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SINUSOIDAL TRIANGULAR CURRENT MODE CONTROL FOR POWER CONVERTER

A power conversion method and a power con-

verter are disclosed. The method includes providing a
phase current reference (la*, Ib*, Ic*) for at least one
phase (11, 12, 13) of a power converter, wherein the at
least one phase (11, 12, 13) comprises an inductor (21,
22, 23) and a switching stage (31, 32, 33) coupled to the
inductor (21, 22, 23); defining a current band value (Ibnd;
Ibnda(t), Ibndb(t), Ibndc(t)) for the at least one phase (11,

31 32

\ N N

12, 13); calculating a first current limit (Iatop, Ibtop, Ictop)
and a second current limit (labot, Ibbot, Icbot) based on
the phase current reference (la*, Ib*, Ic*) and the current
band value (lbnd; Ibnda(t), Ibndb(t), Ibndc(t)); and mod-
ulating aphase current (Ia, Ib, Ic) of the at least one phase
(11, 12, 13) such that the phase current (la, Ib, Ic) oscil-
lates between the first current limit (latop, Ibtop, Ictop)
and the second current limit (Iabot, Ibbot, Icbot).
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Description

[0001] This disclosure relates in general to a power conversion method and a power converter.

[0002] A power converter may be operated in a triangular current mode (TCM), which is an operating mode in which
a current generated by the power converter has a triangular waveform. TCM is a technique to achieve zero voltage
switching (ZVS) of switches employed in one or more switching stages of the power converter. ZVS includes that the
voltage across a respective switch is essentially zero when the switch switches on. This helps to reduce switching losses
and, in particular, enables the use of superjunction transistor devices in a power converter.

[0003] TCM may be used in a rectifier, such as a PFC rectifier, as well as in an inverter. A PFC rectifier is configured
to generate a direct voltage based on one or more alternating input voltages, and an inverter is configured to generate
one or more alternating output currents based on a direct input voltage. Both in a PFC rectifier and an inverter one or
more currents are generated the average of which has a sinusoidal waveform.

[0004] A drawback of TCM for generating a sinusoidal current, however, is that the frequency of the triangular current
and, therefore, a switching frequency of switches in the switching stage that is used to generate the triangular current,
varies within a wide frequency range of one period of the current. In a 3-phase PFC converter, for example, a maximum
switching frequency may be up to 15 times, or more, of a minimum switching frequency, so that the switching frequency
ranges between the minimum switching frequency and 15 times or more of the minimum switching frequency. This
strong variation of the switching frequency makes the design and optimization of EMI (Electromagnetic Interference)
filters a difficult task and creates furthermore additional switching losses at peak switching frequencies.

[0005] Thereistherefore a need to reduce the frequency range over which the switching frequency of a power converter
operated in TCM varies.

[0006] One example relates to a method. The method includes providing a phase current reference for at least one
phase of a power converter, wherein the at least one phase comprises an inductor and a switching stage coupled to the
inductor, defining a current band value for the at least one phase, calculating a first current limit and a second current
limit based on the phase current reference and the current band value, and modulating a phase current of the at least
one phase such that the phase current oscillates between the first current limit and the second current limit.

[0007] Another example relates to a power converter. The power converter includes at least one phase comprising
an inductor and a switching stage coupled to the inductor, and a controller. The controller is configured to provide a
phase current reference for the at least one phase, define a current band value for the at least one phase, calculate a
first current limit and a second current limit based on the phase current reference and the current band value, and
modulate a phase current of the at least one phase such that the phase current oscillates between the first current limit
and the second current limit.

[0008] Examples are explained below with reference to the drawings. The drawings serve to illustrate certain principles,
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.

Figure 1 shows a circuit diagram of a 3-phase power converter according to one example;
Figure 2 shows one example of a 3-phase power converter operated as a rectifier;

Figures 3A and 3B illustrate different examples of a capacitor circuit of the power converter;
Figure 4 shows signal diagrams of voltages that may be received by the power converter;

Figure 5 illustrates voltages received by the power converter, a current in one phase and a switching frequency of
switches in one phase when operating a 3-phase power converter of the type shown in Figure 2 ina conventional TCM;

Figure 6 illustrates the current illustrated in Figure 4 in several drive cycles of switches in the respective phase,

Figure 7 illustrates one example of a power conversion method using TCM and having reduced switching frequency
range;

Figures 8A to 8D show signal diagrams that illustrate one example of a method according to Figure 7;

Figures 9A - 9C illustrate examples of a current reference controller and a phase current controller of a controller
that is configured to operate the power converter in accordance with the method illustrated in Figure 7;

Figure 10 illustrates the operating principle of hysteresis controllers employed in the controller according to Figure 9;
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Figure 11 shows a modification of the controller shown in Figure 9;

Figures 12A and 12B illustrate examples for selecting a current band adaption factor dependent on an output power
of the power converter;

Figures 13A - 13D show signal diagrams that illustrate further examples of a method according to Figure 7;
Figure 14 illustrates another example of a phase current controller;

Figures 15 and 16A - 16C show signal diagrams that illustrate another example of a method for operating the power
converter;

Figure 17 illustrates another example of a phase current controller;

Figure 18 shows a shows a circuit diagram of a 1-phase (single phase) power converter according to one example;
Figure 19 shows one example of a current reference controller of the power converter according to Figure 18;
Figure 20 shows one example of a 3-phase power converter operated as an inverter; and

Figure 21 shows one example of a controller configured to control operation of the power converter according to
Figure 20.

[0009] 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 imple-
mented. It is to be understood that the features of the various embodiments described herein may be combined with
each other, unless specifically noted otherwise.

[0010] Figure 1 illustrates a circuit diagram of a power converter according to one example. The power converter
according Figure 1 is a 3-phase converter and includes three phases 11, 12, 13 each connected between a respective
one of three AC nodes a, b, ¢c and two DC nodes p, n. Each phase 11, 12, 13 includes an inductor 21, 22, 23 coupled
to a respective one of the three AC nodes a, b, c. The inductors 21, 22, 23 may directly be connected to the AC nodes
a, b, c. Alternatively, as illustrated in dashed lines, a filter 32, such as an EMI filter may be connected between the AC
nodes a, b, cand the inductors 21, 22, 23. Further, each phase 11, 12, 13 includes a switching stage 31, 32, 33 connected
between the inductor 21, 22, 23 of the phase 11, 12, 13 and the DC nodes p, n.

[0011] The filter 32 may include three capacitors that are connected in a star configuration, wherein each of the three
capacitors is connected to a respective one of the phases 11, 12, 13. A star point, which is circuit node at which the
three capacitors are connected, may be connected to one of the DC nodes p, n, or to a midpoint of an output capacitor
circuit (not shown in Figure 1).

[0012] In the following, the AC nodes a, b, ¢ are also referred to as first, second, and third AC nodes, respectively;
the phases 11, 12, 13 are also referred to as first, second, and third phases, respectively; the inductors 21, 22, 23 are
also referred to as first, second, and third inductors, respectively; and the switching stages 31, 32, 33 are also referred
to as first, second, and third switching stages, respectively.

[0013] Referring to Figure 1, the power converter further includes a controller (drive circuit) 4 that is configured to
control operation of the switching stages 11, 12, 13. More specifically, the controller 4 is configured to control operation
of switches (not shown in Figure 1) included in the switching stages 11, 12, 13.

[0014] The power converter according to Figure 1 may be operated as a rectifier, such as a PFC rectifier, or as an
inverter. In the first case, the power converter receives alternating input voltages atthe AC nodes a, b, c and is configured,
using a switched-mode operation of the switching stages 11, 12, 13, to provide a (regulated) direct voltage Upn and a
direct current Ipn at the DC nodes. In the second case, the power converter receives a direct voltage Upn at the DC
nodes and is configured, using a switched-mode operation of the switching stages 11, 12, 13, to provide alternating
output currents at the AC nodes a, b, c. In both cases, phase currents la, Ib, Ic, which are currents through the inductors
21, 22, 23, are controlled such that averages of these currents essentially have a sinusoidal waveform. "Average" in this
context means an average over one or several cycles of the switched-mode operation of the switching stages 11, 12,
13. Frequencies of the sinusoidal phase currents la, Ib, Ic are dependent on the specific application. (1) A PFC rectifier,
for example, is configured to generate the DC voltage Upn based on three alternating grid voltages. In this case, the
average phase currents may be controlled to have a frequency which essentially equals the frequency of the received
grid voltages. (2) A solar inverter, for example, is configured to convert a DC voltage Upn received from a solar panel
to alternating currents la, Ib, Ic that are fed into a power grid. In this case, the average phase currents may be controlled
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to have a frequency which essentially equals the frequency of the power grid. (3) 2) A motor drive inverter, for example,
is configured to convert a DC voltage Upn received from a battery (or a PFC rectifier) to alternating currents la, Ib, Ic
that are received by a motor. In this case, the average phase currents may be controlled to have varying frequencies
as requested by a motor controller.

[0015] In the following, at first, operating the power converter as a rectifier, in particular as a PFC rectifier is explained.
Operating the power converter as an inverter is explained herein further below.

[0016] Figure 2 illustrates one example of a power converter that is configured to operate as a rectifier, in particular
as a PFC rectifier. This power converter is configured to receive a respective one of three input voltages Ua, Ub, Uc at
each of the three AC nodes a, b, c. More specifically, the power converter receives a first input voltage Ua at the first
AC node a, a second input voltage Ub at the second AC node b, and a third input voltage Uc at the third AC node c.
The input voltages Ua, Ub, Uc are referenced to a common reference node (ground node) N, for example.

[0017] Referring to Figure 2, the power converter further includes an output capacitor circuit 41 connected between
the DC nodes p, n. The DC voltage Upn is available across the output capacitor circuit 41 between the DC nodes p, n
and may be received by a further power converter (not illustrated). The DC voltage Upn may also be referred to as DC
link voltage, the DC nodes p, n may also be referred to as DC link nodes, and the capacitor circuit 3 may also be referred
to as DC link capacitor circuit in a power converter operated as PFC rectifier. In this type of power converter, the AC
nodes a, b, c are input nodes through which power is received by the power converter, and the DC nodes p, n are output
nodes through which power is supplied to a load (illustrated in dashed lines in Figure 2).

[0018] In the example shown in Figure 2, each of the three switching stages 11, 12, 13 includes a half-bridge with a
high-side switch 31H, 32H, 33H and a low-side switch 31L, 32L, 33L. The high-side switch 31H, 32H, 33H and the low-
side switch 31L, 32L, 33L of each of the half-bridges are connected in series between the DC link nodes p, n. Further,
each of the half-bridges includes a tap ta, tb, tc, which is a circuit node between the high-side switch 31H, 32H, 33H
and the low-side switch 31L, 32L, 33L of the respective half-bridge. Each of the taps ta, tb, tc is connected to a respective
one of the inductors La, Lb, Lc, that s, tap ta of a first one of the half-bridges is connected to a first one 21 of the inductors
21, 22, 23, tap tb of a second one of the half-bridges is connected to a second one 22 of the inductors 21, 22, 23, and
tap tc of a third one of the half-bridges is connected to a third one 23 of the inductors 21, 22, 23. A converter bridge with
three half-bridges as illustrated in Figure 2 is known as B6 bridge.

[0019] It should be noted that implementing the switching stages as illustrated in Figure 2 is only an example. Other
switching stage topologies may be used as well.

[0020] Inthe example shownin Figure 2, operating the switching stages 11, 12, 13 by the controller 4 includes operating
the switches S31L-S33H in the switching stages 11, 12, 13. More specifically, the controller 4 is configured to generate
drive signals S31H-S33L, wherein each drive signal is received by a respective one of the switches S31H-S33L in the
switching stages 11, 12, 13 and is configured to switch on or off the respective switch 31H-33L.

[0021] The switches S31H-S33L can be conventional electronic switches with a load path and a rectifier element
(illustrated as diode in Figure 2) connected in parallel with the load path. The rectifier element can be a discrete element
or can be an integral part of the respective switch. According to one example, as illustrated in Figure 1, the switches
S31H-S33L are MOSFETSs, such as n-type enhancement MOSFETs. The MOSFETs may be based on silicon (Si) or a
wide-bandgap material such as silicon carbide (SiC). According to one example, the MOSFETSs are superjunction MOS-
FETs.

[0022] A MOSFET includes an internal diode, which is usually referred to as body diode, that may be used as the
rectifier element. In a MOSFET, the load path is a circuit path between a drain node and a source node. A MOSFET
further includes a gate node for receiving the drive signal. Usually, the drive signal is a voltage received between the
gate node and the source. In Figure 1, however, the drive signals S31H-S33L are only schematically illustrated.
[0023] Implementingthe switches S31H-S33L as MOSFETS, however, is only an example. Any other kind of transistors
such as HEMTs (High Electron Mobility Transistors) may be used as well.

[0024] Each of the switches S31H-S33L may inevitably include an output capacitance. In a MOSFET, for example,
the output capacitance includes a drain-source capacitance and a gate-drain capacitance. In Figure 2, the output ca-
pacitances of the switches S31H-S33L are represented by capacitors connected in parallel with the load path. These
capacitors represent the drain-source capacitances; the gate-drain capacitances are not illustrated.

[0025] The DC link capacitor circuit 41 may be implemented in various ways. According to one example illustrated in
Figure 3A, the DC link capacitor circuit 41 includes a single capacitor 411 connected between the output nodes p, n.
According to one another example illustrated in Figure 3B, the DC link capacitor circuit 41 includes a first output capacitor
412 and a second output capacitor 413 that are connected in series between the DC nodes p, n. In each case, the DC
voltage Upn is the voltage between the two DC nodes p, n.

[0026] According to one example, the input voltages Ua, Ub, Uc received by the power converter are alternating input
voltages such as sinusoidal input voltages. A phase shift between each pair of these input voltages Ua, Ub, Uc is different
from 0°, for example. Figure 4 shows signal diagrams of sinusoidal input voltages Ua, Ub, Uc during one period of each
of these input voltages Ua, Ub, Uc. In this example, the phase shift between each pair of these input voltages Ua, Ub,
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Uc is 120° (2n/3). Each of the three sinusoidal input voltages Ua, Ub, Uc periodically 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 (absolute
value) of the minimum level essentially equals a magnitude (absolute value) of the maximum level and the three input
voltages Ua, Ub, Uc have essentially the same minimum voltage level and the same maximum voltage level. Further,
the three input voltages Ua, Ub, Uc may have essentially the same frequency fm. This frequency fm is between 50 Hz
and 60 Hz, for example. A duration Tm of one period of the input voltages Ua, Ub, Uc is the reciprocal of the frequency
fm, Tm=1/fm.

[0027] As each of the input voltages Ua, Ub, Uc is the voltage at the AC node a, b, c of a respective phase 11, 12, 13
these voltages Ua, Ub, Uc are also referred to as phase voltages in the following.

[0028] Figure 4 illustrates the input voltages Ua, Ub, Uc over one period. In the following, the plurality of the input
voltages Ua, Ub, Uc is also referred to as input voltage system. Further, for the purpose of illustration it is assumed that
a certain phase angle a of the input voltage system corresponds to a phase angle a of the first input voltage Ua, wherein
a = 0 is the phase angle at the beginning of a positive halfwave of the first input voltage Ua, in this example.

[0029] The magnitude (absolute value) of the maximum voltage level and the minimum voltage level of each of the
input voltages Ua, Ub, Uc may also be referred to as amplitude of the input voltages Ua, Ub, Uc. Root mean square
(RMS) values of the input voltages Ua, Ub, Uc are given by the amplitude divided by the square root of 2, that is,

A

V2 , where A denotes the amplitude of any one of the input voltages Ua, Ub, Uc and Agys denotes the
respective RMS value. According to one example, the input voltages Ua, Ub, Uc are 230 Vg5 grid voltages. Amplitudes

of the individual input voltages Ua, Ub, Uc are 325 V in this example.

[0030] Operating the power converter of the type shown in Figure 2 as a PFC rectifier may include (a) regulating the
DC voltage Upn such that it has a predefined voltage level, and (b) regulating each of three phase currents la, Ib, Ic
such that a shape of the respective current waveform essentially equals the shape of the voltage waveform of the
respective input voltage Ua, Ub, Uc. Thus, when the input voltages Ua, Ub, Uc are sinusoidal voltages, the phase currents
la, Ib, Ic are regulated such that they, in average, essentially have sinusoidal waveforms, wherein there may be a
predefined phase shift between the phase current Ia, Ib, Ic and the respective input voltage Ua, Ub, Uc. The phase
current la, Ib, Ic of each phase is the current through the respective inductor 21, 22, 23.

[0031] Figures 5 and 6 illustrate one example of operating power converter in a conventional TCM (Triangular Current
Mode), wherein Figure 5 illustrates, during one period of the input voltages Ua, Ub, Uc, the input voltages Ua, Ub, Uc,
the phase current la of the first phase 11, and the switching frequency of the switches 31H, 31L in the first switching
stage 31. This phase current la is also referred to as first phase current in the following. Figure 6 illustrates the phase
current la during several drive cycles of the switches 31H, 31L in the first switching stage 11, and drive signals S31L,
S31H of the switches of the first switching stage 31. These signals S31L, S31H can have an on-level that switches on
the respective switch 31L, 31H or an off-level that switches off the respective switch 31L, 31H. Just for the purpose of
illustration, an on-level is represented by a high signal level and an off-level is represented by a low signal level in the
example shown in Figure 6.

[0032] It should be noted that, although Figures 5 and 6 illustrate regulating the first phase current Ia, this is only an
example. The phase currents Ib, Ic in the second and third phases 12, 13 are regulated in the same way.

[0033] Referring to Figures 5 and 6, in the conventional TCM, the switches S31L, S31H in the switching stage are
operated in such a way that the first phase current la, in a triangular fashion, oscillates between a first threshold Ith1
and a second threshold Ith2, wherein the first threshold Ith1 is regulated such that the phase current la has a desired
average current level la_avg and the second threshold Ith2 is selected such that a zero voltage switching (ZVS) is
achieved. If, as illustrated in Figure 6, the input voltage Ua is positive (and the average input current is in phase with the
input voltage) and the low-side switch S31L switches on, the phase current la increases and the respective inductor 21
is magnetized. When the phase current la reaches the first threshold Ith1 the low-side switch S31L switches off and the
high-side switch 31H switches on, so that the phase current la flows through the high-side switch 31H. Referring to
Figure 6, there may be a first dead time Td1 between switching off the low-side switch S31L and switching on the high-
side switch 31H. During this dead time Tdlthe output capacitance of the high-side switch 31H is discharged and the
output capacitance of the low-side switch 31L is charged before the phase current la flows through rectifier element of
the high-side switch 31H.

[0034] When the phase current la flows through the high-side switch 31H the inductor 21 is demagnetized and the
phase current la decreases. (The slope of the current la is dependent on a voltage across the inductor 21 and an
inductance La of the inductor 21.) When the low-side switch S31L switches off a voltage across the low-side switch 31L
increases to a voltage level which essentially equals the voltage level of the DC voltage Upn. This increase of the voltage
across the low-side switch 31L causes the output capacitance of the low-side switch S31L to be charged.

[0035] Referring to Figure 6, the high-side switch S31H remains on until the phase current la reaches the second
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threshold 1th2. This second threshold 1th2 is selected such that the phase current la, during the on-time of the high-side
switch S31H, changes its polarity, so that the inductor 21 is again magnetized. When the high-side switch S31H switches
off, the phase current la continues to flow and discharges the output capacitance of the low-side switch S31L. This
causes the voltage across the low-side switch S31L to decreases during a second dead time Td2 between switching
off the high-side switch S31H and switching on the low-side switch. This second dead time Td2 may be long enough for
the voltage across the low-side switch S31L to decrease to zero before the low-side switch S31L again switches on,
that a zero voltage switching (ZVS) can be achieved.

[0036] It should be noted that the operating mode illustrated in Figures 5 and 6 is referred to as triangular current
mode (TCM) although the current waveform of the phase current la is not perfectly triangular, mainly because of the
dead times Td1, Td2. During these dead times Td1, Td2 the phase current la may increase, may decrease, or may
remain essentially constant. Just for the purpose of illustration, in the example shown in Figure 6, the phase current la
is drawn to be constant during the dead times Td1, Td2.

[0037] Usually, the second threshold Ith2 is close to zero and selected such that the energy stored in the inductor 21
after the phase current la has changed its direction is sufficient to discharge the output capacitance of one of the low-
side switch 31L and the high-side switch. This second threshold Ith2 is negative when the input voltage Ua is positive
(as illustrated in Figure 6) and positive when the input voltage Ua is negative. In the latter case, the high-side switch
S31H essentially controls the average phase current, which is negative, and the output capacitance of the high-side
switch S31H is discharged by the phase current la when the low-side switch S31L switches off.

[0038] As can be seen from Figure 5, in a conventional TCM, the switching frequency of the switches 31L, 31H in the
switching stage 11 may vary over a wide frequency range, wherein in 3-phase power converter the switching frequency
increases towards zero crossings of the input voltage Ua and decreases towards positive and negative peak values of
the input voltage Ua. A ratio between a maximum switching frequency f1 and a minimum switching frequency may be
up to 15 or even more. In a 3-phase power converter with a maximum output power of 10kW, for example, the switching
frequency may range between about 40 kHz and 600 kHz. This strong variation of the switching frequency makes the
design and optimization of EMI (Electromagnetic Interference) filters a difficult task. There is therefore a need to operate
a power converterin TCM, in order to achieve ZVS, and, at the same time, reduce the variation of the switching frequency
and/or a maximum switching frequency.

[0039] One example of a method for operating a power converter in TCM, with a reduced switching frequency range
and a reduced maximum switching frequency is illustrated in Figure 7. This method includes determining a phase current
reference of at least one phase of the power converter (101), defining a current band value for the at least one phase
(102), calculating a first current limit and a second current limit based on the phase current reference and the current
band value (103), and modulating the phase current of the at least one phase such that the phase current oscillates
between the first current limit and the second current limit.

[0040] One example for operating the power converter in this way is illustrated in Figures 8A - 8E. Figure 8A denotes
an input voltage Ux received by one phase of the power converter over one period of the input voltage Ux, wherein Ux
represents and arbitrary one of the input voltages Ua, Ub, Uc. Figures 8B - 8D illustrates a phase current reference Ix*
of the respective phase, the first and second current limits Ixtop, Ixbot, and the phase current Ix under different load
conditions of the power converter. Figure 8D illustrates a variation of the switching frequency of switches in the switching
stage of the respective phase. In Figures 8A - 8D, Ix denotes an arbitrary one of the three phase currents la, Ib, Ic; Ix*
denotes the respective phase current reference, Ibnd denotes the current band value; and Ixtop and Ixbot denote the
first and second current limits.

[0041] Oscillating the phase current Ix between the first and second current limits Ixtop, Ixbot includes a switched-
mode operation of the switches in the respective switching stage. The "phase current reference Ix*", as used herein
represents an average of the phase current Ix over one or more periods of the oscillating phase current Ix. A frequency
of the switched mode operation of the switches in the respective switching stage is significantly higher than a frequency
of the input voltages Ua, Ub, Uc so that the average phase current can be considered to be constant over several periods
of the switched mode operation, but may vary of one period of the input voltages Ua, Ub, Uc. The phase current reference
Ix*, for example, may have a sinusoidal waveform with a frequency that essentially equals the frequency of the input
voltage Ux, and the phase current Ix has an essentially triangular waveform with a much higher frequency than the
phase current reference Ix*.

[0042] Accordingto one example, calculating the first and second current limits Ixtop, Ixbot based on the phase current
reference Ix* and the current band Ibnd includes calculating the current limits such that the current limits Ixtop, Ixbot are
symmetrical relative to a current level of the phase current reference Ix*, so that

Ixtop = Ix* + Ibnd (1a)
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Ixbot = Ix* — Ibnd (1b).

[0043] As the oscillating frequency of the phase current Ix is much higher than the frequency of the input voltage Ux
a signal waveform of the phase current Ix is not explicitly illustrated in Figures 8B - 8D. As will be explained in further
detail herein below, the phase current Ix essentially has a triangular current waveform so that operating the power
converter such that the phase current Ix oscillates between the first current limit Ixtop and the second current Ixbot has
the effectthat an average phase current Ix_avg of the respective phase essentially equals the phase currentreference Ix*.
[0044] Examples for determining the phase current reference are explained in detail herein further below. The phase
current reference of one phase may essentially be generated such that its waveform follows the waveform of the input
voltage Ux received by the respective phase, wherein there may be phase shift between the phase current reference
and the input voltage Ux. Thus, when the input voltage Ux is a sinusoidal voltage as illustrated in Figure 8A, the phase
current reference and, therefore, the average phase current Ix_avg is essentially sinusoidal. An amplitude of the phase
current reference may vary dependent on an output power of the power converter and increases as the output power
increases. This is illustrated in Figures 8B- 8D, wherein Figure 8B illustrates the phase current reference under low load
conditions, Figure 8C illustrates the phase current reference under medium load conditions, and Figure 8D illustrates
the phase current reference under high load conditions.

[0045] In the example illustrated in Figures 8A - 8E, the current band value Ibnd is constant over one period of the
input voltage Ux and independent of the output power of the power converter. In this case, the switching frequency of
the switches in the respective switching stage and, therefore, the oscillating frequency of the phase current Ix varies in
the same way over one period of the input voltage Ux.

[0046] Referring to Figure 8E, the switching frequency fsw varies between a minimum switching frequency fsw_min
and a maximum switching frequency fsw_max. Both the minimum switching frequency fsw_min and the maximum
switching frequency fsw_max and, therefore, the frequency range are dependent on the current band value Ibnd as
follows:

_ Upn
fsw_max = P (2a)
. Upn . A2y — . A2
fsw_min = P (1-M*) = fsw_max: (1—M?*) (2b),

where Upn denotes the output voltage, Lx denotes the inductance of the inductor of the respective phase (that is, Lx
denotesanyoneoflLa,Lb, Lc), and M denotes a modulation factor. The modulation factor M is dependent on a relationship
between a peak voltage level Uabc of the input voltage system (which, e.g., is 325V in a 230VRps input voltage system)
and the DC voltage Upn as follows:

2:Uabc

M= 3).

Upn

As can be seen from equation (2a), the maximum switching frequency fsw_max, at a given inductance Lx and a given
DC voltage Upn is inversely proportional to the current band value Ibnd, so that the maximum switching frequency
fsw_max decreases as the current band value Ibnd increases.

[0047] According to one example, the current band value Ibnd is selected such that the upper current limit Ixtop, at
each time, is equal to zero or higher than zero (positive) and the lower current limit Ixbot, at each time, is equal to zero
or lower than zero (negative), in order to achieve ZVS. When the current band value Ibnd is constant, the upper current
and lower current limits Ixtop, Ixbot, over one period of the respective input voltage Ux, vary in accordance with the
phase current reference Ix*, wherein an amplitude of both the upper current limit Ixtop and the lower current limit Ixbot
increases as the amplitude of the phase current reference increases. According to one example, the power converter
is operated such that an amplitude of the phase current reference and, therefore, the average phase current Ix_avg are
limited to a predefined maximum Ix_max. This maximum amplitude Ix_max is associated with a maximum output power
Px_max of the respective phase. Figure 8D, illustrates an operating scenario of the power converter in which the phase
current reference reaches the maximum amplitude Ix_max. According to one example, the current band Ibnd is selected
such that it equals the maximum amplitude x_max,
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Ibnd = fx_max (4a).

According to another example, the current band value Ibnd is adjusted dependent on the maximum amplitude x_max
such that

Ibnd = [x_max +Im (4b),

wherein Im is a current margin that, dependent on the specific application, may be necessary to ensure ZVS. Calculating
the current band value Ibnd in accordance with equation (4b) ensures that in each case the lower current limit Ixbot is
more than the current margin Im below zero and that the upper current limit Ixtop is more than the current margin Im
above zero. Im may be selected such that the energy stored in the respective inductor after the phase current crosses
zero is sufficient to discharge the output capacitance(s) in the respective switching stage such that ZVS is achieved. In
other applications, however, selecting Ibnd based on equation (4a) may be sufficient to ensure ZVS even when the
amplitude of the phase current reference equals the maximum amplitude ix_max, so that there may be time instances
when one of the first current limit Ixtop and the second current limit Ixbot becomes zero.

[0048] The maximum amplitude x_max of the phase current Ix is associated with a maximum input or output power
Px_max of the respective phase, wherein

Px_max == [x_max- Ux (5),

N | =

wherein Ux is the amplitude of the input voltage. It should be noted that the maximum input or output power Px_max is
the maximum average input or output power over one period of the respective input voltage Ux. Due to the sinusoidal
input voltage Ux and the sinusoidal average phase currents Ix_avg the instantaneous input power varies (and has a
sine-squared waveform).

[0049] According to one example, the maximum amplitude in each of the three phase is the same fa_max = Tb_max
=Jc_max = Imax so that the three phases have the same maximum input power Pa_max = Pb_max = Pc_max. In this
case and assuming that the three input voltages Ua, Ub, Uc have the same amplitude Ua = Ub = Uc = Uabc the maximum
input and output power Pmax of the overall power converter is given by

Pmax = Pa_max+ Pb_max + Pc_max = % - [ max- Uabc (6).

[0050] The operating mode illustrated in Figures 8A - 8D may be referred to as sinusoidal TCM because the upper
current limit Ixtop and the lower current limit Ixbot, which form an envelope of the phase current Ix, have a sinusoidal
waveform (when the input voltage Ux is sinusoidal).

[0051] Referring to Figure 8E, the switching frequency fsw varies over one period of the input voltage Ux. However,
it can be shown that using sinusoidal TCM the maximum switching frequency fsw_max can significantly be reduced as
compared to a power converter of the same type and with the same maximum output power and operated using a
conventional TCM. Using sinusoidal TCM the maximum switching frequency can be reduced to 25% or less of the
maximum switching frequency of a comparable power converter operated using conventional TCM.

[0052] According to one example the current band value Ibnd is selected such that the maximum switching frequency
fsw_max is between 100 kHz and 200 kHz, in particular between 100 kHz and 150 kHz. Referring to equation (2b) the
frequency range is dependent on the maximum switching frequency fsw_max and the modulation index M.

[0053] As compared to operating the PFC rectifier in CCM (Continuous Current Mode), which is a conventional way
of operating a PFC rectifier, operating the PFC rectifier in sinusoidal TCM may result in higher conduction losses, but
definitely results in lower switching losses, wherein the reduction in switching losses may be higher than the increase
in switching losses. Moreover, sinusoidal TCM, as compared to a conventional TCM, results in a significant reduction
of the switching frequency range and a reduction of the maximum switching frequency fsw_max. the latter helps to
reduce switching losses and may help to reduce the size and cost of an EMI filter.

[0054] Figure 9A illustrates one example of a controller 4 that is configured to operate a power converter of the type
shown in Figure 2 in accordance with the method explained with reference to Figures 7 and 8A - 8E. It should be noted
that the block diagram shown in Figure 9A illustrates the functional blocks of the controller 4 rather than a specific
implementation. Those functional blocks can be implemented in various ways. According to one example, these functional
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blocks are implemented using dedicated circuitry. According to another example, the controller is implemented using
hardware and software. For example, the controller 4 includes a microcontroller and software executed by the micro-
controller.

[0055] Referring to Figure 9A, the controller 4 includes a phase current reference controller 5, which briefly referred
to as current reference controller in the following. This reference controller 5 is configured to provide three phase current
references, a first phase current reference la* for controlling the current in the first phase 11, a second phase current
reference Ib* for controlling the current in the second phase 12, and a third phase current reference Ic* for controlling
the current in the third phase 13. Examples for implementing the current reference controller 5 are explained herein
further below. The controller 4 further includes a phase current controller 6 that is configured to receive the phase current
references la*, Ib*, Ic* and control the phase currents la, b, Ic by suitably driving the switches in the switching stages
31, 32, 33. For this, the phase current controller 6 generates drive signals S31H-S33L for driving the switches 31H-33L
in the switching stages 31, 32, 33.

[0056] Referring to Figure 9A, the phase current controller 6 further includes three branches, wherein each of these
branches is configured to operate a respective one of the switching stages 11, 12, 13. More specifically, each of the
branches is configured to generate a low-side drive signal S31L, S32L, S33L received by the low-side switch 31L, 32L,
33L in the respective switching stage 11, 12, 13 and a high-side drive signal S31H, S32H, S33L received by the high-
side switch 31H, 32H, 33H in the respective switching stage 11, 12, 13.

[0057] Referring to Figure 9A, based on each phase current reference la*, Ib*, Ic* and the current band value Ibnd,
in each of the three branches, a respective first current limit latop, Ibtop, Ictop is calculated by an adder 61a, 61b, 61c
in accordance with equation (1a) and a respective second current limit latop, Ibtop, Ictop is calculated by a subtractor
62a, 62b, 62c in accordance with equation (1b).

[0058] In each of the three branches a hysteresis controller 63a, 63b, 63c receives the respective first current limit
latop, Ibtop, Ictop, the respective second current limit labot, Ibbot, Icbot, and an phase current signal la’, Ib’, Ic’ and
generates the respective low-side and high-side drive signals S31H-S33L. Each of the phase current signals la’, Ib’, Ic’
represents the phase current Ia, Ib, Ic of the respective phase and can be obtained using a conventional current meas-
urement circuit.

[0059] Figure 9B illustrates one example of the current reference controller 5. In this example, the reference current
controller 5 is configured to receive a DC voltage reference Upn* and a DC voltage signal Upn’ representing the DC
voltage Upn, and is configured to generate the phase current references la*, 1b*, Ic* such that the DC voltage Upn
essentially equals the DC voltage reference Upn*. This, however, is only an example. According to another example
(not illustrated) the current reference controller 5 is configured to generate the current references la*, Ib*, Ic* such that
a DC current Ipn provided to a load (such as a battery) equals a DC current reference.

[0060] Referring to Figure 9B, the current reference controller 5 receives the DC voltage signal Upn’ that represents
the DC voltage Upn. The DC voltage Upn may be measured in a conventional way by any kind of voltage measurement
circuit (not shown) in order to obtain the DC voltage signal Upn’. The current reference controller 5 includes a first filter
51 thatreceives the DC voltage signal Upn’ and an DC voltage reference Upn*. The DC voltage reference Upn* represents
a desired voltage level of the DC voltage Upn.

[0061] The first filter 50 subtracts the DC voltage reference Upn* from the DC voltage signal Upn’, for example, and
filters the difference in order to generate an output signal Ico*. According to one example, this output signal Ico* represents
a desired current into the output capacitor circuit 3 (see, Figure 2). The first filter 50 may have one of a proportional-
integrative (Pl) characteristic, a proportional-integrative-derivative (PID) characteristic, or the like. According to one
example, the first filter 50 has a PI characteristic. This filter 50 may also be referred to as PI controller.

[0062] Referring to Figure 9B, an adder 51 receives the filter output signal Ico* and an output current signal Ipn’. The
output current signal Ipn’ represents a DC current (output current) Ipn of the power converter that is received by a load
Z (illustrated) in dashed lines. The load Z may be any kind of load or load circuit configured to receive the DC voltage
Upn and the output current Ipn. The output current Ipn may be measured in a conventional way by any kind of current
measurement circuit (not shown) in order to obtain the output current signal Ipn’. An output signal of the adder 51
represents the desired current Ico into the output capacitor 14 plus the output current Ipn and is received by a multiplier
52. The multiplier 52 further receives the DC voltage reference Upn* and provides a multiplier output signal Po*, wherein
this multiplier output signal Po* represents a desired output power of the power converter that is required to regulate
the DC voltage Upn such that is essentially equals the DC voltage reference Upn*. The multiplier output signal Po*,
which is also referred to output power reference Po* in the following, also represents an average input power of the
power converter over one period of the input voltage system Ua, Ub, Uc. An instantaneous input power received at each
of the three AC nodes a, b, ¢ of the power converter 11, however, varies due to the alternating nature of the input voltages
Ua, Ub, Uc.

[0063] Referring to Figure 9B, adivider 53 divides the output power reference Po* by a signal 3/2-:Uabc? that represents
1.5 times (3/2 times) the square of the amplitude Uabc of the input voltages Ua, Ub, Uc. An output signal G* of the divider
73 represents an overall desired conductance of the power converter, wherein the overall desired conductance G* is
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the conductance that is required by the power converter in order to achieve the desired input power Po*. The overall
desired conductance G* is also referred to as conductance reference in the following.

[0064] The currentreference controller 5 further includes three outputbranches, wherein each of these output branches
provides one of the phase current references la*, Ib*, Ic*. Each of the three output branches includes a multiplier 54a,
54b, 54c that receives the conductance reference G* and a respective input voltage signal Ua’, Ub’, Uc’. Each of these
input voltage signals Ua’, Ub’, Uc’ represents a respective one of the input voltages Ua, Ub, Uc. These input voltages
may be measured in a conventional way by any kind of voltage measurement circuit (not shown) in order to obtain the
input voltage signals Ua’, Ub’, Uc’. Output signals of the multipliers 54a, 54b, 54c represent the phase current references
la*, Ib*, Ic* of the three phase. More specifically, a first multiplier 54a that receives an phase current signal Ua’ representing
the first input voltage Ua provides the phase current reference la* of the first phase 11, a second multiplier 54b that
receives an phase current signal Ub’ representing the second input voltage Ub provides the phase current reference
Ib* of the second phase 12, and a third multiplier 54c that receives an phase current signal Uc’ representing the third
input voltage Uc provides the phase current reference Ic* of the third phase 13. These phase current references are
also referred to as first, second, and third phase current references la*, Ib*, Ic* in the following.

[0065] Optionally, as illustrated in dashed lines in Figure 9, a respective limiter 55a, 55b, 55c is connected downstream
each multiplier 54a, 54b, 54c. Each of these limiters is configured to limit the phase current reference la*, Ib*, Ic* such
that the magnitude of the phase current reference Ia*, Ib*, Ic* does not exceed a level defined by the maximum amplitude
Tmax, In this way the phase currentreference la*, Ib*, Ic* are limited such that they do not exceed the maximum amplitude
Tmax. This however, may result in non-sinusoidal waveforms.

[0066] Figure 9C shows a modification of the current reference controller shown in Figure 9B. In the current reference
controlleraccording to Figure 9C, the (average) output power is limited and the amplitudes of the phase currentreferences
la*, Ib*, Ic* are limited, so that the phase current references la*, Ib*, Ic*, despite a possible limitation, have sinusoidal
waveforms. In this example, a first limiter 56 receives the output power reference Po* and limits the output power
reference Po* to a predefined maximum value that represents a maximum desired output power. Further, in this example,
the divider 56 divides the (limited) output power reference Po* by 3/2Uabc (instead of 3/20abc? in the example shown
in Figure 9B) so that the divider output signal represents an overall input current reference Tabc*. A further limiter 57
limits the overall input current reference Tabc* to a predefined value, and a further divider 58 divides the (limited) input
current reference fabc* by Uabc to obtain the conductance reference G*.

[0067] Figure 10 shows signal diagrams that illustrate one example of how the drive signals S31H-33L may be gen-
erated by the hysteresis controllers 63a, 63b, 63c in order to control the phase currents la, Ib, lc. More specifically,
Figure 10 shows signal diagrams of an phase current Ix, which is an arbitrary one of the three phase currents la, Ib, Ic,
and of drive signals SxL, SxH of a low-side switch and a high-side switch of the respective switching stage. In Figure
10, SxL denotes the drive signal of the low-side switch and SxH denotes the drive signal of the high-side switch. Just
for the purpose of illustration, an on-level of the respective switch is represented by a high signal level and an off-level
is represented by a low signal level in the example shown in Figure 10. Further, Ixtop denotes the first current limit (the
upper current limit) and Ixbot denotes the second current limit (the lower current limit) in this example.

[0068] In the power converter according to Figure 2, in each of the three phases, independent of the polarity of the
respective input voltage Ua, Ub, Uc, the respective phase current |a, Ib, Ic increases when the low-side switch 31L, 32L,
33L of the respective switching stage 11, 12, 13 is switched on and decreases when the high-side switch 31H, 32H,
33H of the respective switching stage 11, 12, 13 is switched on.

[0069] Referring to Figure 10, the hysteresis controller 63a, 63b, 63c in each branch switches on and off the low-side
switch and the high-side switch alternatingly and such that only one of these switches is switched on at the same time.
More specifically, the hysteresis controller switches off the low-side switch when the phase current signal Ix’ reaches
the first threshold Ixtop and, after a first dead time Td1, switches on the high-side switch so that the phase current Ix
decreases. When the phase current signal Ix’ reaches the second threshold Ixbot the hysteresis controller switches off
the high-side switch and, after a second delay time Tdel2, again switches on the low-side switch. This causes the phase
current Ix to oscillate in an essentially triangular fashion between the first threshold

Ixtop and the second threshold Ixbot, so that the average phase current Ix_avg essentially equals the phase current
reference Ix*. Moreover, a ZVS operation of the high-side side switch is achieved during the first dead time Td1, and a
Z\/'S operation of the low-side switch is achieved during the second dead time Td2.

[0070] Figure 11 shows a modification of the current reference controller 6 shown in Figures 9B and 9C. The current
reference controller 6 according to Figure 11 is different from the controller 4 according to Figure 11 in that each output
branch instead of the conductance reference G* receives the overall phase current reference fabc* from the divider,
which is implemented in accordance with Figure 9C. The limiters 56, 57 explained with reference to Figures 9C are
optional in the current reference controller 6 according to Figure 11.

[0071] In the controller 4 according to Figure 11, each of the phase current references la*, Ib*, Ic* is calculated by a
respective multiplier 62a, 62b, 62c based on the overall phase current reference labc* and a sinusoidal signal such that
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Ia* = labc - sin(wt + a + @ps) (7a)
Ib* = Tabc - sin(wt + @b + @ps) (7b)
Ic* = labc - sin(wt + @c + @ps) (7¢),

wherein ot denotes a timely varying phase angle of the input voltage system Ua, Ub, Uc, o = 2xf is the frequency of the
input voltage system Ua, Ub, Uc (wherein f, e.g., is 50Hz or 60Hz). As outlined above there is a phase shift between
the input voltages Ua, Ub, Uc of the input voltage system, wherein these voltages are given by

Ua = Ua- sin(wt + ¢@a) (8a)
Ub = Ub - sin(wt + ¢@b) (8b)
Uc = Uc- sin(wt + ¢c) (8¢c),

where Ua, Ub, Uc are the amplitudes of the voltages Ua, Ub, Uc. The phase shifts between the input voltages are
represented by oa, b, ¢c, wherein, for example, ¢a=0, ob=27/3, and pc=4n/3. pps is optional and represents a desired
phase shift between phase current reference la*, Ib*, Ic* and the respective input voltage Ua, Ub, Uc. ops is between
0 and 10°, for example. (ot+ea), (ot+eb), (ot+pc) are also referred to as phase angles of the phase voltages Ua, Ub,
Uc in the following.

[0072] The timely varying phase angle ot may be obtained by a PLL (Phase Locked Loop) based on one or more of
the input voltages Ua, Ub, Uc, for example.

[0073] In the example explained herein before, the current band value Ibnd is constant. This, however, may result in
relatively high conduction losses in the switches of the switching stages 11, 12, 13 when the output power is significantly
lower than the maximum output power. According to another example, the current band value Ibnd is not constant but
the current band value for each phase varies over one period of the respective input voltage system. According to one
example, the time dependent current band values Ibnda(t), Ibndb(t), Ibndc(t) are calculated as follows:

Ibnda(t) = Ibnd(1 — BM? sin®(wt + @a)) (9a)
Ibndb(t) = Ibnd(1 — fM? sin®(wt + @b)) (9b)
Ibndc(t) = Ibnd(1 — pM? sin®(wt + ¢c)) (9¢),

wherein Ibnd may be calculated as explained herein above, and wherein B is a current band adaption factor that is
selected from between 0 and 1. If =0 the current band values are constant, Ibnda(t) = Ibndb(t) = Ibndc(t) = Ibnd.
[0074] If B>0, the current band values Ibnda(t), Ibndb(t), Ibndc(t) are dependent on the phase angle of the respective
phase voltage Ua, Ub, Uc and vary over one period of the phase voltages Ua, Ub, Uc and current references la*, Ib*,
Ic*. In the following, Ibndx(t) denotes an arbitrary one of the current band values Ibnda(t), Ibndb(t), Ibndc(t) and (wt+ex)
denotes the phase angle of the respective phase voltage Ux. Referring to equations (9a)-(9b), the variable current band
value Ibndx(t) includes the term sinZ(wt+¢x) which is dependent on the phase angle of the respective phase voltage Ux
and is referred to as phase angle dependent term in the following. The phase angle is in phase with the respective phase
voltage Ux , wherein the phase angle dependent term is such that a local minimum of the current band value Ibndx(t)
occurs, when the phase angle (ot+¢x) of the phase voltage Ux is a multiple of n/2, that is, whenever when sin2(ot+ex)=1.
Further, a local maximum of the current band value Ibndx(t) occurs, when the phase angle (ot+¢x) of the phase voltage
Ux is a multiple of x, that is, whenever sin2(ot+ex)=0.

[0075] When the phase shift between the phase voltage Ux and the corresponding current reference is zero, pps=0,
the current band value Ibndx(t) is in phase with the respective current reference Ix*. Otherwise, there is a phase shift
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between the phase current reference and the current band value Ibndx(t).

[0076] input current reference la*, Ib*, Ic* and, over one period of the input current reference la*, Ib*, Ic*, decreases
as the magnitude of the input current reference increases. A minimum occurs when sin?(ot+x)=1, wherein ¢x denotes
any one of ¢a, ¢b, cpc, that is, when wt+ex is a multiple of ©/2. Thus, the current band value Ibnda(t), Ibndb(t), Ibndc(t)
has a local minimum when the phase angle wt+¢x is a multiple of n/2 and has a local maximum when the phase angle
is a multiple of &

[0077] Calculating the current band values in accordance with equations (9a) - (9c) does not affect the maximum
switching frequency fsw, which is given by equation (2a). That is, the maximum switching frequency fsw_max is inde-
pendent of the current band adaption factor 3. The minimum switching frequency fsw_min, however, is dependent on
the current band adaption factor  and increases as f increases,

Upn 1-M? 1-M?
. = fsw_max
8:LxIbnd 1-BM?2 1-SM?2

fsw_min =

(10),

wherein Lx denotes the inductance of the inductor of the respective phase. Thus, the frequency range becomes smaller
as the current band adaption factor § increases, wherein the minimum switching frequency fsw_min equals the maximum
switching frequency fsw_max if p=1.

[0078] According to one example, the current band adaption factor f is selected dependent on the output power P of
the power converter as illustrated in Figure 12A. The output power P is the average output power over one period of the
input voltage system Ua, Ub, Uc. The maximum output power Pmax is as explained herein above.

[0079] In Figure 12A, curve 201 represents the maximum of the current band adaption factor 8§ that can be selected
dependent on the output power P. Selecting the current band adaption factor  in accordance with curve 201 results in
minimum conduction losses. Nevertheless, any current band adaption factor 3 below curve 201 may be selected as well.
[0080] When selecting the current band adaption factor p in accordance with curve 201, =1, so that the switching
frequency is constant fsw_max = fsw_min if the output power P is below Pmax(1-M2). As the output power becomes
higher than Pmax(1-M2) the current band adaption factor B linearly decreases until the current band adaption factor B
is zero, so that the current band value is constant, when the output power P equals the maximum output power Pmax.
Selecting the current band adaption factor § from a range above curve 201 would result in a non-ZVS operation of the
power converter.

[0081] Curve 201 represents a scenario when the phase shift pps between the phase voltages Ua, Ub, Uc and the
current references la*, |1b*, Ic* is zero, ¢ps=0. For ¢ps#0, the maximum limit of the current band adaption factor
decreases non-linearly, as the output power increases. This is illustrated by curve 201’ in Figure 12B. Curve 201’ in
Figure 12B, is based on a unusual high phase shift of pps=30°, so that it can be seen that for usual phase shifts of
between 0° and 10° the linear relationship explained with reference to Figure 12B is a good approximation.

[0082] Figures 13A - 13C illustrate the upper current limit Ixtop and the lower current limit Ixbot, the phase current
reference Ix*, and the switching frequency fswx of one phase when the current band adaption factor  is selected based
on curve 201. Figures 13A - 13C illustrate different load scenarios, wherein =1 in Figure 13A, =0 in Figure 13C and
0 < B <1 in Figure 13B. In Figure 13D, curve 301 represents the switching frequency associated with the scenario
illustrated in Figure 13A. Because the current band adaption factor  is 1 (=1), the switching frequency is constant in
this case, and the current band value Ibndx(t) is varying. Curve 302 represents the switching frequency associated with
the scenario illustrated in Figure 13B, and curve 303 represents the switching frequency associated with the scenario
illustrated in Figure 13C, which is identical with the example illustrated in Figure 8E. That is, because the current band
adaption factor B is zero (B=0), the current band value is constant (Ibndx(t) = Ibnd). As can be seen from Figures 13A -
13D, the frequency variation decreases as [ increases.

[0083] According to one example, the current band adaption factor B is selected dependent on the output power P
such that  linearly decreases from 3=1 to =0 as the output power P decreases from zero to the maximum output power
Pmax. Curve 202 in Figure 12A represents selecting the current band adaption factor f in this way.

[0084] Figure 14 illustrates one example of a current reference controller 6 in which timely varying current band values
Ibnda(t), Ibndb(t), Ibndc(t) are used to calculate the first current limits latop, Ibtop, Ictop and the second current limits
labot, Ibbot, Icbot. For this, the adder 61a, 61b, 61c and the subtractor 62a, 62b, 62c in each branch receives a respective
one of the timely varying current band values Ibnda(t), Ibndb(t), Ibndc(t). The current band values Ibnda(t), Ibndb(t),
Ibndc(t) are calculated by a current band calculation circuit 71 in accordance with equations (9a) - (9c). The current band
calculation circuit receives the current band adaption factor 3 from a current band adaption circuit 72, and receives the
phase shifts ¢a, @b, ¢c and the timely varying phase angle ot explained above may be obtained by a PLL (Phase Locked
Loop) based on one or more of the input voltages Ua, Ub, Uc, for example. The current band adaption circuit 72 that
determines f in accordance with any of the examples explained with reference to Figure 12A dependent on the output
power P. According to one example, the current band adaption circuit 72 receives the output power reference Po*
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explained herein before as a representation of the output power P.

[0085] Asoutlinedabove,inaconventional TCM of the type explained with reference to Figure 5 the switching frequency
varies over a wide frequency range during one period of the respective input voltage Ua, Ub, Uc. It can be shown that
a switching frequency fcon_x of an arbitrary one of the three phases varies over one period of the respective input
voltage and is given by

Upn 1 1-M2sin?(wt+¢x)
8Lx [Ix sin(wt+¢@x)

feonx(t) = (10),

wherein M is the modulation factor, Upn is the DC link voltage, Lx is the inductance of the inductor in the respective
phase, and Ix is an amplitude (peak) of the average inductor current. The average inductor current essentially has a
sinusoidal waveform, so that Ix can be considered as amplitude of the average inductor current.

[0086] According to one example, the current band values are selected such that the switching frequency in each
phase either follows the switching frequency that occurs in the conventional TCM when the switching frequency is below
a predefined maximum switching frequency fsw_max and is limited (bounded) to the maximum frequency fsw_max.
This type of operating mode is referred to as Bounded TCM (B-TCM) in the following.

[0087] Figure 15 illustrate the upper current limit Ixtop and the lower current limit Ixbot, the phase current reference
Ix*, and the switching frequency fswx of one phase when the power converter is operated in B-TCM. As can be seen,
there are time periods in which the switching frequency fswx varies and other time periods in which the switching
frequency fswx is bounded to the maximum switching frequency fsw_max. The time periods in which the switching
frequency fswx varies are time periods that are essentially centered around such phase angles of the respective input
voltage Ux in which sin(ot+ex) = 1 or in which sin(et+ex) = -1, and the time periods in which the switching frequency
fswx is essentially fixed to the maximum switching frequency fsw_max are time periods that are essentially centered
around such phase angles of the respective input voltage Ux in in which sin(ot+ex) = 0. The duration of the time periods
in which the switching frequency fswx is bound to the maximum switching frequency fsw_max, and the duration of the
time periods in which the switching frequency fswx varies is dependent on the output power Po. This is explained herein
further below.

[0088] In the B-TCM, the current band value Ibndx(t) is timely varying. One example for calculating the current band
value Ibndx(t) is explained in the following. In this example, calculating the current band value Ibndx(t) includes calculating
an operating mode value rx(t) for each phase, wherein the operating mode value rx(t) is timely varying and defines
whetherthe respective phase operates with an essentially fixed frequency fsw_max or with a varying frequency. According
to one example, the operating mode value rx(t) is given by

1 JUpw 1 1-MZsin®(wt+ex)
fswmax 8Lx  Ixx sin(wt+@x)

rx(t) = (11a),

wherein M is the modulation factor, Upn’ is the measured DC link voltage, Lx is the inductance of the inductor in the
respective phase, Ix* is the peak (amplitude) of the phase current reference, and fsw_max is the desired maximum
switching frequency. It should be noted that instead of the measured DC link voltage Upn’ the DC link voltage reference
Upn* may be used as well. Further, instead of using the peak ix* of the phase current reference Ix* the average phase
current Ix_avg may be measured, the peak Ix_avg’ of the measured average phase current Ix’ may be determined, and
the peak Ix_avg’ of the measured average phase current Ix_avg’ may be used. The measured average phase current
Ix_avg essentially equals the phase current reference Ix*, that is, Ix_avg’ = Ix*.

[0089] Measuringthe average phase currentIx_avg’ may include measuring the phase current Ix directly after switching
on the respective switch and directly before switching off the respective switch in order to obtain a minimum and a
maximum phase current value and to calculate the average phase current based on these minimum and a maximum
phase current values.

[0090] The peak ix_avg’ of the measured average phase current may be obtained using a peak detector based on
the measured (and calculated) average phase current Ix_avg’. In the same way, the peak Ix* of the phase current
reference may be obtained based on the phase current reference Ix*.

[0091] The operating mode value rx(t) according to equation (11a) essentially equals a ratio between the switching
frequency fconx(t) when operating the power converter in a conventional TCM and the desired maximum switching
frequency fsw_max, that is,
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rx(t) = L (11b).

fsw max

[0092] According to one example, the current band value Ibndx(t) of a respective phase is calculated based on the
operating mode value rx(t) as follows:

|[Ix* + Im]| ifrx(t) <1

: (12),
[Ix* + Im| - rx(t) ifrx(t) =1

Ibndx(t) = {

wherein Ix* denotes the current reference of the respective phase and Im denotes the current margin. Considering the
current margin Im in calculating the current band value Ibndx(t) is optional, so that Im may be zero (Im=0). The phase
operates with a varying switching frequency when the operating mode value rx(t) is below zero (rx(t)<0). In this case,
the lower current Ixbot is given by Ixbot=Im. Furthermore, the phase operates with the fixed switching frequency fsw_max
when the operating mode value rx(t) is equal to or higher than zero (rx(t)>0).

[0093] The timely varying switching frequency fswx in the two different operating modes is given by

Fswr(t) = {fsw_max ‘1x(t) i.f rx(t) <1 (13a).
fsw_max if re(t) =1
that is
_ | feonx(t) ifrx(t) <1
fowa(t) = {fsw_max ifrx(t)>1 (13b),

[0094] Referring to equation (12), the current band value Ibnd(x) is dependent on the current reference Ix* of the
respective phase. As outlined above, the current reference Ix* (and the average current) of each phase is essentially
sinusoidal, wherein an amplitude of the current reference Ix* increases as the output power Po of the power converter
increases. Further, referring to equations (11a) and (12), the current band value Ibndx(t) is dependent either on the
amplitude x of the average phase current Ix or dependent on the amplitude ix* of the phase current reference Ix*. Thus,
the current band value Ibnd(x) and, therefore, the upper and lower current limits Ixtop, Ixbot are dependent on the
(average) output power Po of the power converter.

[0095] This is illustrated in Figures 16A - 16D. Each of Figures 16A - 16C illustrates the upper current limit Ixtop, the
lower current limit Ixbot, and the phase current reference Ix* of an arbitrary one of the three phase under different load
conditions during one period of the respective input voltage Ux, wherein Po/Pmax=100% in Figure 16A, Po/Pmax=50%
in Figure 16B, and Po/Pmax=0% in Figure 16C. Figure 16D illustrates the corresponding switching frequency fswx of
the respective phase under these load conditions, wherein curve 401 represents the switching frequency associated
with the scenario illustrated in Figure 16A, curve 402 represents the switching frequency associated with the scenario
illustrated in Figure 16B, and curve 403 represents the switching frequency associated with the scenario illustrated in
Figure 16C.

[0096] As can be seen from Figures 16A - 16C, at a given maximum switching frequency fsw_max, the higher the
output power Po, (a) the larger the frequency range over which the switching frequency fswx varies, wherein the switching
frequency fswx approaches the maximum switching frequency as the output power Po approaches zero; and (b) the
shorter the overall duration within one period in which the phase is operated with the fixed switching frequency fsw_max.
[0097] Figure 17 illustrates one example of a current reference controller 6 in which the timely varying current band
values Ibnda(t), Ibndb(t), Ibndc(t) are calculated in accordance with equation (12) so that the power converter operates
in B-TCM. The current reference controller 6 shown in Figure 17 is based on the current reference controller shown in
Figure 14, wherein a current band calculation circuit 73 is different from the current band calculation circuit 71 shown in
Figure 14.

[0098] The current band calculation circuit 73 shown in Figure 18 is configured to calculate an operating mode value
ra(t), rb(t), rc(t) for each of the three phases in accordance with equation (11a). For this, the current band calculation
circuit 73 receives the modulation index M the phase shifts ¢a, ¢b, oc and the timely varying phase angle wt. The
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modulation index M is either calculated based on the measured DC link voltage Upn’ or based on the DC link voltage
reference Upn*. The maximum switching frequency fsw_max and the inductances La, Lb, Lc, which are also required
to calculate the operating mode values ra(t), rb(t), rc(t), may be stored in the current band calculation circuit 73. Further,
the current band calculation circuit 73 is configured to receive the phase current references la*, Ib*, Ic* or the measured
average phase currents la’, Ib’, Ic’, and calculate the current band values Ibnda(t), Ibndb(t), Ibndc(t) based on the
calculated operating mode values ra(t), rb(t), rc(t) and the received phase current references la*, Ib*, Ic* or measured
average phase currents la’, Ib’, Ic’.

[0099] The power converter explained herein before is a 3-phase converter. This, however, is only example. The
method for regulating the DC voltage Upn and controlling the phase current Ia, Ib, Ic in each phase of the 3-phase
converter can be used in a 1-phase converter (single phase converter) as well.

[0100] One example of a 1-phase power converter operated as a rectifier is illustrated in Figure 18. This converter
includes one phase 11, which may correspond to the first phase 11 illustrated in and explained with reference to Figur
2 herein before, connected to an AC node a, which may correspond to the first AC node illustrated in and explained with
reference to Figur 2 herein before. In this 1-phase converter, DC capacitor circuit 41 is implemented as illustrated in 2B
and the ground N, to which the AC input voltage Ua is referenced, is connected to a tap 414 of the DC capacitor circuit
41.The "tap"is a circuit node where the two capacitors 412, 413 are connected. According to one example, the capacitors
412, 413 have essentially the same capacitance, so that the electrical potential at the tap 414 and the ground node is
about Upn/2 lower than at the first DC node p and about Upn/2 higher than at the second DC node. In a 3-phase converter
as explained above, the electrical potential at the ground node N "automatically" adjusts in this way, even when the
output capacitor circuit 41 is implemented as illustrated in Figure 3A, so that there is no direct connection between the
ground node N and the output capacitor circuit 41. Nevertheless, in a 3-phase converter, the output capacitor circuit 41
may also be implemented as illustrated in Figures 3B and 15 and the ground node N be connected to the tap 414 of the
output capacitor circuit 41.

[0101] In the 1-phase converter according to Figure 18, the converter 4 may be implemented in accordance with any
of the examples explained herein before. That is, the controller 4 may include a current reference controller 5 and a
phase current controller 6. The phase current controller 6 may be implemented in accordance with any of the examples
explained herein before, but includes only one of the branches explained before, namely the branch receiving the first
current reference la* and controlling switches 31H, 31L.

[0102] The current reference controller 5 may be implemented in accordance with any of the examples explained
herein above, but includes only one of the output branches explained before, namely the output branch generating the
first current reference la*. One example of a current reference controller 5 of the controller 4 in the 1-phase converter
is illustrated in Figure 19. Just for the purpose of illustration this current reference controller 5 is based on the current
reference controller shown in Figure 9C, wherein the current reference controller according to Figure 19 only includes
the first output branch providing the first current reference la*. Additionally, divider 53 divides the output power reference
Po* by Ua/2 (instead of 3Uabc/2), wherein Ua is the amplitude of the input voltage Ua. Equivalently, divider 58 receives
Ua instead of Uabc.

[0103] Referring to the above, the 3-phase power converter according to Figure 1 is not restricted by used as a 3-
phase rectifier but may also be uses as a 3-phase inverter. One example of a 3-phase power converter operated as a
3-phase inverter is illustrated in Figure 20.

[0104] In the 3-phase inverter according to Figure 20, the switching stages 31, 32, 33 are implemented in the same
way as illustrated in Figure 2 and each include a half-bridge with a high-side switch 31H, 32H, 33H and a low-side switch
31L, 32L, 33L. At the first and second DC nodes p, n the inverter receives a DC voltage Upn and a DC current from any
kind of DC power source. At the AC nodes a, b, c the inverter provides the phase currents la, Ib, Ic to a load, which may
be a motor, a power grid, or the like. In case of a motor, the inductors 21, 22, 23 may be inductors of the motor or may
be inductors in addition to inductors of the motor.

[0105] Like the rectifier explained above, the inverter generates the phase currents la, Ib, Ic based on a switched-
mode operation of the switching stages 31, 32, 33 dependent on phase current references la*, Ib*, Ic*. The difference
being that the inverter generates the phase currents la, Ib, Ic based on the DC voltage Upn. The phase currents la, Ib,
Ic may be generated based on the phase current references la*, Ib*, Ic* in accordance with any of the methods explained
with reference to Figures 7 et seq.

[0106] One example of a controller 4 that is configured to operate the inverter shown in Figure 20 is illustrated in Figure
21. This converter 4 is implemented in accordance with the controller 4 explained above and includes a current reference
controller 5 that provides the current references la*, Ib*, Ic* and a phase current controller 6. Just for the purpose of
illustration, the phase current controller 6 shown in Figure 21 is implemented in accordance with the phase current
controller 6 shown in Figure 14 in which the individual output branches receive different current band values that are
dependenton a phase angle of the respective current reference la*, Ib*, Ic*. This, however, is only an example. According
to another example, the phase current controller is implemented in accordance with the example shown in Figur 17.
According to yet another example, the band adaption circuits 71, 72 are omitted and each of the output branches receives
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the same current band value (Ibnd in the examples explained above).

[0107] The current reference controller 5 may be implemented in various ways, dependent on the specific application
in which the inverter is used. When the inverter is a power grid inverter, for example, the current reference controller 5
may generate the current references la*, Ib*, Ic* such that they are in phase with the three phases of the power grid that
receives the phase currents la, Ib, Ic and with amplitudes that are dependent on an input power the inverter receives
from the DC power source 8. When the inverter is a power grid inverter, for example, the current reference controller 5
may generate the current references la*, Ib*, Ic* such that they have a frequency and amplitude as required by the motor
that receives the phase currents la, Ib, Ic. In each case, the current reference controller 5 may provide the frequency
and phase information ot, ¢a, @b, ¢c of the current references la*, Ib*, Ic* and a power reference Po* to the current band
circuits 71, 72 (if they are is used) in the phase current controller 6. The power reference Po* may represent an input
power received by the inverter in order to generate the phase currents la, Ib, Ic.

[0108] In the inverter shown in Figure 20, the phase currents Ia, Ib, Ic increase when the respective high-side switch
31H, 32H, 33H is switched on and decrease when the respective low-side switch 31L, 32L, 33L is switched on. Thus,
operating principle of the hysteresis controllers 63a, 63b, 63 in the phase current controller 6 is equivalent to the operating
principle illustrated in Figure 10 and only different in that in each phase the high-side switch 31H, 32H, 33H is switched
off and the low-side switch 31L, 32L, 33L is switched on when the respective phase current Ia, Ib, Ic reaches the respective
first threshold latop, Ibtop, Ictop, and the low-side switch 31L, 32L, 33L is switched off and the high-side switch 31H,
32H, 33H is switched on when the respective phase current la, Ib, Ic reaches the respective second threshold labot,
Ibbot, Icbot.

[0109] Referring to equations (9a)-(9b) varying the current band values Ibnda(t), Ibndb(t), Ibndc(t) dependent on the
phase ott+gpa, ot+eb, ot+ec of the respective phase voltages Ua, Ub, Uc requires information on the modulation index
M, which is given by equation (3). In an inverter, the alternating phase currents la, Ib, Ic causes alternating voltages Ua,
Ub, Uc between the AC nodes a, b, ¢ and a real or a virtual ground node N of the load. The amplitude Uabc of these
voltages Ua, Ub, Uc and their phase angles can be measured, so that M and the varying current band values Ibnda(t),
Ibndb(t), Ibndc(t)can be calculated based on equation (3).

[0110] Examples of power conversion methods using sinusoidal TCM (S-TCM) are explained in detail herein above.
Some of the aspects explained above are summarized in the following by way of numbered examples.

[0111] Example 1-Amethod, including: providing a phase current reference for atleast one phase of a power converter,
wherein the at least one phase comprises an inductor and a switching stage coupled to the inductor; providing a current
band value for the at least one phase; calculating a first current limit and a second current limit based on the phase
current reference and the current band value; and modulating a phase current of the at least one phase such that the
phase current oscillates between the first current limit and the second current limit.

[0112] Example 2 - The method of example 1, wherein the current band value is constant.

[0113] Example 3 - The method of example 2, wherein an amplitude of the phase current reference has a predefined
maximum, and wherein the current band value is equal to or greater than the predefined maximum of the amplitude.
[0114] Example 4 - The method of example 1, wherein the phase current is associated with a phase voltage, wherein
the phase voltage is a voltage between an AC node of the at least one phase and ground node, wherein the phase
voltage has a phase angle, and wherein the current band value is dependent on the phase angle.

[0115] Example 5 - The method of example 4, wherein the ground node is one of a real ground node and a virtual
ground node.

[0116] Example 6 - The method of example 4 or 5, wherein the current band value is dependent on the phase angle
such that the current band value reaches a local minimum when the phase angle is a multiple of ©/2, and that the current
band value reaches a local maximum when the phase angle is a multiple of =.

[0117] Example 7 - The method of example 6, wherein a dependency of the current band value on the phase angle
is given by a sine squared function.

[0118] Example 8 - The method of claim 6 or 7, wherein the current band value is further dependent on a power (P)
transferred by the power converter.

[0119] Example 9 - The of any one of claims 6 to 8, wherein the current band value is further dependent on an
modulation index, wherein the modulation index is dependent on a phase voltage of the at least one phase, and a DC
voltage at DC nodes of the power converter.

[0120] Example 10 - The method of any one of the preceding claims, wherein the phase current reference and the
current band value are adapted to one another such that the first current limit is equal to or higher than zero, and that
the second current limit is equal to or lower than zero.

[0121] Example 11 - The method of any one of claims 2 to 10, wherein providing the current band value comprises:
calculating an operating mode value for the at least one phase; and adjusting the current band value such that the at
least one phase operates in (i) a varying frequency mode when the operating mode value is below a predefined threshold,
and (ii) a varying frequency mode when the operating mode value is equal to or higher than the predefined threshold.
[0122] Example 12 - The method of claim 11, wherein the current band value, in the varying frequency mode, is given
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by the magnitude of the phase current reference plus a current margin.

[0123] Example 13 - The method of claim 12, wherein the current margin is zero.

[0124] Example 14 - The method of any one of the preceding claims, wherein the switching stage comprises a first
switch and a second switch; and wherein modulating the phase current of the at least one phase comprises alternatingly
switching on and switching off the first switch and the second switch.

[0125] Example 15 - The method of claim 14, wherein alternatingly switching on and switching off the first switch and
the second switch includes waiting for a first dead time after switching off the first switch and before switching on the
second switch, and waiting for a second dead time after switching off the second switch and before switching on the
first switch.

[0126] Example 16 - The method of claim 15, wherein alternatingly switching on and switching off the first switch and
the second switch includes using a hysteresis controller that receives the first current limit, the second current limit and
a phase current signal representing the phase current.

[0127] Example 17 - The method of any one of the examples 14 to 16, wherein each of the first switch and the second
switch comprises a superjunction transistor.

[0128] Example 18 - The method of any one of examples 1 to 17, wherein the at least one phase is connected between
an AC node and DC nodes of the converter.

[0129] Example 19 - The method of example 18, wherein the power converter is a rectifier, wherein the phase current
is an input current received at the AC node, and wherein the phase current is used to generate a DC voltage between
the DC nodes.

[0130] Example 20 - The method of any one of examples 1 to 17, wherein the power converter is an inverter, wherein
the phase current is an output current provided to a load at the AC node, and wherein the phase current is generated
based on a DC voltage received at the DC nodes.

[0131] Example 21 - The method of any one of the preceding claims, wherein the power converter is a 3-phase
converter comprising three phases.

[0132] Example 22 - The method of claims 20 and 21, wherein the load is 3-phase power grid.

[0133] Example 23 - The method of claims 20 and 21, wherein the load is a 3-phase motor.

[0134] Example 24 - A power converter, including at least one phase having an inductor and a switching stage coupled
to the inductor; and a controller, wherein the controller is configured to provide a phase current reference for the at least
one phase, provide a current band value for the at least one phase, calculate a first current limit and a second current
limit based on the phase current reference and the current band value, and modulate a phase current of the at least one
phase such that the phase current oscillates between the first current limit and the second current limit.

[0135] Example 25 - The power converter of example 24, wherein the at least one phase is coupled between an AC
node and two DC nodes.

[0136] Example 26 - The power converter of example 25, wherein the power converter is a 3-phase power converter
including three phases (11, 12, 13) each coupled between a respective one of three AC nodes (a, b, c) and two DC
nodes (p, n).

[0137] Example 27 - The power converter of example 25, wherein the power converter is a 1-phase power converter
including only one phase (11) coupled between an AC node (a) and two DC nodes (p, n).

[0138] Example 28 - The power converter of any one of examples 25 to 26, wherein the switching stage includes a
half-bridge with a high-side side and a low-side switch, wherein a series circuit including the high-side side switch and
the low-side switch is connected between the DC nodes, and wherein the inductor is coupled between a tap of the half-
bridge and the AC node.

[0139] Example 29 -A systemincluding a power converter of any one of examples 25 to 27, and a power grid connected
to the three AC nodes.

[0140] Example 30 - A system including a power converter of any one of examples 26 to 28, a DC power source
coupled to the DC nodes, and a load coupled to the three AC nodes.

[0141] Example 31 - The system of example 30, wherein the load is a 3-phase power grid.

[0142] Example 32 - The system of example 30, wherein the load is a 3-phase motor.

Claims

1. A method, comprising:
providing a phase current reference (la*, 1b*, Ic*) for at least one phase (11, 12, 13) of a power converter,
wherein the at least one phase (11, 12, 13) comprises an inductor (21, 22, 23) and a switching stage (31, 32,

33) coupled to the inductor (21, 22, 23);
providing a current band value (Ibnd; Ibnda(t), Ibndb(t), Ibndc(t)) for the at least one phase (11, 12, 13);

17



10

15

20

25

30

35

40

45

50

55

EP 3972 110 A1

calculating both a first current limit (latop, Ibtop, Ictop) and a second current limit (labot, Ibbot, Icbot) based on
the phase current reference (la*, Ib*, Ic*) and the current band value (Ibnd; Ibnda(t), lbndb(t), lbndc(t)); and
modulating a phase current (la, Ib, Ic) of the at least one phase (11, 12, 13) such that the phase current (la, Ib,
Ic) oscillates between the first current limit (latop, Ibtop, Ictop) and the second current limit (labot, Ibbot, Icbot),
wherein the phase current reference (la*, Ib*, Ic*) and the current band value (lbnd; Ibnda(t), Ibndb(t), Ibndc(t))
are adapted to one another such

that the first current limit (latop, Ibtop, Ictop), at each time, is equal to or higher than zero, and

that the second current limit (labot, Ibbot, Icbot), at each time, is equal to or lower than zero.

The method of claim 1,
wherein the current band value (Ibnd) is constant.

The method of claim 2,

wherein an amplitude of the phase current reference (la*, Ib*, Ic*) has a predefined maximum (ix_max), and

wherein the current band value (Ibnd) is equal to or greater than the predefined maximum (Ix_max) of the
amplitude.

The method of claim 1,

wherein the phase current (la, Ib, Ic) is associated with a phase voltage (Ua, Ub, Uc),

wherein the phase voltage is a voltage between an AC node (a, b, c) of the at least one phase (11, 12, 13) and
a ground node,

wherein the phase voltage (Ua, Ub, Uc) has a phase angle (ot+¢a, (ot+eb, ot+ec), and

wherein the current band value (Ibnda(t), Ibndb(t), Ibndc(t)) is dependent on the phase angle.

The method of claim 4,

wherein the current band value (Ibnda(t), Ibndb(t), Ibndc(t)) is dependent on the phase angle (ot+ea, ot+eb,
ot+ec) such

that the current band value (Ibnda(t), Ibndb(t), Ibndc(t)) reaches a local minimum when the phase angle is a
multiple of n/2, and

that the current band value (Ibnda(t), Ibndb(t), Ibndc(t)) reaches a local maximum when the phase angle is a
multiple of .

The method of claim 4,
wherein the current band value (Ibnda(t), Ibndb(t), Ibndc(t)) is further dependent on a power (P) transferred by the
power converter.

The method of any one of the preceding claims,

wherein the switching stage (31, 32, 33) comprises a first switch (31L-33L) and a second switch (31H-33H); and
wherein modulating the phase current (la, Ib, Ic) of the at least one phase (21, 11, 22, 12, 23, 13) comprises
alternatingly switching on and switching off the first switch (31L-33L) and the second switch (31H-33H).

The method of claim 7,

wherein alternatingly switching on and switching off the first switch (31L-33L) and the second switch (31H-33H)
comprises using a hysteresis controller (63a, 63b, 63c) that receives the first current limit (latop, Ibtop, Ictop), the
second current limit (labot, Ibbot, Icbot) and an phase current signal (1a’, Ib’, Ic’) representing the phase current (la,
Ib, Ic).

The method of any one of claims 1 to 8,
wherein the at least one phase (11, 12, 13) is connected between an AC node (a, b, c) and DC nodes (p, n) of the
converter.

10. The method of claim 9,

wherein the power converter is a rectifier,
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wherein the phase current (la, Ib, Ic) is an input current received at the AC node, and
wherein the phase current (la, Ib, Ic) is used to generate a DC voltage (Upn) between the DC nodes (p, n).

The method of any one of claims 1 to 8,

wherein the power converter is an inverter,
wherein the phase current (la, Ib, Ic) is an output current provided to a load at the AC node, and
wherein the phase current (la, Ib, Ic) is generated based on a DC voltage received at the DC nodes (p, n).

The method of any one of the preceding claims, wherein the power converter is a 3-phase converter comprising
three phases.

The method of any one of claims 2 to 12, wherein providing current band value (Ibnd) the comprises:

calculating an operating mode value for the at least one phase; and

adjusting the current band value (Ibnd) such that the at least one phase operates in (i) a varying frequency
mode when the operating mode value is below a predefined threshold, and (ii) a varying frequency mode when
the operating mode value is equal to or higher than the predefined threshold.

A power converter, comprising:

at least one phase (11, 12, 13) comprising an inductor (21, 22, 23) and a switching stage (31, 32, 33) coupled
to the inductor (21, 22, 23); and

a controller (4),

wherein the controller is configured to

provide a phase current reference (la*, Ib*, Ic*) for the at least one phase (11, 12, 13),

define a current band value (Ibnd; Ibnda(t), Ibndb(t), Ibndc(t)) for the at least one phase (11, 12, 13),
calculate both a first current limit (latop, Ibtop, Ictop) and a second current limit (labot, Ibbot, Icbot) based on
the phase current reference (la*, Ib*, Ic*) and the current band value (Ibnd; Ibnda(t), Ibndb(t), Ibndc(t)), and
modulate a phase current (Ia, Ib, Ic) of the at least one phase (21, 11, 22, 12, 23, 13) such that the phase current
(la, Ib, Ic) oscillates between the first current limit (latop, Ibtop, Ictop) and the second current limit (labot, Ibbot,
Icbot),

wherein the phase current reference (la*, Ib*, Ic*) and the current band value (lbnd; Ibnda(t), Ibndb(t), Ibndc(t))
are adapted to one another such that the first current limit (Iatop, Ibtop, Ictop), at each time, is equal to or higher
than zero, and the second current limit (Iabot, Ibbot, Icbot), at each time, is equal to or lower than zero.
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A 4
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4
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CURRENT LIMIT
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