Sysmer Sver zer)- The first sig-
nal S,/ is also referred to as maximum switch node
voltage reference signal S,,,,/, and the second signal S,/
is also referred to as minimum switch node voltage reference
signal. The intermediate switch node voltage reference sig-

nal is also referred to as S, in the following.

[0090] The second control circuit branch 6 is configured to
operate the second power converter 5 in such a way that the
DC link voltage V4 equals a voltage that is represented by
the difference between the maximum switch node voltage
reference signal S,,,;' and the minimum switch node volt-
age reference signal S, . Referring to the above, the switch
nodes of the bridge legs that are deactivated are clamped to
the first DC link node voltage VX and the second DC link
node voltage VZ, respectively. By adjusting the DC link
voltage V4 such that it equals a voltage represented by the
difference between the maximum switch node voltage ref-
erence signal S, and the minimum switch node voltage



US 2020/0295668 A1l

reference signal S,/ the switch nodes that are clamped to
the first and second DC link nodes X, 7 receive the switch
node voltages calculated by the first control circuit branch
40. Thus, the inductor currents of those inductors connected
to deactivated bridge legs have a current level as represented
by the respective input current reference signal calculated by
the first control circuit branch 40.

[0091] Referring to FIG. 12, the second control circuit
branch 6 includes a subtractor 62 that subtracts the minimum
switch node voltage reference signal SMIN from the maxi-
mum switch node voltage reference signal S,,, ', wherein a
multiplier 63 multiplies an output signal of the subtractor
with 0.5. An output signal of the multiplier forms a first
capacitor voltage reference signal S, zz- and a second
capacitor voltage reference signal S, pzz Wherein the
first capacitor voltage reference signal S,, - represents a
desired value of the first capacitor voltage VC1, and the
second capacitor voltage reference signal S, ., pzr repre-
sents a desired value of the second capacitor voltage VC2.
The second control circuit branch 6 includes a first branch
and a second branch. The first branch receives the first
capacitor voltage reference signal Sy, zzr and is config-
ured to provide a first input current reference signal S,,
reF, wherein the first input current reference signal Sy, zzr
represents a desired input current 151 of the first converter
stage 51. The second branch receives the second capacitor
voltage reference signal Sy, gz and is configured to
provide a second input current reference signal S,o, prrs
wherein the second input current reference signal S,s, pzp
represents a desired input current 152 of the second con-
verter stage 52.

[0092] The first branch includes a subtractor 641 that
subtracts a first capacitor voltage signal S.,,,, which repre-
sents the first capacitor voltage VC1, from the first capacitor
voltage reference signal S, zpr An output signal of the
subtractor is filtered by a filter 651, wherein an output signal
S;c1 rer Of the filter represents a desired current level of a
current into the first capacitor C1. The first input current
reference signal S;5; rxr1s given by a difference between a
current signal S, that represents a current into the first DC
link node X (wherein this current IX is provided by the first
power converter) and the filter output signal S;¢; ppp-
[0093] The second branch includes a subtractor 64, that
subtracts a second capacitor voltage signal S.,,, which
represents the second capacitor voltage VC2, from the
second capacitor voltage reference signal Sy, ppp An
output signal of the subtractor is filtered by a filter 652,
wherein an output signal S;., - of the filter represents a
desired current level of a current into the second capacitor
(2. The second input current reference signal S;5, zz 18
given by a difference between a current signal S, that
represents a current into the second DC link node Z (wherein
this current 17 is provided by the first power converter) and
the filter output signal S;, zzz-

[0094] Referring to FIG. 12, a first PWM modulator 67,
receives the first input current reference signal S5,z and
a first input current signal S, wherein the latter represents
the first input current 151, and is configured to control
operation of one or more switches (not shown in the figures)
included in the first converter stage 51 such that the first
input current 151 has a current level as represented by the
first input current reference signal S;s; - Equivalently, a
second PWM modulator 67, receives the second imput
current reference signal S;5, ., and a second input current
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signal S5,, wherein the latter represents the second input
current 152, and is configured to control operation of one or
more switches (not shown in the figures) included in the
second converter stage 52 (not shown in the figures) such
that the first input current 151 has a current level as repre-
sented by the first input current reference signal Sy, zzp-
The specific implementation of the PWM modulators 67,,
67, is dependent on the specific type of power converter
used to implement the first and second converter stages 51,
52. However, PWM modulators configured to control the
input current in various kinds of DC-DC converters are
known, so that no further explanations are required in this
regard.

[0095] Referring to the above, activating one of the three
bridge legs 1,, 1,. 15 and deactivating the two other bridge
legs 1,, 1,, 1, by the PWM modulator 44 in the 1/3 mode is
dependent on the switch node voltage reference signals
Siur rEF Sype rEF Sper ger 11Me instances at which two
of these switch node voltage reference signals Sy, azr,
Svs rER Syver rerare equal can be neglected, so that at each
time, from these switch node voltage reference signals
Svur rEF Sy REFs Sycr reps One forms the maximum
swilch node voltage reference signal S,,, ", one forms the
intermediate switch node voltage reference signal S;.7, and
one forms the minimum switch node voltage reference
signal S, /. This is explained with reference to FIG. 13 in
greater detail.

[0096] FIG. 13 illustrates signal diagrams of switch node
voltage reference signals Sy, pzrm Sys zem Sver zep
wherein each of these signals represents the desired voltage
value of the respective switch node voltage VA', VB', VC.
FIG. 13 further illustrates which of the bridge legs is
operated in the PWM mode at which time or phase angle.
Referring to the above and as illustrated in FIG. 13, in the
steady state, each of the switch node voltage reference
signals Sy rep Spzr rers Syer gep follows the respective
input voltage.

[0097] Referring to FIG. 13, a relationship between the
individual switch node voltage reference signals Sy, zzp,
Svs rer Syer rer changes several times within one period.
The “relationship” means the signal level of one of the
switch node voltage reference signals S, zzr Sys: rEr
Sy nr relative to the signal levels of the other two of the
switch node voltage reference signals S, xzr, SVy aer,
Syer rer In the example illustrated in FIG. 13, there are six
time periods P1-P6, which are also referred to as operating
phases in the following, wherein in each of these time
periods P1-P6 the relationship between the switch node
voltage reference signals S, rrr Sya zer Spor rer d0€S
not change. (The signal levels of the switch node voltage
reference signals Sy per, Syz: rzps Syer rep, however,
vary in the individual operating phases P1-P6.)

[0098] In a first operating phase P1, for example, the first
switch node voltage reference signal Sy, pzr has the high-
est voltage level. That is, the voltage level of the first switch
node voltage reference signal S, zzx is higher than the
voltage level of a second one Sy zxr of the switch node
voltage reference signals S, e Spa e Syer ree a0d
the signal level of a third one S, gz of the switch node
voltage reference signals S, um Sps rir Syer mup FUI-
ther, in the first operating phase P1, the second switch node
voltage reference signal S5, zxr V2 hast the lowest voltage
level. That is, the voltage level of the second switch node
voltage reference signal S, ... is lower than the signal
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level of the first switch node voltage reference signal S,
rer and the signal level of the third switch node voltage
reference signal Syei pzp Further, the third switch node
voltage reference signals S, rxr Syp: rEF Sycr rer DAS 2
signal level between the voltage level of the first switch node
voltage reference signal S;,;, - and the signal level of the
second switch node voltage reference signal S,/ 5. Thus,
in the first operating phase P1, the first switch node voltage
reference signal S, pz- is the maximum switch node
voltage reference signal S, the second switch node
voltage reference signal Syz/ ppp 1s the minimum switch
node voltage reference signal S,,.,/, and the third switch
node voltage reference signal S, - is the intermediate
switch node voltage reference signal S/t zer In the sec-
ond operating phase P2, for example, the first switch node
voltage reference signal S, 7 15 the maximum switch
node voltage reference signal S, /, the second switch node
voltage reference signal S,z rzr is the intermediate switch
node voltage reference signal S,,,, and the third switch
node voltage reference signal Sy gpp is the minimum
switch node voltage reference signal S, /v rrr

[0099] In the following, the input voltage having the
highest voltage level is referred to as maximum input
voltage Vmax, the input voltage having the lowest voltage
level is referred to as minimum input voltage Vmin, and the
input voltage having a voltage level between the highest
voltage level and the lowest voltage level is referred to as
intermediate input voltage V. The line-to-line voltage
V,; explained above is then given by V,;=Vmax-Vmin.
Referring to the above, the switch node voltage reference
signals Sy, rre, Syg zpes Syer zep. 10 the steady state,
essentially follow the input voltages V1, V2, V3, so that the
output signal S-S, of the subtractor 62 shown in
FIG. 12 essentially represents the line-to-line voltage V,;.
The subtractor output signal S,,,+'=S, ' is also illustrated
in FIG. 13.

[0100] Referring to FIG. 13, operating the power con-
verter in the 1/3 mode includes activating the bridge leg
associated with the intermediate voltage reference signal
Spvr and deactivating the bridge legs associated with the
maximum switch node voltage reference signal S,,,, and
the minimum switch node voltage reference signal S,/
That is, in the first operating phase P1, for example, the third
bridge leg 13 is activated, in the second operating phase P2
the second bridge leg 1, is activated, and so on.

[0101] Referring to the above, the bridge legs 1,, 1,, 1, are
activated and deactivated by the PWM modulator 44 in the
control circuit 4. According to one example, the PWM
circuit 44 is configured to calculate the duty cycles dl, d2,
d3 based on

_ VA +VCM (4a)
1ZY0)
VB +VCM (4b)
d2= ——
Va2
VC +VCM (4c)
3= ——
\Z19)
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which is based on equation (3c). Further, in the 1/3 mode,
the common mode voltage V ., represented by the common
mode signal S;.,, received by the PWM modulator is
selected such that

Vmax' + Vmin/ Q)
Vewm = - f

A common mode voltage signal S,.,, representing this
common mode voltage V., is also illustrated in FIG. 13
over one period of the input voltages. When adjusting the
duty cycles d1, d2, d3 in accordance with equations (4a)-
(4¢) and (5) the duty cycle of the bridge leg associated with
the maximum switch node voltage reference signal S, is
“automatically” set 1o +1 throughout the respective operat-
ing phase, so that the respective switch node is clamped to
VX. Further, the duty cycle of the bridge leg associated with
the minimum switch node voltage reference signal S,/ is
“automatically” set to -1 throughout the respective operat-
ing phase, so that the respective switch node is clamped to
VZ. This is explained in the following.

[0102] In the following, dmax denotes the duty cycle of
the bridge leg associated with the maximum switch node
voltage reference signal S,,,,) in a respective operating
phase, and dmin denotes the duty cycle of the bridge leg
associated with the minimum switch node voltage reference
signal S, ./ in a respective operating phase. Further, V,,,,!
denotes the desired switch node voltage represented by the
maximum switch node voltage reference signal S,,, ./, and
Vmin' denotes the desired switch node voltage represented
by the minimum switch node voltage reference signal S,/
Based on one of equations (4a)-(4c) and equation (5) and
considering that the DC link voltage V4 is adjusted such that
V4=Vmax'-Vmin', the duty cycle dmax and the duty cycle
dmin are given by

Vmax +VCM Vmax' — (Vmax' + Vmin/ 2 (6a)
dmax = = =+1
(Vmax' — Vimin' )2 (Vmax' — Vmin')/2
i Vain' +VCM Vimir' — (Vmax + Vmin' )12 ) (6b)
= = ==
(Vmax' —Vmin' )12 (Vmax' — Vmin' )2
[0103] Referring to the above, when the first power con-

verter 10 is operated in the 1/3 mode, the DC link voltage V4
is adjusted by the second converter 5 such that it equals
Vmax'-Vmin', wherein Vmax' is the maximum of the
desired switch node voltages and Vmin' is the minimum of
the desired switch node voltages. In the steady state, these
desired switch node voltages Vmax', Vmin' essentially equal
the maximum input voltage Vmax and the minimum input
voltage Vmin, respectively, so that the varying DC link
voltage V4 essentially equals the line-to-line voltage V.
This is the lowest possible DC link voltage at which sinu-
soidal input currents 11, 12, I3 can be achieved, wherein the
common mode voltage V., is different from zero and given
by equation (5) in this case.

[0104] The power converter arrangement illustrated in
FIG. 9 is not restricted to generate the DC link voltage V4
such that it is defined by S,,,+-S,, and essentially equals
the line-to-line voltage V, ;. FIG. 14 illustrates one example
of a second control circuit branch 6 that is configured to
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generate the DC link voltage V4 such that in some time
periods it is defined by the subtractor output signal S62
(=Sarax-Si) and in some time periods is higher than
defined by the subtractor output signal S62. In this example,
a maximum selector 68 receives the subtractor output signal
S62 and a minimum DC link voltage signal S,, ,m»
wherein the minimum DC link voltage signal Spy pzv
represents the minimum of the DC link voltage V4 that
should be generated at the output of the first power converter
10. The maximum selector outputs the maximum of the two
signal it receives to the multiplier 63. The voltage repre-
sented by the minimum DC link voltage signal S, . is
referred to as minimum desired DC link voltage V4, in
the following.

[0105] When the minimum desired DC link voltage V4, ..,
is the minimum of the subtractor output signal S62 or below,
the DC link voltage is generated as explained above and the
first power converter 10 is operated in the full 1/3 mode, that
is, the power converter operates in the 1/3 mode throughout
each of the six operating phases. This type of operating
mode is again illustrated in FIG. 15, wherein FIG. 15
illustrates operating the power converter in the full 1/3 mode
between a first time instance tl and a second time instance t2.
[0106] When the minimum desired DC link voltage signal
Syu s 18 higher than a minimum of the subtractor output
signal S62, the DC link voltage V4 is generated such that it
is generated based on the subtractor output signal S62 in
time periods in which the subtractor output signal S62 is
higher than the minimum desired DC link voltage signal
Sy4 v Inthe remainder of the time the DC link voltage V4
is generated based on the minimum desired DC link voltage
signal S, v In this type of operation, the power con-
verter is not operated in the 1/3 mode throughout each of the
six operating phases anymore. Instead there are time periods
in which the first power converter is operated in the 1/3
mode, but also time periods in which each of the bridge legs
1,, 1,, 15 operate in the PWM mode. This is illustrated
between a second time instance 2 and a third time instance
t3 in FIG. 15.

[0107] Between these time instances t2, t3 the minimum
desired DC link voltage increases V4, .- in order to illustrate
how operation of the power converter changes dependent on
the desired DC link voltage V4, .. The minimum desired
DC link voltage V4, is the minimum of the DC link
voltage V4, which is also illustrated in FIG. 15. Basically, as
can be seen from FIG. 15, the duration in which the power
converter operates in the 1/3 mode during one period of the
input voltages V1, V2, V3 decreases as the minimum DC
link voltage V4, increases. The operating mode in which
the power converter alternatingly operates in the 1/3 mode
and the 3/3 mode (as illustrated between time instances t2
and t3 in FIG. 15) is referred to as partial-boost mode in the
following.

[0108] When calculating the duty cycles d1, d2, d3 in
accordance with equations (4a)-(4c), the power converter
automatically changes between the 1/3 mode and the 3/3,
because these duty cycles are dependent on the DC link
voltage V4 that is adjusted by the second power converter 5.
In the partial-boost mode, the common mode voltage V.,
may be the same as in the full 1/3 mode. However, in those
time periods in which the power converter, in the partial-
boost mode, operates in the 3/3 mode the common mode
voltage V,, may be different from the common mode
voltage in the 1/3 mode. Only in the full 1/3 mode, the
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common mode voltage VCM is constrained to the value
presented in equation (5). In the partial-boost mode and the
full-boost mode, however, there is a degree of freedom to
adjust the common mode voltage VCM such that it is
different from the value given in equation (5). In these
operating modes, the degree of freedom that is available to
adjust the common mode voltage VCM may be used to
adjust the common mode voltage VCM such that a current
1Y into the midpoint is minimized. This is explained in detail
herein further below.

[0109] FIG. 16 illustrates the different operating modes of
the first power converter 10 dependent on the minimum
desired DC link voltage signal Sy, ., and the phase angle
of the input voltages V1, V2, V3. More specifically, F1G. 16
illustrates the different operating modes in an arbitrary one
of the six operating phases P1-P6, wherein each of these
operating phases covers 60° of one period of the input
voltages V1, V2, V3. In FIG. 16, a phase angle of 0°
represents the beginning of the respective operating phase,
a phase angle of 60° represents the end of the respective
operating phase, and a phase angle of 30° represents the
middle of the respective operating phase, which is when the
intermediate input voltage in the respective operating phase
Crosses zero.

[0110] Referring to FIG. 16, the power converter operates
in the full 1/3 mode when the minimum desired DC link
voltage signal Sy, /s below a minimum of the subtractor
output signal S62. Referring to the above, in the steady state,
the subtractor output signal S62 essentially represents the
line-to-line voltage V,,, so that the power converter opet-
ates in the full 1/3 mode when the minimum desired DC link
voltage V4, is below the minimum line-to-line voltage
Vir s

[0111] Further, referring to FIG. 16, the power converter
operates in the partial-boost mode when the minimum
desired DC link voltage signal Sy, 4.y is between the
minimum of the subtractor output signal $62 and a maxi-
mum of the subtractor output signal S62. In the steady state,
the maximum of the subtractor output signal S62 essentially
equals the maximum line-to-line voltage V;; ..+, so that
the power converter operates in the in the partial-boost mode
when the DC link voltage V4 is between the minimum
line-to-line voltage V,; ,,n- and the maximum line-to-line
voltage V;; a1y In the partial-boost mode, the portion of
the operating phase in which the power converter operates in
the 3/3 mode increases as the minimum desired DC link
voltage V4, increases and the portion of the operating
phase in which the power converter operates in the 1/3 mode
decreases as the minimum desired DC link voltage V4, .,
increases.

[0112] Referring to FIG. 16, the power converter operates
in the full 3/3 mode when the minimum desired DC link
voltage signal S, 5 1s higher than the maximum of the
subtractor output signal $62. In this operating mode, the DC
link voltage V4 is essentially constant and only dependent
on the minimum desired DC link voltage signal Sy, 5z
[0113] In the control circuits illustrated in FIGS. 12 and
14, the input currents 151, 152 are controlled such that each
of the first and second capacitor voltages VC1, VC2 equals
50% of the desired DC link voltage V4. This, however, is
only an example. According to another example illustrated
in FIG. 17, the input currents 151, 152 are controlled such
that the first capacitor voltage equals k1 times the desired
DC link voltage V4, and the second capacitor voltage equals
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k2 times the desired DC link voltage V4, wherein k1+k2=1,
k1>0, k2>0. In this case, the first and second capacitor
voltages VC1 and VC2 are different. In this case, the duty
cycles d1, d2, d3 may be calculated based on equations (3a)
and (3b) by the PWM modulator 44 in the control circuit 4.
Optionally, the second control circuit branch 6 may include
a maximum selector of the type explained with reference to
FIG. 14.

[0114] In the examples illustrated in FIGS. 12, 14 and 17,
the first and second converter stages 51, 52 do not only
regulate the DC link voltage V4, but do also regulate the first
and second capacitor voltages VC1, VC2. According to
another example illustrated in FIG. 18, a balancing circuit 7
regulates a ratio between the first capacitor voltage VC1 and
the second capacitor voltage VC2. In this case, the first and
second converter stages 51, 52 only regulate the DC link
voltage V4. Moreover, in this case, the two converter stages
51, 52 may be replaced by one converter stage

[0115] Referring to FIG. 19, the balancing circuit may
include a first switch 71 connected between the first DC link
node X and an inductor 73 connected to the midpoint Y, and
second switch 72 connected between the second DC link
node 7 and the inductor 73. A control circuit 74 receives the
first capacitor voltage signal Svci and the second capacitor
voltage signal SVC2 and is configured to control operation
of the first and second switches 7, 72 in such a way that there
is a predefined ratio, such as 1:1 or k1:k2, between these
voltages VC1, VC2. By suitably switching the first and
second switches 71, 72 energy can be transferred between
the first and second DC link capacitor C1, C2. When, for
example, the first switch switches on (while the second
switch 72 is switched off) energy is taken from the first DC
link capacitor C1, stored in the inductor 73, and transferred
to the second DC link capacitor C2 when the first switch
switches off and the second switch 72 switches on. A duty
cycle of operating the two switches 71, 72 defines a ratio
between the capacitor voltages VC1, VC2, wherein the
capacitor voltages VC1, VC2 are essentially equal when a
duty cycle of the two switches 71, 72 is 50%.

[0116] Referring to the above, in the power converter
arrangement shown in FIG. 10, the DC link voltage is
adjusted by the second power converter 5, wherein an output
voltage Vo, of the second power converter may be defined
by a load, such as battery that is charged by the power
converter arrangement. Further, the DC link voltage V4 may
be adjusted by the minimum DC link voltage signal Sy, .,
explained above. Adjusting the DC link voltage V4 may be
helpful in order to achieve a high converter efficiency of the
second power converter. Basically, the lower a difference
between an input voltage and an output voltage of a power
converter, the higher the efficiency. Thus, according to one
example, the minimum DC link voltage signal S, ,, may
be adjusted based on the output voltage V,,,,, such that the
minimum desired DC link voltage V4, increases as the
output voltage V ,,,, increases.

[0117] Another example of reduced switching mode is
referred to as 2/3+PWM mode and is explained in the
following. In this type of operating mode, the power con-
verter 10 either operates in a 2/3 mode in which one of the
bridge legs 1, 1,, 1, is deactivated and the other two of the
bridge legs 1,, 1,, 15 are activated and an 3/3 mode (PWM
mode) in which each of the bridge legs 1,, 1,, 1, is activated.
Basically, in a power converter 10 of the type illustrated in
FIGS. 1 and 3, the sum of the input currents I1, 12, I3 is zero,
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that is [1+12+13=0. Thus, by regulating two of the three input
currents 11, 12, I3 the third one of the three input currents I1,
12, 13 is automatically regulated. Thus, the power converter
may be operated in such a way that at each time one of the
bridge legs 1,, 1,. 15 is deactivated. The bridge legs 1,, 1,,
1, may alternatingly be deactivated, each for a predefined
time period. An operating mode of this type may be referred
to as full 2/3 mode. In the full 2/3 mode, however, a
midpoint current TY, which is the current into the midpoint
Y, may be relatively high. The latter, however, negatively
affects the power conversion losses.

[0118] In the 3/3 mode, the midpoint current IY, which is
also referred to as common mode current in the following,
may be reduced by suitably selecting the common mode
voltage VCM. The midpoint current IY may even be reduced
to zero by suitable selecting the common mode voltage,
given that the common mode voltage that can be inserted is
high enough. In the following, VCMzmc denotes the zero
midpoint current (ZMC) common mode voltage, which is
the common mode voltage at which the midpoint current IY
is zero. The ZMC common mode voltage VCMzmc is given
by

min_abs{VA’; VB'; V(C'} (@)

7, —mi AT VR VY.
VCMzme = min_abs{VA’; VB'; V('} (1 + —maxfabs{VA’; VBV )

where min _abs {VA, VB, VC'}, which is also referred to as
Vmin_abs', is the one of the desired switch node voltages
VA', VB', VC' that has the lowest absolute value. For
example, Vmin_abs'=VA' if [VA'I<IVB'l and IVA'I<IVC.
Thus, the absolute value of Vmin_abs' equals the absolute
value of the switch node voltage that has the lowest absolute
value, [Vmin_abs'|l=min{IVA'l; IVB'l; IVC'l} and the sign of
Vmin_abs' equals the sign of the switch node voltage having
the lowest absolute value, so that Vmin_abs' can be positive
or negative. Equivalently, max _abs { VA, VB';VC'}, which
is also referred to as Vmax_abs', is the one of the desired
switch node voltages VA', VB', VC' that has the highest
absolute value. For example, Vmay_abs'=VA'if [VA'[>IVB!'|
and

[0119] On the other hand, in order to achieve sinusoidal
input currents 11, 12, 13 there are constraints on the first and
second DC link node voltages VX, VZ such that the first DC
link node voltage VX is equal to or higher than the maxi-
mum Vmax' of the desired switch node voltages VA', VB!,
V(' and the second DC link node voltage VZ is equal to or
lower than the minimum Vmin' of the desired switch node
voltages VA', VB', VC', that is

VX=Vmax' (8a)
VZ=Vmin' (8b).

Referring to the above,

V4 V4
VX = -5 - VCM and VZ:—T -VCM,

so that based on equations (8a) and (8b) it can be shown that
the common mode voltage VCM has to meet the following
in equations in order to achieve sinusoidal input currents:
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VCM < V—; — Vmax )
v4 . (b
VCM = — — - Vimin'.
In the following,
(10a)

v4
VCMmax = 5" Vmax'

denotes the maximum allowed common mode voltage and

. va ., (10b)
VCMmin= - 5 - Vmin'

denotes the minimum allowed common mode voltage.
[0120] In order to achieve a zero midpoint current and
sinusoidal input voltages, the following conditions should be
met by the common voltage VCM,

VCM=VCMezmoe (112)

VCMmingVCM=VCMmax (11b).

However, in particular when the DC link voltage V4 is close
to the maximum line-to-line voltage V;; ,., it is possible
that both conditions (11a), (11b) cannot be met at the same
time.

[0121] According to one example, operating the power
converter in the 2/3+PWM mode includes (a) operating the
power converter in the 3/3 mode whenever the ZMC com-
mon mode voltage VCMzmc is within a range given by the
maximum and minimum common mode voltage VCMmax,
VCMmin, that is, whenever

VCminsVCMzme<sVCMmax (12a),

and (b) operating the power converter in the 2/3 mode
whenever the ZMC common mode voltage VCMzmce is
outside the range given by the maximum and minimum
common mode voltage VCMmax, VCMmin, that is, when-
ever

VCMzme>VCMmax (12b)
or

VCMzme<VCMmin (12¢).

[0122] According to one example, in the 3/3 mode the
common mode voltage VCM is adjusted such that it equals
the ZMC common mode voltage VCMzmec. In the 2/3 mode,
the common mode voltage VCM may be adjusted in various
ways such that it is within the range given by the maximum
and the minimum common mode voltage VCMmax, VCM-
min. According to one example, the common mode voltage
VCM is adjusted such that it equals the maximum common
mode voltage VCMmax when the ZMC common mode
voltage VCMazmc is greater than the maximum common
mode voltage VCMmax and such that it equals the minimum
common mode voltage VCMmin when the ZMC common
mode voltage VCMzmc is smaller than the minimum com-
mon mode voltage VCMmin.
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[0123] FIG. 20 shows signal diagrams that illustrate oper-
ating the power converter in the 2/3+PWM mode according
to one example. In particular, FIG. 20 illustrates the DC link
voltage V4, the input voltages V1, V2, V3, the maximum
and minimum common mode voltages VCMmax, VCMmin,
the ZMC common mode voltage VCMzmc, the common
mode voltage VCM, and the drive signals S1, S2, S3. As can
be seen from FIG. 20, the power converter operates in the
PWM mode (3/3 mode) whenever the ZMC common mode
voltage VCMzmc is within the range given by the maximum
and the minimum common mode voltages VCMmax, VCM-
min, wherein the common mode voltage VCM is adjusted
such that it equals the ZMC common mode voltage
VCMzme. When the ZMC common mode voltage VCMzme
is outside the range given by the maximum and the mini-
mum common mode voltages VCMmax, VCMmin the
power converter operates in the 2/3 mode, wherein the
common mode voltage VCM is adjusted such that it equals
the maximum common mode voltage VCMmax when the
ZMC common mode voltage VCMzmc is greater than the
maximum common mode voltage VCMmax and such that it
equals the minimum common mode voltage VCMmin when
the ZMC common mode voltage VCMzmc is smaller than
the minimum common mode voltage VCMmin. Further,
referring to FIG. 20, the bridge legs 1,, 1,, 1, are deactivated
alternatingly. That is, when the power converter enters the
2/3 one of the bridge legs 1,, 1,, 15 is deactivated and
remains deactivated as long as the 2/3 mode prevails. The
next time the power converter enters the 2/3 mode another
one of the bridge legs 1,, 1,, 1 is deactivated. In this way,
the same bridge leg is deactivated every third time the power
converter enters the 2/3 mode.

[0124] According to one example, this deactivation strat-
egy is automatically achieved when calculating the duty
cycles dl1, d2, d3 in accordance with equations (4a), (4b),
(4c) and limiting the common mode voltage VCM either to
VCMmax or VCMmin, that is, adjusting the common mode
voltage VCM such that it equals the maximum common
mode voltage VCMmax when the ZMC common mode
voltage VCMzmc is greater than the maximum common
mode voltage VCMmax and such that it equals the minimum
common mode voltage VCMmin when the ZMC common
mode voltage VCMzmc is smaller than the minimum com-
mon mode voltage VCMmin. When the common mode
voltage VCM is limited to VCMmax, the duty cycle of the
bridge leg having the maximum switch node voltage Vmax'
becomes +1, so that the respective bridge leg is automati-
cally deactivated. Equivalently, when the common mode
voltage VCM is limited to VCMmin, the duty cycle of the
bridge leg having the minimum switch node voltage Vmin'
becomes -1, so that the respective bridge leg is automati-
cally deactivated.

[0125] FIG. 20 further illustrates the midpoint current IY.
As can be seen, the midpoint current TY is zero in the 3/3
mode and different from zero only in those time periods (at
those phase angles) in which the power converter operates in
the 2/3 mode.

[0126] Basically, a duration of the time periods in which
the power converter operates in the 2/3 mode in one period
of the input voltages is dependent on the DC link voltage V4.
This is illustrated in FIGS. 21 and 22.

[0127] FIG. 21 illustrates the different operating modes of
the first power converter 10 dependent on the DC link
voltage V4 and the phase angle of the input voltages V1, V2,
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V3. More specifically, F1G. 21 illustrates the different oper-
ating modes in an arbitrary one of the six operating phases
P1-P6, wherein each of these operating phases covers 60° of
one period of the input voltages V1, V2, V3. In FIG. 16, a
phase angle of 0° represents the beginning of the respective
operating phase, a phase angle of 60° represents the end of
the respective operating phase, and a phase angle of 30°
represents the middle of the respective operating phase,
which is when the intermediate input voltage in the respec-
tive operating phase crosses zero.

[0128] Referring to the above, the power converter may
operate in the 2/3+PWM mode when the DC link voltage V4
is greater than the maximum line-to-line voltage V;; 5.,
In the 2/3+PWM mode, the portion of the operating phase in
which the power converter operates in the 3/3 mode
increases as the DC link voltage V4 increases and the
portion of the operating phase in which the power converter
operates in the 2/3 mode decreases as the minimum desired
DC link voltage V4AMIN increases. Further, the power
converter operates in the full 3/3 mode when the DC link
voltage V4 is such that the ZMC common mode voltage
VCzme is within the range given by the maximum and the
minimum common mode voltage VCMmax, VCMmin
throughout one period of the input voltages V1, V2, V3. A
DC link voltage threshold V4., 5 5 at which the power
converter changes from the 2/3+PWM mode to the full 3/3
mode is greater than the maximum line-to-line voltage
VLL,,, and smaller than twice the amplitude of the input
voltages V1, V2, V3.

[0129] Referring to the above it would be possible to
operate the power converter in the 2/3 mode at each DC link
voltage V4 higher than the maximum line-to-line voltage
V,; arax Thus, it would be possible to operate the power
converter in the 2/3 mode or the 2/3+PWM mode at DC link
voltages higher than V4., ,, 5 ;. This, however, would
increase the midpoint current 1Y and is therefore undesir-
able. Operating the power converter in the 2/3+PWM mode
at DC link voltages between the maximum line-to-line
voltage V;; 4 and V4., 5 5, however, helps to reduce
losses. - o

[0130] FIG. 22 shows signal diagrams of the drive signals
S1, 82, S3, the input voltages and the input currents I1, 12,
13 and of the DC link voltage in the 2/3+PWM mode and the
full 3/3 mode. As can also be seen from these signal
diagrams, a duration of the time periods in which the power
converter operates in the 2/3 mode decrease as the DC link
voltage V4 increases.

[0131] A power converter of the type illustrated in FIG. 1
or 3 may be operated in the 2/3+PWM mode by a control
circuit of the type illustrated in FIG. 23. This control circuit
is based on the control circuit shown in FIG. 6 and includes
a PWM modulator 44 of the type explained hereinbefore that
generates duty cycles of the drive signals S1, S2, S3 in
accordance with equations (4a)-(4c). Further, a common
mode signal generator 45 is configured to generate the
common mode voltage signal S, received by the PWM
modulator in such a way that (a) the common mode voltage
VCM represented by the common mode voltage signal S,
equals the ZMC common mode voltage VCMzmc when the
ZMC common mode voltage VCMzmc is within the range
given by the maximum and minimum common mode volt-
age VCMmax, VCMmin and (b) such that the common
mode voltage VCM it is within the range given by the
maximum and the minimum common mode voltage VCM-
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max, VCMmin when the ZMC common mode voltage
VCMzmc is outside this range. For calculating the maxi-
mum, minimum and ZMC common mode voltages VCM-
max, VCMmin, VCMzme in accordance with equations (7),
(10a), (10b) the common mode signal generator 45 receives
the DC link voltage signal Sy, that represents the DC link
voltage V4 and the switch node voltage reference signals
Sy rer Svsr rers Syer ger Which represent the desired
switch node voltages VA', VB', VC'.

[0132] In the above explanation it has been assumed that
the (first) power converter 10 may operate in the 2/3+PWM
mode when the DC link voltage V4 is higher than the
maximum line-to-line-voltage V;; ., When the DC link
voltage V4 is higher than the maximum line-to-line-voltage
V.1 araxthe power converter operates in a full-boost mode.
A 2/3+PWM mode, however, may also be used when the
power converter 10 operates in the partial boost-mode
explained above. This is illustrated with reference to FIGS.
24 and 25 in the following.

[0133] FIG. 24 illustrates the different operating modes of
the first power converter 10 dependent on the DC link
voltage V4 and the phase angle of the input voltages V1, V2,
V3 in an arbitrary one of the six operating phases P1-P6.
Referring to the above, the power converter operates in the
partial-boost mode when the DC link voltage V4 is essen-
tially between the minimum line-to-line voltage V;; 1mv
and the maximum line-to-line voltage V;; ,/,+ In the
example illustrated in FI1G. 24, in the partial-boost mode, the
power converter either operates in the 1/3 mode, the 2/3
mode or the 3/3 mode, wherein a phase angle range (a
duration of a time period) in which the power converter
operates in the 1/3 mode decreases and in which the power
converter operates in the 2/3 or the 3/3 mode increases as the
DC link voltage V4 increases.

[0134] FIG. 25 shows corresponding signal diagrams that
illustrate operating the power converter in the partial-boost
mode and the 2/3+PWM mode.

[0135] Operating the first power converter 10 in a partial
boost mode of the type illustrated in FIGS. 23 and 24 may
be achieved by a control circuit of the type illustrated in FIG.
10 when the common mode voltage signal S ;,,1s generated
by a common mode voltage signal generator 45 of the type
explained with reference to FIG. 22. In this case, when the
DC link voltage V4 is generated by the second power
converter 5 such that it equals the voltage represented by
Smax'-Smin' the common mode voltage signal generator 45
automatically generates the common mode signal automati-
cally such that the common mode voltage VCM is in
accordance with equation (5), which is the common mode
voltage used in the 1/3 mode.

[0136] Although specific embodiments have been illus-
trated and described herein, it will be appreciated by those
of ordinary skill in the art that a variety of alternate and/or
equivalent implementations may be substituted for the spe-
cific embodiments shown and described without departing
from the scope of the present invention. This application is
intended to cover any adaptations or variations of the
specific embodiments discussed herein. Therefore, it is
intended that this invention be limited only by the claims and
the equivalents thereof.
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What is claimed is:

1. A method, comprising:

operating a power converter in a reduced switching mode,

wherein the power converter comprises:

three input nodes each configured to receive a respective
one of three input voltages;

two DC link nodes configured to provide a DC link
voltage, and a midpoint coupled to each of the two DC
link nodes;

three inductors each connected to a respective one of the

three input nodes; and

rectifier bridge comprising three bridge legs each

coupled to a respective one of the three inputs through

a respective one of the three inductors and connected to

the respective one of the three inductors at a respective

switch node, wherein each of the three bridge legs is

connected to the two DC link nodes and the midpoint,

and comprises at least one electronic switch,

wherein operating the power converter in the reduced

switching mode comprises:

deactivating at least one of the three bridge legs for a

predefined time period.

2. The method of claim 1, wherein operating the power
converter in the reduced switching mode comprises opetat-
ing the power converter in a 1/3 mode, and wherein oper-
ating the power converter in the 1/3 mode comprises deac-
tivating two of the three bridge legs and activating one of the
three bridge legs for a certain portion of a period of the input
voltages.

3. The method of claim 2, further comprising:

operating the power converter in the 1/3 mode throughout

the period of the three input voltages.

4. The method of claim 2, further comprising:

operating the power converter in the 1/3 mode in a certain

portion of the period of the three input voltages.

5. The method of claim 3, further comprising:

operating the power converter in a 3/3 mode, in which

none of the three bridge legs is deactivated, in the
remainder of the period of the three input voltages.

6. The method of claim 3, further comprising:

operating the power converter in a 2/3 mode, in which one

of the three bridge legs is deactivated, or in a 3/3 mode,
in which none of the three bridge legs is deactivated, in
the remainder of the period of the three input voltages.

7. The method of claim 2, wherein operating the power
converter in the 1/3 mode further comprises:

calculating a desired switch node voltage for each of the

three bridge legs;

deactivating the one of the three bridge legs associated

with a maximum of the desired switch node voltages;
and

deactivating the one of the three bridge legs associated

with a minimum of the desired switch node voltages.

8. The method of claim 7, further comprising:

regulating the DC link voltage by a further power con-

verter.

9. The method of claim 8, wherein each of the desired
switch node voltages is dependent on an output parameter of
the further power converter and a respective one of the input
voltages, and wherein regulating the DC link voltage by the
further power converter comprises regulating the DC link
voltage dependent on a difference between a maximum of
the desired switch node voltages and a minimum of the
desired switch node voltages.
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10. The method of claim 9, wherein the output parameter
is an output current of the second power converter.

11. The method of claim 9, wherein the output parameter
is an output voltage of the second power converter.

12. The method of claim 9, further comprising:

adjusting a switch node voltage of an activated one of the
three bridge legs by a switched-mode operation of the
at least one electronic switch in the activated bridge leg
dependent on the desired switch node voltage associ-
ated with the activated bridge leg.

13. The method of claim 1, wherein operating the power
converter in the reduced switching mode comprises operat-
ing the power converter in a 2/3 mode, and wherein opet-
ating the power converter in the 2/3 mode comprises deac-
tivating one of the three bridge legs and activating two of the
three bridge legs for a certain portion of a period of the input
voltages.

14. The method of claim 13, wherein operating the power
converter in the 2/3 mode comprises:

calculating a zero midpoint current common mode volt-
age, a minimum desired common mode voltage, and
maximum desired common mode voltage; and

operating the power converter in the 2/3 mode when the
common mode voltage is outside a voltage range
defined by the minimum desired common made volt-
age and the maximum desired common mode voltage.

15. The method of claim 14, further comprising adjusting
the common mode voltage such that the common mode
voltage equals the maximum desired common mode voltage
when the ZMC common mode voltage is greater than the
maximum desired common mode voltage, and equals the
minimum desired common mode voltage when the ZMC
common mode voltage is smaller than the minimum desired
common mode voltage.

16. A power converter arrangement, comprising:

a first power converter, a second power converter, and a
control circuit configured to control operation of the
first power converter and the second power converter,

wherein the first power converter comprises:

three input nodes each configured to receive a respective
one of three input voltages;

two DC link nodes configured to provide a DC link
voltage, and a midpoint coupled to each of the two DC
link nodes;

three inductors each connected to a respective one of the
three input nodes; and
rectifier bridge comprising three bridge legs each
coupled to a respective one of the three inputs through
a respective one of the three inductors and connected to
the respective one of the three inductors at a respective
switch node, wherein each of the three bridge legs is
connected to the two DC link nodes and the midpoint,
and comprises at least one electronic switch,

wherein the control circuit is configured to control opera-
tion of the second power converter such that the second
power converter regulates a DC link voltage between
the two DC link nodes of the first power converter.

17. The power converter arrangement of claim 16,
wherein the control circuit is configured to calculate desired
switch node voltages each associated with one of the three
bridge legs in the first power converter dependent on an
output parameter and a respective one of the input voltages,
and wherein the control circuit is configured to control
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operation of the second power converter such that the DC
link voltage is dependent on the desired switch node volt-
ages.

18. The power converter arrangement of claim 17,
wherein the control circuit is further configured to control
operation of the second power converter such that the DC
link voltage is further dependent on a signal representing a
minimum desired DC link voltage.

19. The power converter arrangement of claim 18,
wherein the control circuit is configured to control operation
of the second power converter such that the DC link voltage
is dependent on a difference between a maximum of the
desired switch node voltages and a minimum of the desired
switch node voltages.

20. The power converter arrangement of claim 18,
wherein the control circuit is further configured:

for each of the three bridge legs, to calculate a respective

duty cycle dependent on a respective one of the desired
switch node voltages; and

to operate the at least one switch in each of the three

bridge legs dependent on the respective duty cycle.
21. The power converter arrangement of claim 20,
wherein the control circuit is further configured to determine
a desired common mode voltage and calculate each of the
duty cycles further dependent on the desired common mode
voltage.
22. The power converter arrangement of claim 21,
wherein the control circuit is configured to determine the
desired common mode voltage by:
calculating a maximum desired common mode voltage
and a minimum desired common mode voltage; and

selecting the desired common mode voltage such that the
desired common mode voltage is within a range given
by the maximum desired common mode voltage and
the minimum desired common mode voltage.

23. The power converter arrangement of claim 22,
wherein each of the maximum desired common mode volt-
age and the minimum desired common mode voltage is
dependent on the DC link voltage and the desired switch
node voltages.

24. The power converter arrangement of claim 22,
wherein the control circuit is further configured:

to calculate a zero midpoint current common mode volt-

age; and

to select the desired common mode voltage such that the

desired common mode voltage equals the ZMC com-
mon mode voltage when the ZMC common mode
voltage is within a range given by the maximum
desired common mode voltage and the minimum
desired common mode voltage.

25. A method, comprising:

regulating a DC link voltage of a first power converter by

a second power converter,

wherein the first power converter comprises:

three input nodes each configured to receive a respective

one of three input voltages;

two DC link nodes configured to provide the DC link

voltage, and a midpoint coupled to each of the two DC
link nodes;
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three inductors each connected to a respective one of the

three input nodes; and

a rectifier bridge comprising three bridge legs each

coupled to a respective one of the three inputs through
a respective one of the three inductors and connected to
the respective one of the three inductors at a respective
switch node, wherein each of the three bridge legs is
connected to the two DC link nodes and the midpoint,
and comprises at least one electronic switch.

26. The method of claim 25, further comprising;

calculating desired switch node voltages each associated

with one of the three bridge legs in the first power
converter dependent on an output parameter and a
respective one of the input voltages; and

regulating the DC link voltage such that the DC link

voltage is dependent on the desired switch node volt-
ages.

27. The method of claim 26, wherein the DC link voltage
is further dependent on a signal representing a minimum
desired DC link voltage.

28. The method of claim 27, wherein the DC link voltage
is dependent on a difference between a maximum of the
desired switch node voltages and a minimum of the desired
switch node voltages.

29. The method of claim 27, further comprising;

calculating a respective duty cycle for each of the three

bridge legs, dependent on a respective one of the
desired switch node voltages; and

operating the at least one switch in each of the three

bridge legs dependent on the respective duty cycle.

30. The method of claim 29, further comprising;

determining a desired common mode voltage; and

calculating each of the duty cycles further dependent on
the desired common mode voltage.
31. The method of claim 30, wherein determining the
desired common mode voltage comprises:
calculating a maximum desired common mode voltage
and a minimum desired common mode voltage; and

selecting the desired common mode voltage such that the
desired common mode voltage is within a range given
by the maximum desired common mode voltage and
the minimum desired common mode voltage.

32. The method of claim 31, wherein each of the maxi-
mum desired common mode voltage and the minimum
desired common mode voltage is dependent on the DC link
voltage and the desired switch node voltages.

33. The method of claim 31, further comprising;

calculating a zero midpoint current (ZMC) common mode

voltage; and

selecting the desired common mode voltage such that the

desired common mode voltage equals the ZMC com-
mon mode voltage when the ZMC common mode
voltage is within a range given by the maximum
desired common mode voltage and the minimum
desired common mode voltage.

I S T T



	Bibliography
	Abstract
	Drawings
	Description
	Claims

