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1
ALTERNATING AVERAGE POWER IN A
MULTI-CELL POWER CONVERTER

TECHNICAL FIELD

This disclosure in general relates to power conversion
methods, and to power converters.

BACKGROUND

Power conversion is an important issue in many different
electronic applications. An important aspect in almost every
kind of power conversion is to efficiently convert the power,
that is, to keep losses that may occur in connection with the
power conversion as low as possible.

SUMMARY

According to one embodiment, a method includes receiv-
ing a periodic voltage by a power converter which includes
a plurality of converter cells, and in a series of time frames
of equal duration, alternating an average power level of
power converted by at least one converter cell of the
plurality of converter cells, wherein each of the series of
time frames corresponds to a time period between sequential
zero crossings of the periodic signal.

According to one embodiment, a method includes con-
verting DC power by a power converter which includes a
plurality of converter cells in a first mode or a second mode,
wherein in the first mode a power level of the converted
power is substantially constant, and wherein in the second
mode the power level of the converted power alternates.

According to one embodiment, a power converter circuit
includes a power converter which includes a plurality of
converter cells, wherein the power converter is configured to
receive a periodic voltage, a controller configured in a series
of time frames to alternate an average power level of power
converted by at least one converter cell of the plurality of
converter cells, wherein each time frame corresponds to a
time period between sequential zero crossings of the peri-
odic voltage.

According to one embodiment a power converter circuit
includes a power converter which includes a plurality of
converter cells and a controller. The controller is configured
to operate the power converter in one of a first mode and a
second mode, wherein in the first mode a power level of the
converted power is substantially constant, and wherein in
the second mode the power level of the converted power
alternates.

BRIEF DESCRIPTION OF THE DRAWINGS

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.

FIG. 1 illustrates a power converter circuit with two
power converters.

FIGS. 2A-2C show timing diagrams which illustrate some
different types of power conversion methods.

FIGS. 3A-3C show timing diagrams which illustrate some
different types of power conversion methods.

FIG. 4 shows one embodiment of a power converter
circuit having an ISOP (Input Serial, Output Parallel) topol-

ogy.
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FIG. 5 shows one embodiment of a power converter
circuit having an ISOS (Input Serial, Output Serial) topol-
0gy.

FIG. 6 shows one embodiment of a power converter
circuit having an TPOS (Input Parallel, Output Serial) topol-
0gy.

FIG. 7 shows one embodiment of a power converter
circuit having an IPOP (Input Parallel, Output Parallel)
topology.

FIG. 8 shows two converter cells of a power converter
circuit from which one has an isolating topology and one has
a non-isolating topology.

FIG. 9 shows two converter cells of a power converter
circuit from which one has an isolating topology and one has
a non-isolating topology.

FIG. 10 shows two converter cells of a power converter
circuit, both having a non-isolating topology.

FIG. 11 shows one embodiment of a rectifier circuit.

FIG. 12 shows one embodiment of a multi-cell power
converter with an IS (Input Serial) topology.

FIG. 13 shows one embodiment of a main controller in the
a multi-cell power converter shown in FIG. 12.

FIG. 14 shows one embodiment of the controller shown
in FIG. 13 in greater detail.

FIG. 15 schematically illustrates one embodiment of an
input voltage of the multi-cell power converter shown in
FIG. 12, and of a corresponding modulation index.

FIG. 16 shows one embodiment of a cell controller of one
converter cell in the multi-cell power converter shown in
FIG. 12.

FIG. 17 shows timing diagrams which illustrate one way
of operation of the controller shown in FIG. 16.

FIG. 18 shows one embodiment of a PWM controller in
the cell controller shown in FIG. 17.

FIGS. 19A-19B show timing diagrams which illustrates
one way of operation of the multi-cell power converter
shown in FIG. 12 at different modulation indices.

FIG. 20 schematically illustrates one embodiment of an
input voltage waveform of the multi-cell power converter
shown in FIG. 12, and of a corresponding total cell input
voltage.

FIG. 21 illustrates how cell controllers in individual
converter cells of the multi-cell power converter shown in
FIG. 12 may be synchronized.

FIG. 22 shows a modification of the PWM controller
shown in FIG. 18.

FIG. 23 shows timing diagrams which illustrate another
way of operation of the multi-cell power converter shown in
FIG. 12.

FIG. 24 shows a converter cell of a multi-cell power
converter according to one embodiment.

FIG. 25 shows timing diagrams which illustrate one way
of operation of the converter cell shown in FIG. 24.

FIGS. 26A-26B show two embodiments of a cell control-
ler in the converter cell shown in FIG. 25.

FIG. 27 schematically illustrates one embodiment of an
input voltage waveform of a multi-cell power converter
shown in FIG. 12 when implemented with a converter cell
shown in FIG. 24, and of a corresponding total cell input
voltage.

FIG. 28 shows a modification of the main controller
shown in FIG. 14.

FIG. 29 shows one embodiment of a multi-cell power
converter with an IP (Input Parallel) topology.

FIG. 30 shows one embodiment of a controller in one of
the converter cells shown in FIG. 29.
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FIG. 31 shows one embodiment of a multi-cell power
converter with an OP (Output Parallel) topology.

FIGS. 32A-32B shows two embodiments of a converter
cell which may be used in the multi-cell power converter
shown in FIG. 31.

FIG. 33 shows one embodiment of a main controller in the
multi-cell power converter shown in FIG. 31.

FIG. 34 shows one embodiment of a multi-cell power
converter with an OS (Output Serial) topology.

FIG. 35 shows one embodiment of a main controller of
the multi-cell power converter shown in FIG. 34.

FIG. 36 shows one embodiment of the main controller
shown in FIG. 35 in greater detail.

FIG. 37 shows one embodiment of a multi-cell power
converter with an OP (Output Parallel) topology.

FIG. 38 shows one embodiment of a multi-cell power
converter with an IP (Input Parallel) topology.

FIG. 39 shows one embodiment of a main controller in the
multi-cell power converter shown in FIG. 38.

FIG. 40 schematically illustrates the efficiency of a con-
verter cell based on the power level of the converted power.

FIGS. 41A-41B show timing diagrams which illustrate
activating and deactivating converter cells (phase shedding)
in a multi-cell power converter with OP topology.

FIG. 42 schematically illustrates how a number of inac-
tive converter cells may be set in a multi-cell power con-
verter with OP topology dependent on an output power.

FIG. 43 illustrates one embodiment of operating a multi-
cell converter with OP topology.

FIG. 44 shows one embodiment of a main controller in a
multi-cell power converter having a phase shedding func-
tionality.

FIGS. 45A-45B show timing diagrams which illustrate
activating and deactivating converter cells (phase shedding)
in a multi-cell power converter with IP topology.

FIG. 46 schematically illustrates how a number of inac-
tive converter cells may be set in a multi-cell power con-
verter with IP topology dependent on an output power.

FIG. 47 illustrates one embodiment of operating a multi-
cell converter with OP topology.

FIG. 48 shows one embodiment of a main controller in a
multi-cell power converter having a phase shedding func-
tionality.

FIG. 49 shows one embodiment of a main controller in a
multi-cell power converter having a phase shedding func-
tionality.

FIG. 50 shows timing diagrams which illustrate one way
of operation of an IS or OS multi-cell converter in an
intermittent operation mode.

FIG. 51 shows one embodiment of a main controller in an
IS multi-cell converter having an intermittent operation
functionality.

FIG. 52 shows one embodiment of a main controller in an
IS multi-cell converter having an intermittent operation
functionality.

FIG. 53 shows timing diagrams which illustrate one way
of operation of an IP or OP multi-cell converter in an
intermittent operation mode.

FIG. 54 shows timing diagrams which illustrate one way
of operation of an [P or OP multi-cell converter in an
intermittent operation mode.

FIG. 55 shows one section of a power converter circuit
which includes an output capacitor.

FIG. 56 illustrates one embodiment of operating a multi-
cell converter with OP topology in an intermittent operation
mode.
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FIG. 57 illustrates one embodiment of operating a multi-
cell converter with IP topology in an intermittent operation
mode.

FIG. 58 shows one embodiment of a main controller in a
multi-cell converter with OP topology.

FIG. 59 shows one embodiment of a main controller in a
multi-cell converter with IP topology.

FIG. 60 shows one embodiment of a multi-cell converter
which includes a filter cell.

FIG. 61 shows one embodiment of the filter cell shown in
FIG. 60.

FIG. 62 shows one embodiment of a main controller in the
multi-cell converter shown in FIG. 60.

FIG. 63 shows timing diagrams which illustrate one way
of operation of the multi-cell converter shown in FIG. 60.

FIG. 64 shows one embodiment of operating the multi-
cell converter shown in FIG. 60.

FIG. 65 shows timing diagrams which illustrate one way
of operation of the multi-cell converter shown in FIG. 60.

FIG. 66 shows one embodiment of a multi-cell converter
which includes a filter cell.

FIG. 67 shows one embodiment of the filter cell shown in
FIG. 66.

FIG. 68 shows one embodiment of a main controller in the
multi-cell converter shown in FIG. 66.

FIG. 69 shows one embodiment of operating the multi-
cell converter shown in FIG. 66.

FIG. 70 shows two converter cells of a multi-cell con-
verter and a switch circuit which connects the cell inputs
either in series or in parallel.

FIG. 71 shows timing diagrams which illustrate one way
of operation of the converter cells shown in FIG. 70.

FIG. 72 shows one embodiment of a main controller in a
multi-cell converter with two rearrangeable converter cells
as shown in FIG. 70.

FIG. 73 shows two converter cells of a multi-cell con-
verter and a switch circuit which connects the cell inputs
either in series or in parallel.

FIG. 74 shows timing diagrams which illustrate one way
of operation of the converter cells shown in FIG. 73.

FIG. 75 shows one embodiment of a main controller in a
multi-cell converter with two rearrangeable converter cells
as shown in FIG. 73.

FIGS. 76 A-7B illustrate an unequal distribution of power
shares and current shares, respectively, in a multi-cell con-
verter.

FIG. 77 shows one embodiment of a main controller
configured to control a distribution of power and current
shares, respectively, in a multi-cell converter with an P
topology.

FIG. 78 shows one embodiment of a main controller
configured to control a distribution of power and current
shares, respectively, in a multi-cell converter with an OP
topology.

FIGS. 79A-79B show timing diagrams which illustrate
operation of a multi-cell converter with an IS or OS topology
such that DC link voltages have different voltage levels.

FIG. 80 shows one embodiment of a main controller
configured to operate a multi-cell converter as shown in
FIGS. 79A-79B.

FIG. 81 shows one embodiment of a half-bridge in a
converter cell of multi-cell converter.

FIG. 82 shows timing diagrams which illustrate a PWM
operation of the half-bridge shown in FIG. 81.

FIG. 83 illustrates losses that occur in the half-bridge
shown in FIG. 81 at different duty cycles of a PWM
operation for several different designs of the half-bridge.
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FIG. 84 shows one embodiment of a method for optimiz-
ing operation of a multi-cell power converter by differently
operating the individual converter cells.

FIG. 85 shows one embodiment of a main controller in an
IS multi-cell converter with an optimization functionality as
illustrated in FIG. 84.

FIG. 86 shows one embodiment of a main controller in an
OS multi-cell converter with an optimization functionality
as illustrated in FIG. 84.

FIG. 87 shows one embodiment of a bridge circuit in a
multi-cell converter.

FIG. 88 shows one embodiment of a power converter
circuit which includes a multi-cell converter and a single cell
converter.

FIG. 89 shows one embodiment of a power converter
circuit which includes a multi-cell converter which receives
a plurality of DC voltages from different power sources.

FIG. 90 shows one embodiment of a power converter
circuit which includes a multi-cell converter and a plurality
of single cell converters coupled to the multi-cell converter.

DETAILED DESCRIPTION

In the following detailed description, reference is made to
the accompanying drawings. The drawings form a part of the
description and by way of illustration show specific embodi-
ments in which the invention may be practiced. It is to be
understood that the features of the various embodiments
described herein may be combined with each other, unless
specifically noted otherwise.

In the following, several embodiments of power conver-
sion methods and power converter circuits are explained
with reference to drawings. These power converter circuits
include at least one power converter with several power
converter cells. A power converter including several power
converter cells will be referred to as multi-cell power
converter or multi cell converter in the following. A power
conversion method which uses at least one multi-cell con-
verter will be referred to as multi-cell power conversion
method.

FIG. 1 shows one embodiment of a power converter
circuit which is configured to convert an input power P,
received at an input IN1, IN2 into an output power P,
provided at an output OUT1, OUT2. The input power Py, is
defined as the product of an input current 1, received at the
input IN1, IN2, and an input voltage V,,; between a first
input node IN1 and a second input node IN2 of the input, so
that P;,=V 1,5~ The output power P, is defined as the
product of an output current I, provided at the output
OUT1, OUT2, and an output voltage V. between a first
output node OUT1 and a second output node OUT2 of the
output, so that Py;n=V orrlour A load Z (illustrated in
dashed lines in FIG. 1) may receive the output power P,
provided by the second power converter 20.

The power converter circuit includes a first converter 10
configured to receive the input power at the input IN1, IN2,
and a second power converter 20 configured to provide the
output power at the output OUT1, OUT2. At least one of the
first power converter 10 and the second power converter
includes a plurality of power converter cells, which will
briefly be referred to as converter cells in the following. In
the embodiment shown in FIG. 1, the first power converter
10 includes a plurality of converter cells 1,-1,,, and the
second power converter 20 includes a plurality of converter
cells 2,-2,5. These converter cells are only schematically
illustrated in FIG. 1. The first power converter 10 and the
second power converter 20 are linked by a plurality of
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capacitors 11,-11,,. These capacitors 11,-11,,, will also be
referred to as DC link capacitors in the following. Capaci-
tances of the individual DC link capacitors are dependent on
several aspects, such as a waveform of the input voltage
and/or the output voltage, or a power rating of the power
converter circuit, to name only a few. According to one
embodiment, the capacitances of the DC link capacitors are
selected from a range of between several microfarads (uF),
such as 2 F, and several millifarads (mF), such as 9 mF.

Referring to FIG. 1, the first power converter 10 may
include a first number N1 of converter cells 1,-1,,, a second
number N2 of capacitors 11,-11,, may link the first power
converter 10 and the second power converter 20, and the
second power converter 20 may include a third number N3
of converter cells 2,-2,,. According to one embodiment, the
first number N1, the second number N2, and the third
number N3 are equal, so that N1=N2=N3=N.

Dependent on how the first power converter 10 and the
second power converter 20 are implemented, different types
of power conversion methods may be performed by the
power converter circuit. Some of those different types of
power conversion methods are explained with reference to
FIGS. 2A-3C below. Each of these FIGS. 2A-3C schemati-
cally illustrates timing diagrams of the input voltage V,,,and
the output voltage V -

Referring to FIG. 24, the input voltage V,,, may be a
rectified sine voltage and the output voltage V . may be a
direct voltage with a voltage level lower than a peak voltage
of the input voltage V. Referring to FIG. 2B, the input
voltage V,,, may be a sine voltage and the output voltage
V oy may be a direct voltage with a voltage level lower than
the amplitude of the input voltage V. A rectified sine
voltage as shown in FIG. 2A may be obtained by rectifying
a sine voltage as shown in FIG. 2B. According to one
embodiment, the sine voltage is a grid voltage with 110V, o
or 220V z, - and a frequency of 50 Hz or 60 Hz. The type of
power conversion shown in FIG. 2B may be used in a variety
of different applications in which a load Z is to be supplied
with DC power from a power grid. Examples of those
applications include telecommunication switches, comput-
ers, or the like. Referring to FIG. 2C each of the input
voltage V- and the output voltage V. may be a direct
voltage, wherein a voltage level of the input voltage is V,
is higher than a voltage level of the output voltage V5 p

Referring to FIG. 3A, the output voltage V .- may be a
rectified sine voltage and the input voltage V,,, may be a
direct voltage with a voltage level lower than a peak voltage
of the output voltage V .. Referring to FIG. 3B, the output
voltage V,,» may be a sine voltage and the input voltage
V- may be a direct voltage with a voltage level lower than
the amplitude of the output voltage V ;. According to one
embodiment, the sine voltage shown in FIG. 3B is a grid
voltage with 110V, or 220V, < and a frequency of 50 Hz
or 60 Hz. The type of power conversion shown in FIG. 3B
may be used in applications in which power is to be supplied
to a power grid from a DC power source, such as, for
example a photovoltaic panel, a battery, or the like. Refer-
ring to FIG. 3C each of the input voltage V,; and the output
voltage V- may be a direct voltage, wherein a voltage
level of the input voltage V, is lower than a voltage level
of the output voltage V ;-

In the embodiments shown in FIGS. 2A-2C, the voltage
level of the output voltage V.1 is lower than the voltage
level or the effective voltage level of the input voltage V.
In the following, a power converter circuit configured to
perform one of these types of power conversion will be
referred to as a power converter circuit having a step-down
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characteristic. In the embodiments shown in FIGS. 3A-3C,
the voltage level of the input voltage V ,, is lower than the
voltage level or the effective voltage level of the output
voltage. In the following, a power converter circuit config-
ured to perform one of these types of power conversion will
be referred to as a power converter circuit having a step-up
characteristic.

Four different power converter circuits of the type shown
in FIG. 1 are explained with reference to FIGS. 4-7 below.
In each of these embodiments, each of the first power
converter 10 and the second 20 power converter 20 includes
a plurality of converter cells. Further, in each of these
embodiments, N1=N2=N3=N so that each of the plurality of
converter cells in the first power converter 10 is linked to
one of the plurality of converter cells in the second power
converter 20 by one DC link capacitor. However, this is only
example. Other examples where only one of the first and
second power converters 10, 20 includes a plurality of
converter cells, or where at least two of N1, N2, and N3 are
different are explained further below. The power converter
circuits shown in FIGS. 4-7 are different in how the con-
verter cells of the first power converter 10 are connected to
the input IN1, IN2, and in how the converter cells of the
second power converter 20 are connected to the output
OUT1, OUT2.

FIG. 4 shows one embodiment of a power converter
circuit with an ISOP (Input Serial, Output Parallel) topology.
In this power converter circuit the converter cells 1,-1,;, of
the first power converter 10 are connected in series at the
input IN1, IN2, and the converter cells 2,-2,, of the second
power converter 20 are connected in parallel at the output
OUT1, OUT2. This is explained below.

The converter cells 1,-1,, of the first power converter 10
will also be referred to as first converter cells in the
following. Each of these first converter cells 1,-1,;, includes
a cell input and a cell output. The cell output of each
converter cell 1,-1,, is connected to one of the plurality of
DC link capacitors 11,-11,,,, namely to the DC link capaci-
tor associated with the respective first converter cell 1,-1,,.
The cell inputs of the first converter cells 1,-1,, are con-
nected in series at the input IN1, IN2 of the power converter
circuit. That is, a first cell input node of one of the plurality
of first converter cells (the converter cell 1, in the embodi-
ment shown in FIG. 4) is connected to the first input node
IN1. A second cell input node of another one of the plurality
of first converter cells (the first converter cell 1,, in the
embodiment shown in FIG. 1) is connected to the second
input node IN2 of the power converter circuit. The other first
converter cells (the converter cells 1,, 1, shown in FIG. 1)
each have the first cell input node connected to the second
cell input node of another first converter cell, and have their
second cell input node connected to the first cell input node
of another first converter cell. In other words, the cell inputs
of the individual first converter cells 1,-1,, form a cascade
between the input nodes IN1, IN2 of the power converter
circuit.

The converter cells 2,-2,5 of the second power converter
20 will also be referred to as second converter cells in the
following. Fach of these second converter cells 2,-2,,
includes a cell input and a cell output. The cell input of each
converter cell 2,-2, - is connected to one of the plurality of
DC link capacitors. The cell outputs of the second converter
cells 2,-2,; are connected in parallel at the output OUT1,
OUT?2 of the power converter circuit. That is, each of the
second converter 2,-2, cells has a first cell output node
connected to a first output node OUT1 of the power con-
verter circuit, and each of the second converter cells 2,-2,,,
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has a second cell output node connected to a second output
node OUT?2 of the power converter circuit.

In the power converter circuit with the ISOP topology
shown in FIG. 4, each of the series connected first converter
cells 1,-1,, receives a share or portion of the input voltage
Vv as a cell input voltage V1,-V1,,. That is, a sum of the
cell input voltages V1,-V1,, corresponds to the input volt-
age VY,

Vi Ze MV, L

A cell input current of each first converter cell 1,-1,,
equals the input current I,. Further, each of the parallel
connected second converter cells 2,-2,, provides a cell
output current 12,-12,, which is a share or portion of the
output current I, That is, a sum of the cell output currents
12,-12,,, corresponds to the output current I, 1,

Loyt ™12, (3]

A cell output voltage of each of the second converter cells
corresponds to the output voltage V.7 of the power con-
verter circuit.

FIG. 5 shows one embodiment of a power converter
circuit with an ISOS (Input Serial, Output Serial) topology.
Like in the power converter circuit shown in FIG. 4, the first
converter cells 1,-1,, are connected in series at the input
IN1, IN2. The power converter circuit shown in FIG. 5 is
different from the power converter circuit shown in FIG. 4
in that the second converter cells 2,-2,, are connected in
series at the output OUT1, OUT2. This is explained below.

Referring to FIG. 5, a first cell output node of one of the
plurality of second converter cells (the converter cell 21 in
the embodiment shown in FIG. 5) is connected to the first
output node OUTT1. A second cell output node of another one
of the plurality of second converter cells (the second con-
verter cell 2, in the embodiment shown in FIG. 5) is
connected to the second output node OUT2 of the power
converter circuit. The other second converter cells (the
converter cells 2,, 2; shown in FIG. 5) each have the first
cell output node connected to the second cell output node of
another second converter cell, and have their second cell
output node connected to the first cell output node of another
second converter cell. In other words, the cell outputs of the
individual second converter cells 2,-2,; form a cascade
between the output nodes OUT1, OUT2 of the power
converter circuit. In this embodiment, a cell output voltage
V3,-V3,,; of each of the plurality of second converter cells
2,-2,; is a share of the output voltage V. of the power
converter circuit. That is,

VOUT:2i=1NB V3, G).

A cell output current of each of the plurality of second
converter cells 2,-2,,, equals the output current of the power
converter circuit.

In the power converter circuit shown in FIG. 5, like in the
power converter circuit shown in FIG. 4, the cell output of
each of the first converter cells 1,-1,, is connected to one of
the plurality of DC link capacitors 11,-11,,, and the cell
input of each of the second converter cells 2,-2, is con-
nected to one of the DC link capacitors 11,-11,,, wherein
each of the DC link capacitors 11,-11,, has only one first
converter cell and only one second converter cell connected
thereto.

FIG. 6 shows one embodiment of a power converter
circuit with an IPOS (Input Parallel, Output Serial) topology.
Like in the power converter circuit shown in FIG. 5, the
second converter cells 2,-2,5 are connected in series at the
output OUT1, OUT2. The power converter circuit shown in
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FIG. 6 is different from the power converter circuit shown
in FIG. 5 in that the first converter cells 1,-1,, are connected
in parallel at the input IN1, IN2. That is, each of the first
converter cells 1,-1,; has its first cell input node connected
to the first input node IN1 of the power converter circuit, and
has its second cell input node connected to the second input
node IN2 of the power converter circuit. Thus, each of the
first converter cells 1,-1,5 receives the input voltage V,, as
a cell input voltage, and a cell input current 10,-10,,, of each
of the first converter cells 1,-1,, is a share or portion of the
input current 1,7, so that

I3, Mo, .

FIG. 7 shows one embodiment of a power converter
circuit with an IPOP (Input Parallel, Output Parallel) topol-
ogy. In this power converter circuit, the first converter cells
1,-1,, are connected in parallel at the input IN1, IN2, and
the second converter cells 2,-2,, are connected in paralle] at
the output. Concerning the parallel connection of the first
converter cells 1,-1,, reference is made to FIG. 6 and the
corresponding description, and concerning the parallel con-
nection of the second converter cells 2,-2,, reference is
made to FIG. 4 and the corresponding description.

Each of the first converter cells 1,-1,, and the second
converter cells 2,-2,5 is implemented with a power con-
verter topology and is configured to receive a cell input
power at the cell input and provide a cell output power at the
cell output. Each of the first converter cells 1,-1,, receives
its cell input power from the input IN1, IN2. The cell output
power of each of the first converter cells 1,-1,,, is the power
the respective first converter cells provides to the DC link
capacitor connected to the cell output and to the second
converter cell connected to the cell output, respectively. The
cell input power of each of the plurality of second converter
cells 2,-2, is the power, the respective second converter
cell receives from the DC link capacitor it is connected
thereto, and from the first converter it is connected thereto,
respectively. Each of the second converter cells provides its
cell output power to the output OUT1, OUTI. The DC link
capacitors 11, -11,,, are capable of storing energy so that the
power level of the cell output power of one of the first
converter cells 1,-1,, and the power level of the cell input
power of the associated second converter cell can be differ-
ent. In the following, the word “associated” is used to
describe the relationship between one first converter cells,
the DC link capacitor connected to this first converter cell,
and the second converter cells connected to this first con-
verter cell and this DC link capacitor.

The type of converter topology implemented in the first
converter cells 1,-1,, and the second converter cells 2,-2,,
is, for example, dependent on the type of power conversion
the power converter circuit performs. In general, the con-
verter cells 1,-1,,, 2,-2,5 can be implemented with an
isolating power converter topology, or with a non-isolating
power converter topology. In the first case, the respective
converter cell includes a transformer which galvanically
isolates the cell input and the cell output. In the second case,
the cell input and the cell output of the converter cell are not
galvanically isolated. This is explained with reference to
FIGS. 8-10 below. Each of these Figures shows a first
converter cell 1, the DC link capacitor 11, of the first
converter cell 11,, and a second converter cell 2, connected
to the first converter cell 1,. The first converter cell 1, and the
second converter cell 2, represent any pair of a first converter
cell 1,-1,,, and a second converter cell 2,-2,,; connected to
the first converter cell 1,-1,, in any of the power converter
circuits explained herein before.
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In the embodiment shown in FIG. 8, the first converter
cell 1, is implemented with an isolating converter topology.
This is schematically illustrated by the transformer symbol
in the circuit block representing the first converter cell 1,.
The second converter cell 2, is implemented with a non-
isolating converter topology. In a power converter circuit in
which the first converter cells 1,-1,,, are implemented with
an isolating converter topology, and the second converter
cells 2,-2, are implemented with a non-isolating converter
topology, as shown in F1G. 8, the first converter cells 1,-1,,
provide for a galvanic isolation between the input IN1, IN2
and the output OUT1, QUT2 of the power converter circuit.

In the embodiment shown in FIG. 9, the first converter
cell 1, is implemented with a non-isolating converter topol-
ogy. This is schematically illustrated by the transformer
symbol in the circuit block representing the second con-
verter cell 2;. The first converter cell 1, is implemented with
a non-isolating converter topology. In a power converter
circuit in which the first converter cells 1,-1,, are imple-
mented with a non-isolating converter topology, and the
second converter cells 2,-2,, are implemented with an
isolating converter topology, as shown in FIG. 9, the second
converter cells 2,-2,, provide for a galvanic isolation
between the input IN1, IN2 and the output OUT1, OUT2.

In the embodiment shown in FIG. 10, none of the first
power converter circuit 1, and the second power converter
circuit 2, is implemented with an isolating converter topol-
ogy. According to another embodiment (not shown), both of
the first power converter circuit 1, and the second power
converter circuit 2, is implemented with an isolating con-
verter topology.

In the following, different embodiments of the first power
converter 10 and ways of operation of these embodiments
are explained. In the following, a first multi-cell power
converter 10 with series connected converter cells 1,-1,,
will be referred to as IS (Input Serial) converter, or power
converter with an IS topology. Equivalently, a first multi-cell
power converter 10 with parallel connected converter cells
1,-1,, will be referred to as IP (Input Parallel) converter, or
power converter with an IP topology. A second multi-cell
power converter with series connected converter cells
2,-2,; will be referred to as OS (Output Serial) converter, or
power converter with an OS topology. Equivalently, a sec-
ond multi-cell power converter 20 with parallel connected
converter cells 1,-1,, will be referred to as OP (Output
Parallel) converter, or power converter with an OP topology.
In context with one of the first and second power converters
10, 20, “series connected converter cells” are converter cells
which either have their cell inputs connected in series (in the
first converter 10), or have their cell outputs connected in
series (in the second converter 20), and “parallel connected
converter cells” are converter cells which either have their
cell inputs connected in parallel (in the first converter 10), or
have their cell outputs connected in parallel (in the second
converter 20).

At first, an embodiment of a first power converter 10 with
an IS topology is explained which is configured to receive as
an input voltage V,, a rectified sine voltage, as shown in
FIG. 2A, and to provide a plurality of DC link voltages
V2,-V2,, at the individual DC link capacitors 11,-11,,,
(wherein N1=N2, in this embodiment). Referring to FIG. 11,
such input voltage V,, with a rectified sinusoidal waveform
may be obtained from a sinusoidal grid voltage V o, by a
bridge rectifier 100 with four rectifier elements 101-104.
These rectifier elements may be diodes, as shown in FIG. 11.
However other rectifier elements such as switches operated
as synchronous rectifier elements may be used as well.
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These rectifier elements 101-104 are connected in a bridge-
configuration and receive the grid voltage V ;1 as an input
voltage and provide the rectified sine voltage as an output
voltage. This output voltage of the rectifier circuit 100 is the
input voltage V,, of the power converter circuit, from which
only the input IN1, IN2 is shown in FIG. 11.

The grid voltage V 5 n may bea 110 Vi, < ora230 Vg, o
sine voltage. In the first case, a peak voltage of the rectified
input voltage V,, 1s about 160V and in the second case, the
peak voltage is about 320V. According to another embodi-
ment, the grid voltage is a medium voltage with a peak
voltage of up to several kilovolts (kV).

According to one embodiment, The first power converter
10 with the plurality of first converter cells 1,-1,;, is con-
figured to generate the DC link voltages V2,-V2,,, from the
input voltage V, such that a voltage level of an overall DC
link voltage (total DC link voltage) V2, 1s higher than the
voltage level of the peak voltage of the input voltage V-
The total DC link voltage V2, equals the sum of the
individual DC link voltages V2,-V2,, that is,

VzTOI:EiZINZmz (5).

According to one embodiment, the total DC link voltage
V2,07 18 between 1.1 times and 1.3 times the peak voltage.
For example, in case of an input voltage V  obtained from
a 220V z, ¢ sine voltage, the total DC link voltage V2, 1s
about 400V.

FIG. 12 shows one embodiment of a first power converter
10 having an IS topology and configured to generate the total
DC link voltage V2, with a higher voltage level than the
peak voltage level of the input voltage V. In this embodi-
ment, the individual first converter stages 1,-1,, are each
implemented with a boost converter topology, which is one
type of a non-isolating converter topology. In FIG. 12, only
one of the first converter cells 1,-1,, namely the first
converter cell 1, is shown in detail. The other first converter
cells 1,-1,, are implemented with the same topology. Thus,
the explanation provided in context with the first converter
cell 1, equivalently applies to the other first converter cells
1,-1,,.

Referring to FIG. 12, the first converter cells 1 includes a
half-bridge 12 with a low-side switch 12; and a high-side
switch 12,,. The high-side switch 12, is optional and may be
replaced with a rectifier element such as, for example, a
diode. Referring to FIG. 12, the high-side switch may be
implemented with an electronic switch and a parallel recti-
fier element. The electronic switch is operated as a synchro-
nous rectifier which switches on each time the parallel
rectifier element is conducting. Thus, the high-side switch
12,, operates like an active rectifier element. However,
losses occurring in the high-side switch 12, when the switch
is on are lower than losses that occur in a comparable
passive rectifier element, such as a diode. The low side
switch 12, may also be implemented with an electronic
switch and a parallel rectifier element. However, the rectifier
element is optional in this embodiment. The high-side
switch 12, and the low-side switch 12, can be implemented
as electronic switches. Examples of those switches include,
but are not restricted to, MOSFETs (Metal Oxide Semicon-
ductor Field-Effect Transistors), IGBTs (Insulated Gate
Bipolar Transistors), JFETs (Junction Field-Effect Transis-
tors), BITs (Bipolar Junction Transistor), HEMTs (High
Electron Mobility Transistor), GaN-HEMTs, or the like.
Some types of these electronic switches, such as MOSFETSs,
include an integrated diode (body diode) which may be used
as the rectifier element shown in FIG. 12.
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Referring to F1G. 12, the low-side switch 12, is connected
between cell input nodes of the first converter cell 1,. Thus
the low-side switch 12; of the first converter cell 1, and
corresponding low-side switches (not shown) in the other
first converter cells 1,-1,, form a series circuit which is
connected between the input nodes of the input IN1, IN2.
The high-side switch 12,; and the DC link capacitor 11, of
the first converter cell 1, form a series circuit, wherein this
series circuit is connected in parallel with the low-side
switch 12;.

The first power converter circuit 10 further includes at
least one inductor 15 such as a choke. In the embodiment
shown in FIG. 12, the individual first converter cells 1,-1,,
share the inductor 15. That is, there is one inductor which is
connected in series with low-side switch 12; in the first
converter cell 1, and the correspondent low-side switches in
the other converter cells 1,-1,. According to another
embodiment (not shown) each converter cell 1,-1,,, includes
one inductor connected between one cell input node and the
circuit node common to the high-side switch and the low-
side switch in the respective converter cell.

Referring to FIG. 12, the first converter cell 1, further
includes a controller 14, which is configured to control
operation of the low-side switch 12, and the high-side
switch. In case the high-side switch 12, is replaced with a
passive rectifier element, the controller 14 only controls
operation of the low-side switch 12;.

The low-side switch 12, receives a drive signal S12; from
the controller 14, wherein the drive signal 812, switches the
low-side switch 12, either on or off. Equivalently, the
high-side switch 12, receives a drive signal S12,, from the
controller 14, wherein the drive signal S12,, switches the
high-side switch 12, either on or off. According to one
embodiment, the controller 14 drives the low-side switch
12, and the high-side switch 12,, such that they are not
switched on at the same time, so as to prevent the DC link
capacitor 11, from being discharged via these switches 12;,
12,,.

According to one embodiment, the controller 14 in the
first converter cell 1, and corresponding controllers in the
other converter cells 1,-1,, are controlled by a controller 4
of the first power converter 10. This controller 4 will also be
referred to as main controller of the first power converter 10
in the following. Ways of operation of this main controller
4 and possible implementations are explained below.

According to one embodiment, the main controller 4, via
the controller 14 in the first converter cell 1, and corre-
sponding controllers in the other converter cells 1,-1,, is
configured to control (regulate) the total DC link voltage
V207 According to one embodiment, the main controller 4
is further configured to control a current waveform of the
input current I, such that the waveform of the input current
1, substantially corresponds to the waveform of the input
voltage V,,. A phase difference between the waveform of
the input voltage V,, and the resulting waveform of the input
current I, may be zero or may be different from zero.
Controlling the input current I,,, to have substantially the
same waveform as the input voltage V ,, may help to control
the power factor of the input power P, received at the input
IN1, IN2. A first power converter 10 configured to control
the waveform of the input current I, to substantially be
equal to the waveform of the input voltage V,,, will be
referred to as a first power converter 10 with a PFC (Power
Factor Correction) capability or, briefly, as a first PFC power
converter 10.

One embodiment of a main controller 4 which is config-
ured to control the total DC link voltage V25, and the
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current waveform of the input current I, is shown in FIG.
13. Referring to FIG. 13, the main controller 4 includes an
input reference current controller 41 and a converter cell
controller 42, which will also be referred to as modulation
index controller. The input reference current controller 41 is
configured to generate an input current reference signal
L zer The input current reference signal I, - repre-
sents the desired current level (set point) of the input current
I, which is required in order to control the total DC link
voltage V2, such that a voltage level of the total DC link
voltage V2, equals a predefined voltage level. A level of
this input current reference signal I pzr may vary over
time as the input voltage V,, varies. The input reference
current controller 41 receives an input voltage signal V,,,, ,,
which represents the instantaneous voltage level of the input
voltage V. This input voltage signal V,, ,, may be
obtained by measuring the input voltage V,, or by other
means. The input reference current controller 41 further
receives DC link voltage signals V2, ,-V2,., ,. Fach of
these DC link voltage signals V2, ,,V2,, ,, represents one
of the DC link voliages V2,-V2,,. These DC link voltage
signals V2, ,,~V2,, ,, may be obtained by measuring the
individual DC link voltages V2,-V2,,. The input reference
current controller 41 further receives a total DC link voltage
reference signal V2,07 ger  This  reference  signal
V2,0rrier tepresents the desired (predefined) voltage level
of the total DC link voltage V2,,,. The input reference
current controller 41 calculates the input current reference
signal I, prr based on these input signals. As the input
reference current controller 41 generates the current level of
the input current reference signal I zzp such that the total
DC link voltage assumes the desired level defined by the DC
link voltage reference signal V2,57 »zz the input reference
current controller 41, in the present embodiment as well as
in other embodiments explained below, may also be referred
to as DC link voltage controller.

The modulation index controller 42 receives the input
current reference signal 1, - and an input current signal
Iv 2z The input current signal 1, ,, represents the instan-
taneous current level of the input current I,,. This input
current signal Iy, ,, may be obtained by measuring the input
current I,,, or by other means. The modulation index con-
troller 42 outputs a control signal m which is received by the
controllers 14,-14,, in the individual first converter cells
1,-1,. Referring to FIG. 12, each of the controllers (more
precisely, the controller in each of the converter cells)
receives a control signal m, -m,,, from the main controller 4.
According to one embodiment, the individual first converter
cells 1,-1,, receive the same control signal m, so that
m=m, =m,=m,=m,,, . Details on this control signal m, which
will also be referred to as modulation index m in the
following, are explained below. Before going into further
detail on the modulation index m, embodiments of the input
reference current controller 41 and the converter cell con-
troller 42 are explained with reference to FIG. 14. The
modulation index controller 42 serves to control the input
current I, Thus, the modulation index controller 42 may
also be referred to as (input) current controller.

In context with FIG. 14, the input reference current
controller 41 will briefly be referred to as current controller.
Referring to FIG. 14, the current controller 41 may include
an error filter 411 which receives the DC link voltage signals
V2, V245 o and the total DC link voltage reference
signal V2,57 ppr The error filter 411 generates an error
signal V2, which is dependent on a difference between the
total DC link voltage reference signal V257 pzpr and the
sum of the individual DC link voltage signals V2, ,-
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V2, ar The sum of these DC link voltage signals V2, ,,-
V2,, , represents the total DC link voltage V2, The error
filter may calculate the difference
Vo ror-Ziei" 2 0 (6)

and filter this difference in order to generate the error
signal V2. The filter may have one of an proportional (P)
characteristic, a proportional-integral (PI) characteristic, and
a proportional-integral-derivative (PID) characteristic. A
multiplier 412 receives the error sighal V2,5, and the total
DC link voltage signal V2,,,,. zzand provides the product
of these signals V2,55, V2707 rgras an output signal A. An
optional divider 413 receives the multiplier output signal A
and a signal B, wherein the signal B is dependent on the
square of the peak voltage level V,, ,,,5-0f the input voltage

V- In the embodiment shown in FIG. 14,

2 0]
po ax?

An output signal C of the divider 413 equals the quotient
A/B of the divider input signals A, B. A further multiplier
414 receives the divider output signal C and the input
voltage signal Vi ,, and is configured to multiply the
instantaneous levels of these signals C and V,, ,, The
further multiplier 414 provides the input current reference
signal 1, zz @s an output signal.

As explained with reference to FIG. 13, the input current
reference signal I,z defines the desired current level of
the input current I,,. In case the input voltage V, is timely
varying the input current reference signal I, zrr 15 also
timely varying. This is a result of generating the input
current reference signal 1,,, . by multiplying the input
voltage signal Vyy », with the output signal C of the divider
413. The divider 413 may be omitted. In this case, the further
multiplier 414 receives the output signal A from the multi-
plier 412 as an input signal. Assuming that the input current
reference signal I, . 1s a periodic signal with a frequency
defined by the input voltage signal V,, ,,, then an amplitude
of the input current reference signal 1, .. is defined by an
amplitude of the input voltage signal V, ,,, and by one of
the divider output signal C and the multiplier output signal
A. These signals C and A are dependent on the total DC link
voltage V2,5 The error filter 411 is configured to generate
the error signal V2., such that a signal level of the error
signal V2., increases when the total DC link voltage
V2,7 falls below the level defined by the total DC link
voltage reference signal V2,7 zpzpm SO as to increase the
level of the multiplier output signal A and the amplitude of
the input current reference signal 1,y zzp and so as to
regulate the total DC link voltage V2, such that a voltage
level of the total DC link voltage V ,, substantially corre-
sponds to the voltage level as defined by the total DC link
voltage reference signal V2, - Equivalently, the error
filter 411 decreases a level of the error signal V2, When
the voltage level of the total DC link voltage V ;- increases
to above the voltage level defined by the total DC link
voltage reference signal V2757 zgp 50 as to reduce the
amplitude of the input voltage reference signal 1,5, . and
to counteract a further increase of the total DC link voltage
V2por

The optional divider 413 may be used in those applica-
tions, in which the amplitude of the input voltage V,,, may
vary. The divider 413 acts in accordance with the feed-
forward principle and helps to reduce the amplitude of the
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input current I, by reducing the amplitude of the input
current reference signal I, ». when the amplitude of the
input voltage V,,, increases. In this case, the average input
power, which is the input power averaged over one period of
the input voltage V,, is substantially independent of the
amplitude of the input voltage Vj, and is substantially
defined by the error signal V2., and the total DC link
voltage reference signal V2,57 rer-

Referring to FIG. 14, the modulation index controller 42
includes a first filter 422 which receives the input current
signal I, ,,. A subtractor 421 receives the input current
reference signal Iy zy and the filter output signal 422. This
subtractor 421 subtracts the instantaneous signal level of the
filter output signal I, . from the instantaneous level of the
input current reference signal I, zzp An output signal
I zrg OF the subtractor 421 represents a current error. That
is, the subtractor output a signal Iy, zzz Which represents an
instantaneous difference between the desired input current
level and the actual input current level. A second filter 423
receives this current error signal I, zzr and provides the
modulation index m. According to one embodiment, the first
filter 422 has a low-pass characteristic. The second filter 423
may have one of a P, P, and a PID characteristic.

It can be shown that, in case the input voltage V,, is a
periodic voltage such as, for example, a rectified sine
voltage with a frequency of 100 Hz or 120 Hz, the modu-
lation index m is also a periodic signal, substantially with the
same frequency as the input voltage V. FIG. 15 schemati-
cally illustrates the relationship between the input voltage
V,y and the modulation index m. As, referring to FIG. 14,
the input current reference signal Iy zzp 1s obtained by
multiplying the input voltage signal V,, ,, with one of
signals C and A which are dependent on the total DC link
voltage, the waveform shown in FIG. 15 which represents
the input voltage V,,, also represents the input current
reference signal Iy pzr (When assuming that the voltage
level of the total DC link voltage V,,, does not change
during the time period illustrated in FIG. 15). Referring to
FIG. 15, there may be a phase-shift ¢ between the input
voltage V,; and the input current reference signal I, .z,
respectively, on the one hand, and the modulation index m
on the other hand. This phase difference ¢ which is at most
several degrees, may vary based on the difference between
the input voltage reference signal 1, pzr and the filtered
input current signal I, -, and on the voltage V15 across the
inductor 15 (see, FIG. 11). Further, it can be shown that an
amplitude of the varying modulation index m is dependent
on the amplitude of the input voltage V,, whereas the
amplitude of the modulation index m increases as the
amplitude of the input voltage V,,, increases. According to
one embodiment the main controller 4 is configured to
generate the modulation index m as a normalized signal with
values of between 0 and 1, wherein the modulation index m
has an amplitude of 1 only in those cases in which an
amplitude of the input voltage V,, corresponds to the total
DC link voltage V7

FIG. 16 shows one embodiment of the controller 14 in the
first converter cell 1, shown in FIG. 12. Each of the
controllers (not shown in FIG. 12) in the other converter
cells 1,-1,, may be implemented in accordance with the
controller 14 shown in FIG. 16. Referring to FIG. 16, the
controller 14, is configured to calculate a duty cycle d, based
on the modulation index m, received from the cell controller
42. In the embodiment shown in FIG. 16, calculating the
duty cycle d includes calculating the duty cycle d as follows:

d=1-m, (8).
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For the purpose of explanation it is assumed that each of
the first converter cells 1,-1,,, receives the same modulation
index m from the main controller, so that in the controller of
each of the first converter cells 1,-1,, the same duty cycle
d=1-m is calculated.

Like the modulation index m,, the duty cycle d, may vary
between 0 and 1. Like the modulation index m,, the duty
cycle d, may timely vary and may vary between 0 and 1. A
PWM controller 142 receives the duty cycle or, more
precisely, a signal representing the duty cycle d,, and
generates the drive signal S12, for the low-side switch 12,
and, optionally, the drive signal S12, for the high-side
switch 12, based on the duty cycle d,.

One way of operation of the PWM controller 142 shown
in FIG. 16 is explained with reference to FIG. 17 in which
timing diagrams of the drive signal S12, received by the
low-side switch 12, and the drive signal S12,, received by
the high-side switch 12,, are shown. Fach of these drive
signal S12;, S12,, can assume an on-level which switches on
the respective switch, and an off-level which switches off the
respective switch. Just for the purpose of explanation, in
FIG. 17, an on-level is drawn as a high signal level, and an
off-level is drawn as a low signal level.

Referring to FIG. 17, the PWM controller 142 is config-
ured to cyclically switch on the low-side switch 12;. In
particular, the PWM controller 142 may be configured to
periodically switch on the low-side switch 12;. In FIG. 17,
Tp denotes the duration of one drive cycle of the low-side
switch 12;. The time period Tp is defined by a switching
frequency fp, with Tp=1/fp. The switching frequency fp is,
for example, a frequency selected from a frequency range of
between 18 kHz and several 100 kHz. In FIG. 17 Ton
denotes an on-time of the low-side switch 12,, which is a
time period within one drive cycle in which the low-side
switch 12, is switched on. The duty cycle d; defines the
duration of this on-time relative to the duration Tp of one
drive cycle, wherein

d =Ton/Tp 9).

Thus, the on-time increases relative to the time period Tp
of one drive cycle as the duty cycle d; increases, and vice
versa.

Referring to FIG. 17, the PWM controller 142 may switch
on and off the high-side switch 12, complementary to
switching on and off the low side switch 12,. That is, the
PWM controller 142 may be configured to switch on the
high-side switch 12, when the low-side switch 12; is
switched off; and vice versa. There may be a delay time
between switching off the low-side switch 12, and switching
on the high-side switch 12, and between switching off the
high-side switch 12, and again switching on the low-side
switch. However, such delay times are not shown in FIG. 17.
During such delay times, the rectifier element of the high-
side switch 12, conducts. In case the high-side switch 12,
is replaced by a rectifier element, the rectifier element
“automatically” conducts when the low-side switch 12 is in
the off state.

FIG. 18 shows one embodiment of the PWM controller
142 in the controller 14 shown in FIG. 16. Referring to FIG.
18, the PWM controller 142 may include a clock generator
143 which generates a first clock signal CLK1. A frequency
of this first clock signal CLK1 may be higher than the
switching frequency fp. According to one embodiment, the
frequency of the first clock signal CLK1 is at least several
MHz. A frequency divider 144, which may be implemented
with a counter or the like, receives the first clock signal
CLK1 and generates a second clock signal CLK2. The



US 9,929,662 B2

17

second clock signal CLK2 defines the switching frequency
fp. This second clock signal CLK2 is also illustrated in FIG.
17. Referring to FIG. 17, the drive signal S12;, of the
low-side switch 12; may assume an on-level each time a
signal pulse of the second clock signal CLK2 occurs. A
latch, such as an SR flip flop 145 may receive the second
clock signal CLK2 at a set input S. A first driver 146 has an
input coupled to a non-inverting first output Q of the flip flop
145 and generates the drive signal S12; of the low-side
switch 12; based on the output signal at the first input Q of
the flip flop 145. An optional second driver 147 generates the
drive signal S12,; of the high-side switch 12, based on an
output signal at a second inverting output Q' of the flip flop
145. In order to adjust the on-time Ton of the low-side
switch 12;, a timer 148 receives the second clock signal
CLK2, the duty cycle signal d and the first clock signal
CLK1. The timer 145 is configured to reset the flip flop 145,
in order to cause the drive signal S12; to assume the
off-level at a predefined time period after a signal pulse of
the second clock signal CLK2, wherein this time period is
defined by the duty cycle d.

It should be noted that FIG. 18 shows only one of a variety
of possible implementations of the PWM controller 142. Of
course, the implementation of the PWM controller 142 is not
restricted to the specific embodiment shown in FIG. 18.

It can be shown that the modulation index generated as
explained above approximately corresponds to

m=Vp/V2sor

(10).

wherein V/,,, denotes the instantaneous voltage level of the
input voltage V. and V2., represents the (desired) total
DC link voltage. However, this is only an approximation.
Referring to what is stated in context with FIGS. 13 and 14
above, the modulation index m is not only dependent on the
input voltage V,,, but may further vary based on the
difference between current level of the input current I, and
the reference input current I, ppp-

According to one embodiment, the controller 14 in the
first converter cell 1, and corresponding controllers in the
other converter cells 1,-1,, receive the same modulation
mndex m from the main controller 4, and the individual
converter cells 1,-1,, are operated in an interleaved fashion.
This is explained with reference to FIGS. 19A and 19B.
FIGS. 19A and 19B show timing diagrams of the drive
signal 812, of the low-side switch 12; in the first converter
cell 1, and timing diagrams of drive signals S12,,-S12,,,, of
corresponding low-side switches in the other converter cells
1,-1,,. In FIGS. 19A and 19B, these drive signals S12,-
S12;,, are shown at two different duty cycles d, namely
d=0.625 in FIG. 19A and d=0.125 in FIG. 19B. Operating
the individual converter cells 1,-1,,, in an interleaved fash-
ion means that the drive cycles of the individual converter
cells 1,-1,, begin with a time offset of Tp/N1. Here, like in
the embodiments explained before, N1 denotes the number
of first converter cells 1,-1,,. If, for example, N1=4, the
time offset is Tp/4, as shown in FIGS. 19A and 19B. For
example, there is a delay time of Tp/4 between the begin of
the on-time of the drive signal S12, in converter cell 1, and
the begin of the on time of the drive signal S12,, in the
converter cell 1,, there is a delay time Tp/4 between the
begin of the on time of the drive signal S12,, in the
converter cell 1, and the begin of the on time of the drive
signal S12; ; in the converter cell 1,, and there is a delay time
Tp/4 between the begin of the on time of the drive signal
S12,, in the converter cell 1, and the begin of the on time
of the drive signal S12, , in the converter cell 1,,. Oper-
ating the individual converter cells 1,-1,, in an interleaved
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fashion results in an overall switching frequency of N1-fp.
This higher overall switching frequency may help to reduce
ripples in the input current I, that may result from the
switched-mode operation of the first power converter 10 or,
more precisely, from a switched mode operation of the
individual first converter cells 1,-1,;.

Referring to FIG. 12 and the corresponding description a
current level of the input current I, can be adjusted by
modulating a voltage V15 across the inductor 15. The
voltage level of this voltage V15 is dependent on the
instantaneous value of the input voltage V,, the DC link
voltages V2,-V2,, and the operation states of the individual
first converter cells 1,-1,,. For the purpose of explanation it
is assumed that the individual DC link voltages V2,-V2,,
are substantially equal and the number N2 of DC link
capacitors equals the number N1 of first converter cells
1,-1,; (N1=N2). In this case, each of these DC link voltages
V2,-V2,, equals V2,,,/N1. Further, it is assumed that each
converter cell 1,-1,, can assume an on-state, which is an
operation state in which the respective low-side switch 12,
is switched on, and an off-state in which the respective
low-side switch 12, is switched off. Thus, in the timing
diagrams shown in FIGS. 19A and 19B, the on-times of the
low-side switch drive signals 12, 12,,, represent the on-
times of the individual first converter cells.

Assuming that electrical resistances of the individual
low-side switches (from which in FIG. 12 only the low-side
switch 12, of the first converter cell 1, is shown) in the first
converter cells 1,-1,, can be neglected, the cell input voltage
V1,-V1,, at the cell input of the individual converter 1,-1,,
cells is zero when the converter cell 1,-1,;, is in the on-state,
and equals the DC link voltage (V2,,,/N1) of the respective
converter cell when the converter cell is in the off-state. The
inductor voltage V15 is given by

VlS:V[]\’_VlTOT (11)7

wherein V1, represents the overall voltage at the cell
inputs of the individual first converter cells. That is

Vi ror 2= ML

(12).

In case each of the first converter cells 1,-1,, includes an
inductor (not shown), the cell input voltages V1,-V1,, are
the voltages across the individual low-side switches. V15 is
then the total voltage across the plurality of inductors.

Operating (driving) the individual first converter cells
1,-1,, based on the modulation index m as explained with
reference to FIGS. 13-19B herein before, causes the inductor
voltage V15 substantially to vary between V~(k-V2,o,/
N1) and V,,~((k+1)'V2,,,,/N1), wherein k is dependent on
the modulation index m. and equals the number of first
converter cells that are in the offstate at one time. k may be
obtained by

13)

VIN'Nl
2

k= Round[
Viror

] = Round[m-N1],

where Round].] is a mathematic function that rounds the
result of the operation in the square brackets to the next
lower integer, V,, is the instantaneous level of the input
voltage V,, and m is the modulation index. If, for example,
the instantaneous level of the input voltage V,, is below the
level of one DC link voltage (V2;,,/N1), then k=0 so that
the total cell input voltage V1, varies between 0 and
V2,,/N1 until the input voltage V,, reaches V2,,,/N1. In
this way, the total cell input voltage V1,,, “follows™ the
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instantaneous value of the input voltage V . In other words,
the converter cells 1,-1,, generate (modulate) the total cell
input voltage V1,,, such that the total cell input voltage
Vlgop “tracks” the input voltage V. In this way, the
voltage V15 across the inductor 15 can be controlled. This
is explained with reference to FIGS. 12 and 19A in the
following.

In the embodiment shown in FIG. 19A, the individual
converter cells 1,-1,, are operated with a duty cycle of
d=0.625. In this embodiment, the modulation index m is
0.375 which indicates that the instantaneous value of the
input voltage V, is relatively low as compared to the
(desired) overall DC link voltage V2,,,. Referring to the
equation above, k=1 when m=0.375 and when there are
N1=4 converter cells (k=Round[0.375-4]=Round[1.5]=1) so
that at m=0.375 the total cell input voltage V1 ,, changes
between V2,,,/N1 and 2-V2,,,/N1. That is, either one or
two convetter cells are in the off-state at one time, and either
three or two converter cells are in the off-state at the same
time, respectively. If three first converter cells 1,-1,, are
in the on-state, the total input cell voltage V1,,, is (N1-
3)V2,0,/N1. That is, in this specific embodiment with
N1=4, the total input cell voltage V1,718 V2,,/N1. If two
of the converter cells 1,-1,, are operated in the on-state, the
total cell input voltage V1,5 is (N1-2)-V2,,,/N1. The
inductor voltage V15 in these two cases is

V15=Vp(N1-3) V2 1o /N1 (14A)

P15=Fip(V1=2) 72 70 /N1 (14B).

A modulation index m=0.375 indicates that the instanta-
neous value of the input voltage V,, substantially corre-
sponds to the 0.375-V2 ;. so that the inductor voltage V15
is positive when three of the first converter cells 1,-1,, are in
the on-state, and negative when two of the first converter
cells 1,-1, are in the on-state. Thus, in the first case, the
inductor current I, increases, while, in the second case, it
decreases. In those time periods in which the total cell input
voltage V1., is lower that the instantaneous value of the
input voltage V ., energy is inductively stored in the induc-
tor 15, and in those time periods in which the instantaneous
voltage level of the input voltage V ,,is below the total cell
input voltage V1., the energy stored in the inductor 15 is
transferred to the DC link capacitors of those first converter
cells 1,-1,, which are in the off-state. As each of the first
converter cells 1,-1,, is switched on and off in one drive
cycle, the DC link capacitors 11,-11,,, of the individual first
converter cells 1,-1,, are equally charged when the indi-
vidual first converter cells 1,-1,, receive the same modu-
lation index m by the main converter 4.

Referring to the embodiment shown in FIG. 19B, a duty
cycle d=0.125 corresponds to a modulation index of
m=0.875. In this case, the instantaneous voltage level of the
input voltage V,, is close to the total DC link voltage V2,
At m=0.875 and N1=4, k=3 so that three or four converter
cells are in the off-state at one time. Consequently, the total
cell input voltage V1, varies between (N1-1)-V2,,,/N1
if three of the first converter cells 1,-1,,, are in the off-state
(only one is in the on-state), and V2., if each of the first
converter cells 1,-1,, is in the off-state (none is in the
on-state).

FIG. 20 schematically illustrates one period of the input
voltage V- and the total cell input voltage V1, during this
one period of the input voltage V.. The embodiment shown
in FIG. 20 is based on a first power converter 10 with N1=4
first converter cells 1,-1,, and N2=4 DC link capacitors
11,-11,,. As can be seen from FIG. 20, dependent on the

20

25

30

40

45

50

60

65

20

instantaneous voltage level of the input voltage V,,, the total
cell input voltage V1,,, switches between two voltage
levels. The difference between these two voltage levels
substantially is V2 ,,/N1. In FIG. 20, the dashed lines mark
those instantaneous voltage levels of the input voltage V
at which the two levels change between which the total cell
input voltage V1, switches. The duty cycles d and the
modulation indexes m associated with those instantaneous
voltage levels of the input voltage V ,, marked by the dashed
lines are also shown in FIG. 20. It should be noted that the
waveform of the total DC link voltage shown in FIG. 20 can
be obtained by operating the individual converter cells
1,-1,,, with the same (or substantially the same) modulation
index m. However, referring to the explanation further
below, it 1s also possible to operate the individual converter
cells 1,-1,,, with different modulation indices and to obtain
a waveform as shown in FIG. 20.

FIG. 21 shows one example of how the controller 14 in
the first converter cell 1, and corresponding controllers in
the other converter cells 1,-1,, may be synchronized in
order for the controllers to operate the individual first
converter cells 1,-1,, in an interleaved fashion, as explained
with reference to FIGS. 19A and 19B. In FIG. 21, reference
character 14 denotes the controller in the first converter cells
1,, as shown in FIG. 12, and reference characters 14,-14,,
denote corresponding controllers in the other first converter
cells 1,-1,,. In the embodiments shown in FIGS. 19A and
19B, the drive cycles of the individual first converter cells
1,-1,, start in a predefined order. In this case, the individual
controllers can be synchronized as shown in FIG. 21. In this
embodiment, controller 14 of first converter cell 1, forwards
the second clock signal CLK2 (which, in the first converter
cell 1, is used to define the beginning of the on-time) to
controller 14, of the first converter cell 1, which, referring
to FIGS. 19A and 19B, is next in order to start the corre-
sponding drive cycle. The controller 14, forward its second
clock signal CLK2, (which, in the first converter cell 1,, is
used to define the beginning of the on-time) to controller
14, which forwards its second clock signal CLK2; (which,
in the first converter cell 15, is used to define the beginning
of the on-time) to the controller 14,,. The second clock
signals CLK2-CLK2, are transmitted from one controller to
the other controller via isolation barriers 16,-16; which may
include transformers, optocouplers, or the like, and which
galvanically isolate the controllers 14-14,;,.

If the individual controllers 14,-14,, are synchronized as
shown in FIG. 21, the controller 14 of the first converter cell
1, may be implemented as explained with reference to FIGS.
16 and 18. The PWM controllers 142 in the other controllers
14,-14,,, may be implemented as shown in FIG. 22. The
PWM controller 142 shown in FIG. 22 is a modification of
the PWM controller 142 shown in FIG. 18. The PWM
controller shown in FI1G. 22 is different from the one shown
in FIG. 18 in that instead of the frequency divider 144 there
is a further delay element 149 which receives the second
clock signal CLK2, ; from another controller and generates
the second clock signal CLK?2, based on the received second
clock signal CLK2, | and the desired time offset (Tp/4 in
FIGS. 19A and 19B) between the drive cycles of the
individual converter cells 1,-1,,. In FIG. 22 CLK2,,
denotes the second clock signal received by the respective
controller. If, for example, the PWM controller shown in
FIG. 22 is the PWM controller of the controller 14; shown
in FIG. 21, then CLK2, | is the clock signal CLK2 received
from the controller 14,, and CLK, is the control signal used
in the converter cell 1, to control the beginning and the end
of the on-time.
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The interleaved operation of the first converter cells
1,-1,, explained before in which the individual converter
cells are operated at the same duty cycle is only one way of
operating the series connected first converter cells 1,-1,,. In
this embodiment, each of the converter cells is operated in
a PWM fashion (at the switching frequency fp) such that
each converter cell is in the on-state for a certain time period
and in the off state for a certain time period in each drive
cycle. That is, the individual converter cells are operated in
the same operation mode. According to another embodi-
ment, in one drive cycle, only one of the first converter cells
1,-1,, is operated in a PWM fashion based on the modu-
lation index, while the other first converter cells are either in
the on-state or in the off-state throughout the complete
duration of one drive cycle. Thus, each of the converter cells
is operated in one of three different operation modes, the
PWM mode, the on-state (on-mode), and the off-state (off-
mode). An on-state of one converter cell throughout one
drive cycle corresponds to a duty cycle of 1 (and a modu-
lation index of 0) of the corresponding converter cell, and an
off-state of one converter cell throughout one drive cycle
corresponds to a duty cycle of 0 (and a modulation index of
1) of the corresponding converter cell. That is, operating one
cell in a PWM fashion and operating the other cells either in
the on-state or the off-state corresponds to operating the
individual cells at different duty cycles and modulation
indices, respectively. In general, the modulation indices
m,-m,;, of the individual converter cells 1,-1,,, are selected
such that

Ve Zee e V2= V2 ror (15),

where N1=N2, V,,, is the instantaneous level of the input
voltage V, m; is the modulation index of one converter
cell, V2, is the corresponding DC link voltage, m is the
overall modulation index of the power converter, and V2,7
the voltage level of the total DC link voltage. If the indi-
vidual DC link voltages V2,-V2,, are substantially equal
and equal to V2;,,/N1 then

(16)

V2por [
Vin = T [; mi] =m-VY2por,

an

Operating the individual converter cells at different modu-
lation indices is explained with reference to FIG. 23. F1G. 23
shows timing diagrams of the drive signals S12,-12;,, of
the low-side switches in the individual first convetrter cells,
wherein the signal levels of the drive signals S12,-12,,,
represent the operation state of the individual first converter
cells 1,-1,,, as explained above.

For the purpose of explanation it is assumed that m=0.625
and N1=4. As 4.0.625=2.5=1+1+0+0.5, an overall modula-
tion index of m=0.625 of the power converter 10 can be
obtained by operating two converter cells at a modulation
index of 1 (at a duty cycle of 0), one converter cell at a
modulation index of 0 (at a duty cycle of 1) and one
converter cell at a modulation index of 0.5 (at a duty cycle
of 0.5). This is illustrated in FIG. 23. In a first drive cycle
shown in FIG. 23, m,;=0.5, m,=m,=1, and m,,=0, that is,
converter cell is operated in a PWM fashion at a duty cycle
of d,=0.5 (=1-m,=1-0.5), converter cells 1, and 1, are in
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the off-state, and converter cell 1,, is in the on-state. In a
next drive cycle, the modulation indices of 1, 1, 0, and 0.5
may be assigned to the converter cells in another way (as
illustrated in FIG. 23). However, it is also possible to operate
each of the converter cells with the same modulation index
for several drive cycles.

The overall duty cycle of the first power converter 10,
such as the duty cycle d=0.375 in FIG. 23 denotes the
average duty cycle of each of the first converter cells, that is

N1 (18)
24
4= A

N1~

wherein d, denotes the individual duty cycle of each first
converter cell. In the embodiments shown in FIGS. 19A and
19B, the individual converter cells have the same duty cycle
and the same modulation index which ist the overall duty
cycle and the overall modulation index, respectively.

FIG. 24 shows one embodiment of a converter cell 1,
which may be used in a multi-cell converter with IS topol-
ogy of the type shown in FIG. 12 when the multi-cell
converter receives a sinusoidal voltage as the input voltage
V- That is, each of the converter cells shown in FIG. 12
may be replaced with a converter cell of the type shown in
FIG. 24. In FIG. 24, V1, denotes the cell input voltage, V2,
denotes the DC link voltage at the associated DC link
capacitor 11,, I1,, denotes the cell output current (which is
the current into the circuit node to which the DC link
capacitor 11, is connected thereto).

Referring to FIG. 24, the converter cell 1, includes a
bridge circuit with two half-bridges 17, 18. Each half-bridge
17, 18 includes a high-side switch 17,,, 18,, and a low-side
switch 17,, 18;. Load paths of the high-side switch 17, 18,
and the low-side switch 17, 18, of each half-bridge 17, 18
are connected in series, whereas these series circuits are each
connected in parallel with DC link capacitor 11,. Each
half-bridge 17, 18 includes a tap, which is a circuit node
common to the load paths of the high-side switch 17, 18,
and the low-side switch 17;, 18, of the respective half-
bridge 17, 18. A first cell input node of the first converter cell
1, is connected to the tap of the first half-bridge 17, and a
second cell input node of the first converter cell 1, is
connected to the tap of the second half-bridge 18. The
topology shown in FIG. 24 will be referred to as full-bridge
topology in the following.

A first converter 10 with an IS topology and implemented
with first converter cells of the type shown in FIG. 24 can
directly process a sine voltage provided from a power grid
so that a rectifier circuit 100 (see FIG. 11), which may cause
losses, is not required. There are several ways to operate the
converter cell 1, with the full-bridge topology. Two of these
ways of operation are explained with reference to FIGS. 25A
and 25B below. In each of these FIGS. 25A and 25B timing
diagrams of the input voltage V,,, during one period of the
input voltage V., and of drive signals S17,-S18; of the
high-side and low-side switches 17,,-18; are schematically
illustrated.

Referring to FIG. 25A, the converter cell 1, operates
differently in the positive half-wave and the negative half-
wave of the sinuseidal input voltage V. However, within
each halfwave the operation of the converter cell 1, is very
similar to the operation of one of the converter cells 1,-1,,
shown in FIG. 12 which each include one electronic switch
and one rectifier element. During each half-wave, the two
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switches of one of the two half-bridges 17, 18 are operated
i a PWM fashion, while the two switches of the other of the
two half-bridges are in a predefined operation state during
the duration of the halfwave. That is, the two switches of the
one half-bridge are switched at the switching frequency fp
explained above, while the two switches of the other half-
bridge are switched only once in (at the beginning of) one
halfwave. During the positive halfwave of the input voltage
V v the high-side switch 18, of the second half-bridge 18 is
in the off-state, and the low-side switch 18; is in the on-state.
During this positive halfwave, the low-side switch 17; of the
first half-bridge 17 operates in a PWM mode, like the
switching element 12 in the converters 1, shown in FIG. 12,
and the high-side switch 17,, of the first half-bridge 17
operates like the high-side switch (rectifier element) 13
shown in FIG. 12. That is, the high-side switch 17, also
operates in a PWM fashion, but complementary to the
low-side switch 17,. During the negative halfwave of the
input voltage V,,, the high-side switch 17, of the first
half-bridge 17 is in the off-state, and the low-side switch 17,
of the first half-bridge 17 is in the on-state. The low-side
switch 18; of the second half-bridge 18 is operated in the
PWM fashion, like the switching element 12 of the first
converter 1, shown in FIG. 12. The high-side switch 18,
operates like the high-side switch 13 shown in FIG. 12. That
is, the high-side switch operates in a PWM fashion comple-
mentary to the low side switch. By operating the switches of
one half-bridge complementary in the PWM mode the two
switches are not switched on at the same time. In this
embodiment, the two high-side switches 17, 18, may be
replaced by rectifier elements such as, for example, diodes.

In the embodiment shown in FIG. 25A, the first half-
bridge 17 operates in a PWM fashion in one halfwave (the
positive halfwave in this embodiment), and the second
half-bridge 18 operates in a PWM fashion in the other
halfwave (the negative halfwave in this embodiment). In
another way of operation explained with reference to FIG.
25B only one of the two half-bridges 17, 18 operates in a
PWM fashion while the other half-bridge operates at the
frequency of the input voltage V,,, so that the other half-
bridge switches only once in each halfwave. This way of
operation will be referred to as totem pole modulation in the
following. The totem pole modulation allows to optimize the
half-bridge operated in the PWM mode in terms of low
switching losses, and to optimize the other half-bridge in
terms of low conduction losses. Just for the purpose of
explanation it is assumed that the first half-bride 17 operates
in the PWM mode, where the switching frequency may be
18kHz or higher, and that the second half-bridge 18 operates
at twice the frequency of the input voltage V.

Referring to FIG. 25B, in the positive halfwave the
converter cell 1, operates as explained with reference to FIG.
25A above. That is, the low-side switch 17, operates in a
PWM fashion based on the modulation index m, and the
duty-cycle d, (=1-m,), respectively, of the converter cell 1,,
and the high-side switch 17, switches complementarily. The
high-side switch 18, of the second half-bridge 18 is off, and
the corresponding low-side switch 18; is on. In the negative
halfwave, the drive schemes of the individual switches are
“inverted” as compared to the positive halfwave. That is, the
high-side switch 17, operates in a PWM fashion based on
the modulation index m, and the duty-cycle d,, respectively,
of the converter cell 1, and the low-side switch 17, switches
complementarily. The high-side switch 18, of the second
half-bridge 18 is on, and the corresponding low-side switch
18; is off.
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Referring to FIG. 24, a controller 19 controls the opera-
tion of the half-bridges 17, 18. This controller 19 generates
the drive signals S17,, S17;, S18,;, S18; for the individual
high-side and low-side switches 17,,-18; . Like the controller
14 explained with reference to FIG. 12 above before, the
controller 19 controls the individual switches 17,,-18; based
on the modulation index m, received by the main controller
4. The main controller 14 may be implemented as explained
with reference to FIGS. 13 and 14. When the input voltage
V15 an alternating voltage, such as sine voltage shown in
FIG. 23, the modulation signal m and m, respectively,
generated by the main controller is an alternating signal
which may vary between -1 and +1.

FIGS. 26A and 26B show two embodiments of a control-
ler 19 which is configured to control the half-bridges 17, 18
in the converter cell 1, shown in FIG. 24 based on the
modulation index m. FIG. 26A shows one embodiment of a
controller configured to control the two half-bridge in accor-
dance with the modulation scheme shown in FIG. 25A, and
FIG. 26B shows one embodiment of a controller configured
to control the two half-bridges 17, 18 in accordance with the
modulation scheme shown in FIG. 25B.

Referring to FIG. 26A, the controller 19 includes a first
PWM controller 191 which receives a first duty cycle signal
d17 and drives the high-side switch 17, and the low-side
switch 17, of the first half-bridge 17 based on this first duty
cycle d17. The controller 19 further includes a second PWM
controller 192 which receives a second duty cycle signal d18
and is configured to drive the high-side switch 18, and the
low-side switch 18, of the second half-bridge 18 based on
the second duty cycle d18. The controller 19 is configured to
generate the first and second duty cycles d17, d18 as
follows:

d17=1-m,, if m>0 (19A)
d17=1, if m,<0 (19B)
A18=1+m,, if m<0 (19C)
d18=1, if m20 (19D).

Thus, during the positive halfwave of the input voltage
Vv and the positive halfwave of the modulation index
(which is substantially in phase with the input voltage V)
the low-side switch 18; is on (d18=1), the high-side switch
18, is off, the low-side switch 17, of the first half-bridge 17
is switched on and off with the duty cycle d17 defined by the
modulation index m, and the high-side switch 17, is
switched on and off complementary to the low-side switch
17, . During the negative halfwave, the low-side switch 17,
of the first half-bridge 17 is on (d17=1), the high-side switch
17, is off, the low-side switch 18, of the second half-bridge
is switched on and off with the duty cycle d18 as defined by
the modulation index m;, and the high-side switch 18, is
switched on and off complementary to the low-side switch
18;.

The first duty cycle d17 may be generated by multiplying
the modulation index m; with -1 by a first multiplier 193,
adding +1 to the result by an adder connected downstream
the first multiplier 193, and by limiting the output signal of
the adder 194 to a range of between 0 and +1 by a limiter
195. The first duty cycle d17 is available at the output of the
limiter 195. The second duty cycle d18 may be generated by
adding one to the modulation signal m, by a second adder
196, and by limiting an output signal of the second adder 196
to a range of between 0 and 1 by a second limiter 197. The
second duty cycle d18 is available at the output of the second
limiter 197.
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The controller 19 shown in FIG. 26B is configured to
generate the first and second duty cycles d17, d18 as
follows:

d17=1-m,, if m>0 (20A)
d17=—m,, if m=0 (20B)
d18=0, if m;<0 (20C)
d18=1, if m;=0 (20D).

Thus, during the positive halfwave of the input voltage
V,» and the positive halfwave of the modulation index
(which is substantially in phase with the input voltage V)
the low-side switch 18; is on (d18=1), the high-side switch
18,,is off, the low-side switch 17, of the first half-bridge 17
1s switched on and off with the duty cycle d17 defined by the
modulation index m, and the high-side switch 17, is
switched on and off complementary to the low-side switch
17;. During the negative halfwave, the low-side switch 18,
is off (d18=0), the high-side switch 18, is on, the high-side
switch 17, of the first half-bridge 17 is switched on and off
with the duty cycle d17 defined by the modulation index m,,
and the low-side switch 17, is switched on and off comple-
mentary to the high-side switch 17,.

The second duty cycle d18 may be generated by simply
detecting the polarity of the modulation index m, using a
threshold detector 198 which compares the modulation
index with 0. The second duty cycle d18, which is available
at the output of the threshold detector 198, is 1 if the duty
cycle m1 is above 0 and is O if the modulation index m; is
below 0. The first duty cycle can be obtained by subtracting
the modulation index m, from the output of the first threshold
detector, that is from the second duty cycle using a subtrac-
tor. Thatis, d17=1-d18 in this embodiment. Each of first and
second PWM controllers 191, 192 shown in FIGS. 26A and
26B can be implemented like the PWM controller 142
explained with reference to FIGS. 18 and 22 hereinbefore. In
case of the PWM controller 191, the duty cycle d; shown in
FIG. 18 corresponds to the first duty cycle d17, the drive
signal S12; shown in FIG. 18 corresponds to the drive signal
S17, of the low-side switch and the drive signal S12,,
corresponds to the drive signal S17,, of the high-side switch.
Equivalently in case of the second PWM controller 192, the
duty cycle d, shown in FIG. 18, corresponds to the second
duty cycle d18, the drive signal S12, corresponds to the
drive signal S18; of the low-side switch, and the drive signal
S12,; corresponds to the drive signal S18,, of the high-side
switch.

Referring to the explanation before, a first power con-
verter 10 which receives an alternating input voltage and
which includes first converter cells 1,-1,, of the type
explained with reference to FIGS. 24 to 26 in the positive
halfwave of the input voltage V,,, operates like the first
power converter 10 shown in FIG. 12, and in the negative
halfwave, of the input voltage V,,, operates in a similar way,
wherein during the negative halfwave the first converter
cells connect the DC link capacitors, such as DC link
capacitor 11, shown in FIG. 24, to the cell input in such a
way that the cell input voltage, such as voltage V1, shown in
FIG. 24 is negative.

One way of operation of the first power converter 10
during one period of the input voltage V,, is illustrated in
FIG. 27. During the positive halfwave, the operation is as
explained with reference to FIG. 20. During the negative
halfwave of the input voltage V ,, the total cell input voltage
V1, varies between negative voltage levels, wherein a

10

20

25

40

45

60

65

26

difference between two of these voltage levels is V2,,,/N2.
During the negative halfwave, the input current reference
signal I, - and, consequently, the input current I, are
negative. However, the DC link voltages V2,-V2,, are
positive. The individual converter cells 1,-1,,, may operate
in the same operation mode, as explained with reference to
FIGS. 19A and 19B, or in different modes, as explained with
reference to FIG. 23.

A first power converter 10 with an IS topology is not
restricted to receive a rectified sine voltage or a sine voltage
as the input voltage V. The power converter 10 could also
be operated with a direct voltage as the input voltage V. In
this case, the first power converter generates a plurality of
DC link voltages 11,-11,,, which may each have a voltage
level lower than a voltage level of the input voltage V.
Nevertheless, the level of the overall DC link voltage V2,
may be higher than the voltage level of the input voltage.
The waveform of a direct voltage as the input voltage V,,is
schematically illustrated in FIG. 2C. A multi-cell converter
implemented with converter cells 1,-1,,, shown in FIG. 12
may receive a positive voltage as the input voltage V,, and
a multi-cell converter implemented with converter cells
shown in FIG. 24 may either receive a positive voltage or a
negative voltage as an input voltage.

In case the first power converter 10 is only operated with
a direct voltage as the input voltage V,, the main controller
4 may be simplified as shown in FIG. 28. The main
controller 4 shown in FIG. 29 is based on the main controller
shown in FIG. 14 and is different from this main controller
shown in FIG. 14 in that the further multiplier 414 is
omitted. The input current reference signal 1y pzp corre-
sponds to the output signal A of the multiplier 412 or the
output signal C of the optional divider 413, respectively. In
this embodiment, the input signal B of the optional divider
is V5 az4x Which denotes the voltage level of the input
voltage V.

FIG. 29 shows one embodiment of a multi-cell converter
10 in which the individual converter cells 1,-1,,, have their
cell inputs connected in parallel at the input IN1, IN2 of the
multi-cell converter. That is, each converter cell 1,-1,, has
a first cell input node connected to the first input node IN1,
and each converter cell 1,-1,, has a second cell input node
connected to the second input node IN2 so that each of the
converter cells 1,-1,, receives the input voltage V,,. The
topology of the multi-cell converter shown in FIG. 29 will
be referred to as 1P (Input Parallel) topology in the follow-
ing.

In the embodiment shown in FIG. 29, the converter cells
1,-1,, are implemented with full-bridge topology, wherein
only converter cell 1, is shown in detail. However, a boost
converter topology as shown in FIG. 12 may be used as well.
The multi-cell converter with the IP topology shown in FIG.
29 is different from the multi-cell converter with the IS
topology shown in FIG. 12 in that in the converter shown in
FIG. 29 each of the plurality of converter cells 1,-1,,
includes an inductor. As shown in cell 1, the inductor 151
in each cell is connected between one cell input node, such
as the first cell input node, and the bridge circuit with the two
half-bridges 17, 18. Cell input voltages V1,-V,, of those
converter cells are the voltages between the taps of the
half-bridges. This is in correspondence with the converter
cell 1, shown in FIG. 24.

In the multi-cell power converter 10 with the IP topology
shown in FIG. 29, each first converter cell 1,-1,, is config-
ured to control (regulates) its DC link voltage V2,-V2,,,. For
this, each of these converter cells 1,-1,,, includes a control-
ler, wherein in FIG. 29 only the controller 4, of the converter



US 9,929,662 B2

27

cell 1, is shown. Each of these controllers may be imple-
mented in accordance with the main controller 4 shown in
FIGS. 13 and 14, with the difference that the controllers in
the individual converter cells 1,-1,, do not receive signals
representing each of the DC link voltages V2,-V2,,, but
only a signal representing the DC link voltage of the
respective converter cell, and a signal representing the
desired level of the converter cell. One embodiment of the
controller 4, in the converter cell 1, is shown in FIG. 30. The
controllers in the other converter cells may be implemented
equivalently.

The controller 4, shown in FIG. 30 is based on the main
controller 4 shown in FIG. 14 and is different from the main
controller shown in FIG. 14 in that it outputs the modulation
index m, only for one converter cell 1,. Further, this modu-
lation index m, is calculated based on the DC link voltage
signal V2, ,, of the respective converter cell, the DC link
voltage reference signal V2, .. of the respective converter
cell, and, optionally, on the instantaneous voltage level of
the input voltage V. In the controller 4, shown in FIG. 30
the components corresponding to the components of the
controller 4 shown in FIG. 14 have the same reference
character to which a subscript index “1” has been added.
With regard to the operation of the controller 4, reference to
the description of FIG. 14 is made. The multiplier 414,
shown in FIG. 30 may be omitted when the input voltage
Vv of the multi-cell converter 10 is a direct voltage. In this
case, the input signal B of the divider corresponds to
Vv asax:

As can be seen in the converter cell 1, shown in FIG. 29,
the switch controller (19 in cell 1,) of each converter cell
1,-1,, receives the modulation index (m, in cell 1,) from the
corresponding controller (41 in cell 1,) and controls the
switches (17,-18; in cell 1)) in the converter cell based on
the modulation index m, . The individual main controllers 4,
can be implemented in the converter cells 1,-1,. In case of
a digital implementation of the main controller 4, and the
switch controller 19,, of one converter cell 1,, the main
controller 4, and the switch controller 19 may be imple-
mented in one signal processor.

FIG. 31 shows one embodiment of the second power
converter 20 with an OP topology, that is, a topology in
which the cell outputs of the individual converter cells
2,-2, are connected in parallel at the output OUT1, OUT2.
In FIG. 31 only one converter cell, namely converter cell 2,
is shown in detail. The other converter cells 2,-2,5 can be
implemented equivalently.

The converter cell 1, is implemented with a flyback
converter topology. That is, the converter cell 2, includes a
series circuit with an electronic switch 202 and a primary
winding 201, of a transformer 201, wherein this series
circuit is connected in parallel with the DC link capacitor 11
so as to receive the DC link voltage V2,. A secondary
winding 201 is inductively coupled with the primary wind-
ing 201 .. A rectifier circuit 203 is coupled to the secondary
winding 201 ; and provides the cell output current 12, to the
cell output and the output OUTI, respectively. A PWM
(Pulse Width Modulation) controller 204 receives an output
current signal 12_, , and the output current reference signal
12z The output current signal 12, ,, represents the
instantaneous current level (actual value) of the output
current [2. The output current reference signal 12, .-
represents a desired current level of the output current 12,
This output current reference signal 12, ., may vary over
time as the power consumption of the load may change. In
this topology, the transformer 219 provides for a galvanic
isolation between the cell input and the cell output.
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The PWM controller 204 is configured to generate a
PWM drive signal S202 which drives the electronic switch
202. Based on the output current reference signal 12, zp
and on the output current signal 12, ,, the PWM controller
201 controls a duty cycle of the PWM drive signal $202
such that a current level of the output current 12, has a
current level which at least approximately equals the current
level defined by the reference signal 12, ... The switching
frequency of the PWM drive signal S202 may be in the same
range as the switching frequency in the converter cells
1,-1,, explained above, that is, between 18 kHZ and several
100 kHz. The duty cycle is a ratio between the on-time of the
electronic switch 202 in one drive cycle and the duration of
the drive cycle. The on-time of the electronic switch 202 is
the time for which the electronic switch 202 is switched on
in one drive cycle. The duration of one drive cycle of the
electronic switch 202 is the reciprocal of the switching
frequency.

The electronic switch 202, like the other electronic
switches explained above and below, may be implemented
as a conventional electronic switch such as, for example, a
MOSFET (Metal Oxide Semiconductor Field-Effect Tran-
sistor), an IGBT (Insulated Gate Bipolar Transistor), a JFET
(Junction Field-Effect Transistor), a BJT (Bipolar Junction
Transistor), a HEMT (High Electron Mobility Transistor), in
particular a GaN HEMT, or the like.

FIG. 32A shows another type of converter cell which may
be used in the multi-cell converter 20 shown in FIG. 31. The
converter cell 2, (wherein i denotes any of the order numbers
1 to N3) shown in FIG. 32 is implemented with a dual active
bridge (DAB) topology. Such topology is disclosed in FIGS.
2a and 2b of Everts, J.; Krismer, F.; Van den Keybus, J;
Driesen, I.; Kolar, J. W., “Comparative evaluation of soft-
switching, bidirectional, isolated AC/DC converter topolo-
gies,” Applied Power Electronics Conference and Exposi-
tion (APEC), 2012 Twenty-Seventh Annual IEEE, pp. 1067-
1074, 5-9 Feb. 2012, which is disclosed herein by reference
in its entirety. F1G. 32 shows one embodiment of a converter
cell 2, implemented with a “full bridge—full bridge DAB
topology” as disclosed in Everts et al.

Referring to FIG. 32 A, the converter cell 2; includes a first
(full) bridge circuit with two half-bridges each including a
high-side switch 211, 213 and a low-side switch 212, 214.
The half-bridges of the first bridge circuit are connected
between the cell input nodes for receiving the respective DC
link voltage V2,. A series circuit with an inductive storage
element 221 and a primary winding 219, of a transformer
219 is connected between output nodes of the two half
bridges 211, 212 and 213, 214, respectively. An output node
of one half-bridge is a circuit node common to the high-side
switch 211, 213 and the low-side switch 212, 214 of the
half-bridge. The transformer 219 provides for a galvanic
isolation between the cell input and the cell output, wherein
the cell output is connected to the output OUT1, OUT2 of
the power converter circuit. The transformer 219 includes a
secondary winding 219, which is inductively coupled with
the primary winding 219,. A further inductive storage 220
element drawn in parallel with the primary winding 219, in
FIG. 32A represents the magnetizing inductance of the
transformer 219.

A second bridge circuit with two half bridges each includ-
ing a high-side switch 215, 217 and a low-side switch 216,
218 is coupled between the secondary winding 219 and cell
output nodes of the cell output. Each of these half-bridges
215, 216, and 217, 218, respectively, includes an input,
which is a circuit node common to the high-side switch 215,
217 and the low-side switch 216, 218 of the respective
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half-bridge. The input of a first half-bridge 215, 216 of the
second bridge circuit is connected to a first node of the
secondary winding 219, and the input of a second half-
bridge 217, 218 of the second bridge circuit is connected to
a second node of the secondary winding 219,. The half-
bridges of the second bridge circuit are each connected
between the cell output nodes.

The switches 211-214, 215-218 of the first and second
bridge circuits shown in FIG. 8 may each be implemented to
include a rectifier element (freewheeling element), such as a
diode, connected in parallel with the switch. These switches
can be implemented as known electronic switches, such as
MOSFETs (Metal-Oxide Field-Effect Transistors), IGBTs
(Insulated Gate Bipolar Transistors), JFETs (Junction Field-
Effect Transistors), HEMTs (HighElectron-Mobility Tran-
sistors), or the like. When the switches 211-214, 215-218 are
each implemented as a MOSFET, an internal body diode of
the MOSFETs can be used as rectifier element, so that no
additional rectifier element is required.

A control circuit 222 controls operation of the two bridge
circuits. For this, each of the switches 211-214, 215-218
receives an individual drive signal from the control circuit
24. These drive signals are referred to as S211-S 214 and
S215-S218 in FIG. 8. The control circuit receives the output
current signal 12, ,, and the output current reference signal
12, pzr and is configured to drive the switches 211-214,
215-218 such that the current level of the output current 1,5,
substantially corresponds to the current level defined by the
reference signal 12, ... There are several ways to drive the
switches 211-214, 215-218 to obtain this. According to one
embodiment, a duty cycle of the individual switches 211-
214, 215-218 is modulated in the region of 50%. For details
on controlling the switches, reference is made to F. Krismer,
J. W. Kolar, “Closed form solution for minimum conduction
loss modulation of DAB converters”, IEEE Transactions on
Power Electronics, Vol. 27, Issue 1, 2012, which is incor-
porated herein by reference in its entirety.

According to one embodiment, the control circuit 222 is
configured to control a timing of switching on and switching
off the individual switches 211-214 of the first bridge such
that at least some of the switches 211-214 are switched on
and/or switched off when the voltage across the respective
switch is zero. This is known as zero voltage switching
(ZVS).

FIG. 32B shows another embodiment of one converter
cell 2,. In this embodiment, the converter cell 2, is imple-
mented with a buck converter topology. The converter cell
2, includes a half-bridge 241 with a high-side switch 241,,
and a low-side switch 241;. The half-bridge 241 is con-
nected to the cell input such that that the associated DC link
voltage V2, drops across the series circuit with the high-side
switch 241,, and the low-side switch 241,. An inductor is
connected between a tap of the half-bridge 214 and one of
the cell output nodes. The tap of the half-bridge is a circuit
where the high-side switch 214, and the low-side switch
241; are connected. A PWM controller 243 receives the
output current signal 12, ,, which represents the output
current 12, of the converter cell 2,, and the output current
reference signal which represents the desired current level of
the cell output current 12,. The cell output current 12, is the
current through the inductor 242. The controller 243 is
configured to generate PWM drive signals S214,,, S241, for
the high-side and the low-side switch 241,, 241, switch
such that the output current I2, has a current level which
substantially equals a current level represented by the output
current reference signal 12; gz
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In the buck topology shown in FIG. 32B, the current level
of the output current 12, is controlled by controlling the duty
cycle of the high-side switch 241,,. The low side switch acts
as a freewheeling element, which switches complementary
to the high-side switch 241,,.

It should be noted that the topologies of the converter cells
shown in FIGS. 31 and 32A-32B are only two of many
possible examples of how the converter cells 2,-2,,, may be
implemented. The topologies shown in FIGS. 31 and 32A
each include a transformer 201 and 219, respectively, which
provides for a galvanic isolation between the cell inputs and
the cell outputs. Thus, these transformer also provide for a
galvanic isolation between the input IN1, IN2 and the output
OUT1, OUT2 of a power converter circuit implemented
with a multi-cell converter 20 as shown in FIG. 31. How-
ever, possible implementations of the converter cells 2,-2,,
are not restricted to topologies including a transformer,
which may be referred to as isolated topologies. Instead,
non-isolated topologies, which are topologies without a
galvanic isolation between the cell input and the cell output,
may be used as well. One example of such non-isolated
topology is the buck converter topology shown in FIG. 32B.

Referring to FIG. 31, the multi-cell converter 20 includes
a main controller 3 which generates the output current
reference signals 12, ppp-1253 zgr received by the indi-
vidual converter cells 2,-2,,. One embodiment of this main
controller is shown in FIG. 33. The main controller 33
shown in FIG. 33 includes an output voltage controller 31
which receives an output voltage signal V., ,, and an
output voltage reference signal V- pge The output volt-
age signal V 5,7 ,, Tepresents an instantaneous voltage level
of the output voltage V ,, - and the output voltage reference
signal V o, zir represents the desired voltage level of the
output voltage V. Based on these signals V7 ggms
Vour s il particular based on a difference between these
signals Vo7 zem Voot ap the output voltage controller 31
generates an output current signal I,,; zg~ The output
current signal Iy, xzp represents a desired current level of
the output current I,,,,. According to one embodiment, the
individual converter cells 2,-2,, supply equal shares of the
output current I, In this case, the level of each of the
output current reference signals 12, rz12,, zzr received
by the individual converter cells 2,-2x= i8 Tpor 2ze/N3. In
the embodiment shown in FIG. 33, a divider 31' calculates
the output current reference signals 12, zzz-12,5 rz based
on the output current reference signal I, ;- ppp

When implemented with a main controller 3 as shown in
FIG. 33, the multi-cell converter 20 has a voltage source
characteristic. According to one embodiment, the second
power converter 20 is configured to provide the output
power P, such that the output voltage V5, is substan-
tially constant. As the power consumption of the load Z may
vary, the second power converter 20, in this embodiment, is
configured to vary the output current I, ;- in order to keep
the output voltage V . substantially constant, but to meet
the power requirements by the load 7. According to another
embodiment, the second power converter 20 has a current
source characteristic. That is, the second power converter is
configured to control the output current I, In this
embodiment, the output voltage controller 31 may be omit-
ted. In this case, the output current reference signal I, grr
may be provided by a central controller (not shown) similar
to the central controller which provides the output voltage
reference signal V7 zre Basically, the second power
converter may be configured to control one of the output
voltage V. and the output current. This equivalently
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applies to each of the second power converters 20 explained
below, which are configured to supply a direct current.

FIG. 34 shows one embodiment of the second power
converter 20 with an OS (Output Serial) topology. In FIG.
34, converter cell 2, is shown in detail. The other converter
cells 2,-2,; may be implemented accordingly. The OS
topology shown in FIG. 34 is similar to the IS topology
shown in FIG. 12. Like in the IS converter shown in FIG. 12,
the OS converter shown in FIG. 33 has one inductor 24
which is connected in series with the cell output of the
individual converter cells 2,-2,,;. The series circuit with the
cell outputs and the inductor 24 is connected between the
output nodes OUT1, OUT2.

In the embodiment shown in FIG. 34, the individual
converter cells 2,-2,5 are implemented with a full-bridge
topology, which is explained in detail with reference to one
converter cell 1, of the IS topology in FIG. 24 above.
Referring to FIG. 34, the converter cell 2, includes a first
half-bridge 231 with a high-side switch 231, and a low-side
switch 231, and a second half-bridge 232 with a high-side
switch 232,, and a low-side switch 232,. A controller 233
operates these switches 231,,-232; by generating drive sig-
nals S231,,-S232, for these switches 231,,-232; based on an
modulation index m, received from a main controller 5.
Unlike the converter cell 1, shown in FIG. 24, a cell output
of the converter cell 2, is formed by taps of the two
half-bridges. The cell input, where the DC link voltage V2,
is received, is formed by those circuit nodes where the two
half-bridges 231, 232 are connected in parallel. The con-
troller may operate the full-bridge in accordance with one of
the modulation schemes explained with reference to FIGS.
26A and 26B above.

The power converter 20 with the OS topology shown in
FIG. 34 can be operated to supply an output current 1,,,, to
a power grid connected to the output nodes OUT1, OUT2.
In this case, the output voltage V. at the output OUT1,
OUT?2 is defined by the power grid. In other words, the
power converter 20 receives the output voltage V ;- at the
output and provides the output current I, at the output.
The instantaneous level of the output power is defined by the
instantaneous level of the output voltage V,, and the
instantaneous level of the output current. The output voltage
may have a sinusoidal waveform, as schematically illus-
trated in FIG. 34. In this case, the second converter 20
generates the output current 1, such that a waveform of
the output current 1, is substantially in phase with the
output voltage V., (or that there is a predefined phase
difference). Further, the second converter 20 may generate
the amplitude of the output current I, such that the total
DC link voltage has a predefined voltage level. A second
power converter 20 configured to control the waveform of
the output current I, to substantially be equal to the
waveform of the output voltage V- will be referred to as
a second power converter 20 with a PFC (Power Factor
Correction) capability or, briefly, as a second PFC power
converter 20.

In the embodiment shown in FIG. 34, the individual
converter cells 2,-2,, share one inductor 34, which is
connected in series with the cell outputs. According to
another embodiment (not shown) each of the converter cells
21-2N3 includes an inductor connected between one cell
output node and the tap of the first half-bridge 231. In each
case, the individual converter cells 2,-2,; at as buck con-
verters. That is, the cell output voltage of each converter cell
2,-2,; 18 lower than the DC link voltage V2,-V2,, of the
associated DC link capacitor 11,-11,,,;. The topology of the
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converter cell shown in FIG. 34 will also be referred to as
full-bridge topology (or full bridge buck topology) in the
following.

The second converter 20 with the OS topology shown in
FIG. 34 can be operated to generate an AC voltage, such as
a sine voltage, as the output voltage V 5, from the DC link
voltages V2,-V2,,. However, it can also be operated to
generate a rectified sine voltage or a DC voltage as the
output voltage. In this case, the output voltage V ;- 1s a
rectified sine voltage or a DC voltage, the converter cell 2,
may be simplified by omitting the high-side switch 232, of
the second half-bridge 232 and by replacing the low-side
switch 232, with a conductor. The converter cell 2, (and
each of the other converter cells 2,-2,,) then only includes
the first half-bridge 231, wherein the first half-bridges of the
individual converter cells 2,-2,, are connected in series.
Such modified topology of the converter cells 2,-2,,, will be
referred to as buck topology in the following.

It should be noted that the converter cells 2,-2,, are not
restricted to be implemented with a full-bridge buck topol-
ogy as shown in FIG. 34, or with a buck topology explained
above. Other topologies, in particular modifications of the
topology shown in FIG. 34 may be used as well. One such
modification is shown in FIG. 34. This medification includes
an additional switch 234 connected between the DC link
capacitor 11, and the full-bridge. Such modified topology is
known as H5 topology. The further switch 234 may be
switched on and off synchronously with the one of the
switches that is operated in the PWM mode in the respective
modulation scheme. Another modification includes addi-
tional switches (not shown) between the taps of the two
half-bridges. Such modified topology is known as HERIC
topology.

One embodiment of a main controller 5 which is config-
ured to operate the converter cells 2,-2,5 such that the
second converter 20 controls the total DC link voltage
V2,07 and generates the output current I, such that it is
substantially in phase with the output voltage V ,,1s shown
in FIGS. 35 and 36. FIG. 35 shows a block diagram of one
embodiment of the main controller 5, and FIG. 36 shows one
embodiment of the main controller shown in FIG. 35 in
greater detail. The main controller 5 shown in FIGS. 35 and
36 is very similar to the main controller 4 of the IS converter
shown in FIGS. 13 and 14. Instead of the input reference
current controller 41 in the main controller 4, the main
controller 5 shown in FIG. 35 includes an output reference
current controller 51 which receives an output voltage signal
V oot 1 Which represents the instantaneous voltage level of
the output voltage V.. The output reference current
controller 51 further receives DC link voltage signals
V2, 2/V2us 2, which represent the individual DC link volt-
ages V2,-V2,,, and a total DC link voltage reference signal
V2,07 ree The total DC link voltage reference signal
V2,07 rzr tepresents a desired signal level of the total DC
link voltage V2,,,. Based on these signals, the output
reference current controller 51 generates an output reference
signal 1,7 rer Which is received by a modulation index
controller 52. Based on the output current reference signal
lour rer and based on an output current signal I 5,7 5, the
modulation index controller 52 generates a modulation
index m. According to one embodiment, the modulation
indices m,-m,, received by the individual converter cells
2,-2, shown in FIG. 34 is equal to the modulation index m
generated by the modulation index controller 52. The output
current signal o7, represents an instantaneous current
level of the output current.
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FIG. 36 shows one embodiment of the output reference
current controller 51 and the modulation index controller 52.
The design and the operation of the output reference current
controller 51 is similar to the design and the operation of the
input reference current controller 41 of the main controller
4 shown in FIG. 14, to which reference is made. Referring
to FIG. 36, the output reference controller 51 includes an
error filter 511 which receives the DC link voltage signals
V2, 37 V25 5, and the total DC link voltage reference
signal V257 xzrand calculates an ertor signal V2, from
these signals. The error filter 511 may have the same filter
characteristic as explained with reference to the error filter
411 shown in FIG. 14. A multiplier 512 multiplies the error
signal V2., with the total DC link voltage reference signal
V2,07 rer An output signal A of the multiplier 512 is
received by a divider 513 which divides the output signal A
of the multiplier 512 by a value which is dependent on the
amplitude of the output voltage V o (Vour arax 2/2 in this
embodiment). An output signal C of the divider 513 is
received by a further multiplier 514 which multiplies the
divider output signal C with the output voltage signal
Vour ar Like in the main controller 4 shown in FIG. 14, the
divider 513 in the main controller 5 shown in FIG. 36 is
optional. If the divider 513 is omitted, the further multiplier
514 receives the output signal A from the multiplier 512.

The second converter 20 shown in FIG. 34 is not
restricted to supply power to an AC grid. The second
converter 20 may also supply power to a DC grid (a DC bus)
which defines the output voltage V ;1 In this case, multi-
plying the divider output signal C or the multiplier output
signal A with the output signal V. 5, may not be neces-
sary. In this case, the input signal B of the divider is
Vour asav istead of Vo ir 10772

The firther multiplier 514 outputs the output current
reference signal 1, pzp If the further multiplier 514 is
omitted, either the output signal C of the divider 513 or the
output signal A of the multiplier 512 is the output current
reference signal 577 g

Referring to FIG. 36 the modulation index controller 52
subtracts a filtered output current signal I,  from the
output current reference signal I zzp to generate an
output current error signal I, zzz- The filtered output
current signal Iy - is obtained by filtering the output
current signal 15,7 ,, by a first filter 522. The modulation
index m is obtained by filtering the output current error
signal I, zrx bY @ second filter. The first and second filter
5§22, 523 may be designed as explained with reference to the
filters 422, 423 shown in FIG. 14.

FIG. 37 shows one embodiment of the second converter
20 with an OP topology. This converter 20 is based on the
converter 20 shown in FIG. 34 and is different from the
converter shown in FIG. 34 in that the individual converter
cells 2,-2,, have their cell outputs connected in parallel at
the output OUTT1. In the embodiment shown in F1G. 37, each
converter cell 2, -2, includes an inductor, which is shown in
the first converter cell 2, where the inductor is labeled with
reference character 24,. Further, each converter cell 2,-2,
includes a controller which generates the modulation index
of the respective converter cell. This is shown in the first
converter cell 2, where the controller is labeled with refer-
ence character 5,. The controller in each converter cell, such
as controller 5, in converter cell 2,, may correspond to the
controller 5 shown in FIGS. 35 and 36, with the difference
that the controller (in particular the error filter) of one
converter cell only receives the DC link voltage signal of the
respective converter cell and a DC link voltage reference
signal of the respective converter cell instead of each of the
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DC link voltage signals V2, ,,V2,, »,and the total DC link
voltage reference signal V2., ppm

FIG. 38 shows another embodiment of a first power
converter 10 with an IP topology. In this embodiment, the
individual converter cells 1,-1,, are implemented with a
dual-active bridge (DAB) topology, wherein only the topol-
ogy of the first converter cell 1, is shown in detail in FIG.
38. Referring to the converter cell 1,, the cell topology is
based on the cell topology shown in FIG. 32. That is, the cell
topology includes two full-bridges which each include two
half bridges, wherein each half bridge includes a high-side
switch 101, 103, 108, 110 and a low-side switch 102, 104,
109, 111. Like in the cell topology shown in FIG. 32, one full
bridge is connected to the cell input (the full bridge with
switches 101-104 shown in FIG. 38), and one full bridge is
connected to the cell output (the full bridge with switches
108-111 shown in FIG. 38). A primary winding 105, of a
transformer 105 is connected to taps of the first full bridges
101-104, and a series circuit with a secondary winding 105
and a further inductor 107 is connected to taps of the second
full bridge 108-111. A further inductor 106 drawn in parallel
with the secondary winding 105 represents the magnetizing
inductance of the transformer 105. A controller 112 controls
operation of the individual switches of the full bridges by
generating drive signals S101-S111 of the switches such that
a cell input current 10, has a current level defined by an input
current reference signal I; . For this, the controller 112
receives an input current signal 10, ,, which represents an
instantaneous current level of the input current 10, and the
input current reference signal 10, ... A main controller 6
generates the input current reference signals 10, pzp-
10y, gzr of the individual converter cell 1,-1,,.

The converter cell 1, (like the other converter cells
1,-1,,) shown in FIG. 38 has one of a step-up and a
step-down characteristic. That is, it may generate the DC
link voltage V2, with a higher voltage level or with a lower
voltage level than the input voltage V. The converter 10
shown in FIG. 38 is not restricted to be implemented with
converter cells having a DAB topology. Other topologies,
such as the flyback topology, or the buck topology explained
before may be used as well.

FIG. 39 shows one embodiment of the main controller 6.
In this embodiment, the main controller 6 includes an input
voltage controller 61 which receives an input voltage signal
Vi 4 and an input voltage reference signal Vi, - and is
configured to control the voltage level of the input voltage
Vo The input voltage controller 61 generates an input
current reference signal I, .z~ based on these signals. In
this embodiment, each of the input current reference signals
10, zzz-10y, zze received by the individual converter cells
1,-1,, corresponds to the input current reference signal
Ly rer generated by the input voltage controller 61. The
input current signal [, .- represents a desired current level
of the input current I,,. According to one embodiment, the
individual converter cells 1,-1,, receive equal shares of the
input current I, In this case, the level of each of the input
current reference signals I1, pz-11y, zz7 received by the
individual converter cells 1,-1,, is I zex/N1. In the
embodiment shown in FIG. 39, a divider 61' calculates the
input current reference signals 11, prp-I1y, zzr based on
the input current reference signal I,y ppp

For example, the input voltage V,, is controlled in those
applications where the input power is provided by a solar
panel with a plurality of photovoltaic (PV) cells. The effi-
ciency of a PV cell that receives solar power is dependent on
the input voltage so that it may become necessary to vary the
voltage at the PV panel as the solar power received by the
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solar panel varies. An operation point at which a PV cell, at
a given received solar power, has its maximum efficiency
(supplies the maximum power) is referred to as maximum
power point (MPP). The MPP can be found by varying the
voltage at the PV cell and the solar panel, respectively, and
by measuring the power received from the solar panel. This
is commonly known. According to one embodiment, an
MPP tracker (not shown) which is configured to measure the
power received at the input IN1, IN2 provides the input
voltage reference signal Vy ppr In order to operate the
power source supplying the input voltage V,,, in the MPP.

According to another embodiment, a central controller
(not shown) generates the input voltage reference signal
VINfREF'

According to another embodiment, the first power con-
verter 10 is configured to control the input current I .. In this
embodiment, the input voltage controller 61 may be omitted.
In this case, the input current reference signal Iy zzp may
be provided by a central controller (not shown) similar to the
central controller which may provide the input voltage
reference signal V,y zpp-

Several of a variety of different topologies of the first
power converter 10 and the second power converter 20 are
disclosed above. In the design of the power converter circuit,
the type of the first power converter 10 and the type of the
second power converter can be selected dependent on the
desired type of power conversion to be performed by the
power converter circuit. Some of a variety of combinations
and their possible field of application are explained below.
In the following, a power converter circuit configured to
receive a periodic (alternating) input voltage (such as a sine
voltage or a rectified sine voltage) and to supply a direct
output voltage will be referred to as AC/DC power converter
circuit, a power converter circuit configured to receive a
direct input voltage and a periodic output voltage and
configured to supply an alternating output current will be
referred to as AC/DC power converter circuit, and a power
converter circuit configured to receive a direct input voltage
and to provide a direct output voltage will be referred to as
DC/DC power converter circuit.

The design and ways of operation of a multi-cell power
converter, such as, for example, one of the IS, IP, OS, or OP
multi-cell power converters explained herein before, offers
several degrees of freedom which may be used in terms of
increasing the efficiency of the multi-cell converter and of
the power converter circuit in which it is employed. These
degrees of freedom include the number of converter cells in
one multi-cell converter, operation modes of the converter
cells, the type of connection between the converter cells, the
voltage levels of the DC link voltages, the design of the
converter cells, etc. Some of these degrees of freedom and
how they may be used to increase the efficiency of a
multi-cell converter are explained below.

In a multi-cell converter, such as one of the multi-cell
converters explained herein before, each of the plurality of
converter cells may have a maximum rated power. The
maximum rated power defines the maximum power the
converter cell can convert. That is, the maximum input
power the converter cell may receive, or the maximum
output power the converter cell may provide.

Referring to FIG. 40, the efficiency of the individual
converter cells may vary dependent on a ratio between the
instantaneous power and the maximum power. FIG. 40
schematically illustrates the efficiency of one converter cell
based on this ratio. Referring to FIG. 40, the converter cell
may have its maximum efficiency somewhere around 50%
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of the maximum power, where the efficiency decreases
towards lower output power levels and towards higher
power levels.

Referring to the explanation above, the individual con-
verter cells can be implemented as switched mode converter
cells. That is, these converter cells are implemented as
switched-mode power converters and each include at least
one semiconductor switch which is operated at a switching
frequency. For example, in an OP converter or an IP con-
verter, the switched mode operation is used to control output
currents 12,-12, and input currents 10,-10, of the indi-
vidual converter cells 1,-1,,, 2,-2,5, respectively. The
switching frequency may be 18 kHz or higher. Switching on
and off the at least one semiconductor switch in a converter
cell causes losses. These losses, which can be referred to as
switching losses, include a portion which is substantially
independent of the output power of the respective converter
cell. Those constant losses, which may result from losses in
drivers, microcontrollers, or the like, are one reason that the
efficiency of the converter cell significantly decreases as the
output power decreases.

According to one embodiment, in order to efficiently
operate the multi-cell power converter, that is, to efficiently
convert the power received by the multi-cell power con-
verter, the individual converter cells in a multi-cell converter
with an xP topology can be activated (operated in an active
mode) or deactivated (operated in an inactive mode). A
multi-cell converter with an xP topology is a multi-cell
converter with either an IP topology or a multi-cell converter
with either an OP topology. Deactivating of at least one
converter cell in an xP topology may help to increase the
efficiency of the other converter cells. This is explained for
an OP topology with reference to FIGS. 41A-44, and for an
IP topology with reference to FIGS. 45A-49.

The individual converter cells in an xP topology can be
referred to as “phases”. An operation mode in which at least
one of these converter cells is inactive will be referred to as
“phase shedding” mode in the following. In the phase
shedding mode active converter cells take over the part of
the inactive converter cell so that the total converted power
only varies dependent on a power reference signal. The
“power reference signal” defines the power that is to be
converted by the multi-cell converter.

For the purpose of explanation it is assumed that the
power consumption of the load Z is such that each of the
converter cells 2,-2,,0f a second power converter 20 with an
OP topology supplies an output power which is significantly
less than 50% of its maximum output power. If one of the
converter cells 2,-2,, is deactivated so that its output power
becomes zero, the power levels of the other converter cells
have to increase in order to keep the power level of the
output power P, constant. However, the higher power
levels of the other (active) converter cells may result in a
higher efficiency of these active converter cells.

“Operating one converter cell in the inactive mode”
means that, during the inactive mode, the cell input power
received by the respective converter cell and the cell output
power provided by the respective converter cell is substan-
tially zero. Nevertheless, the DC link capacitor associated
with the inactive converter cell may further be charged by
the first power converter 10, as explained further below. In
the active mode, the individual converter cells operate in a
switched-mode at a switching frequency fp as explained
above. During the inactive mode, the DC link voltage of the
respective converter cell may increase as the first converter
10 may further supply power to the respective DC link
capacitor 11,-11,,. This is independent of the specific topol-
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ogy of the first power converter 10. The DC link voltage of
the inactive converter cell may increase until the converter
cell is again activated and receives cell input power from the
respective DC link capacitor. The DC link capacitors 11,-
11,,, act as buffers between the first power converter 10
which receives input power from the input IN1, IN2 and the
second power converter 20 which provides the output power
P,y The energy storage capability of these DC link
capacitors 11,-11,;allows to cyclically operate the converter
cells 2,-2,, in the inactive mode so as to increase the
efficiency of the second power converter 20 when the output
power P, is low (at low-load conditions).

FIG. 41A shows a first operation scenario of the second
power converter 20. In this scenario, one converter cell is in
the inactive mode at one time. In FIG. 41A only the
activation states of the individual converter cells 2,-2,, are
shown. That is, the individual timing diagrams only show
whether the respective converter cell 2,-2,, is active or
inactive. The curves shown in FIG. 41A do not show the
power level of the output power, and do not show the current
level of the output current of the respective converter cells
2,-2,5. According to another scenatio, shown in FIG. 41B,
two of the converter cells 2,-2,, may be inactive at one time.
In general, up to N3-1 converter cells can be inactive at one
time, leaving only one converter cell active at one time.
Several different criteria may be used to decide which of the
converter cells belong to the group of N3-K active converter
cells and to the group of K inactive converter cells at one
time, and how long the individual converter cells are active/
inactive before a next decision is taken. This is explained in
further detail below.

According to one embodiment, a number K of converter
cells that are inactive at one time is set based on one of an
output power reference signals Pour REF and an output
current reference signal 15,7 rzp» respectively. This is illus-
trated in FIG. 42. The output power reference signal
Pour zer defines a desired power level of the output power
P oo to be provided by the second converter 20. In case the
output voltage V. is substantially constant the output
current reference signal 1,.p gz 18 @ measure for the
desired power level of the output power P, Instead of the
output power reference signal Py, zz- the instantaneous
level of the output power P, 5, and instead of the output
current reference signal 1., zr the instantaneous level of
the output current I,,,,, may be used.

FIG. 42 illustrates K based on the output power reference
signal P,y rzr and the output current reference signal
s rip Tespectively. In the embodiment shown in FIG.
42, none (K=0) of the converter cells is inactive when the
output power reference signal P,z zzr is above a first
threshold Py g (if the output current reference signal
Lour rer IS above a first current threshold 5,7 7). One
(K=1) converter cell is deactivated (inactive) when the
output power reference signal Py, zzr 18 between the first
threshold P, 7 7z, and a second threshold P, ;- 757, (when
the output current reference signal I, nzr 15 between the
first threshold 1.7 7 and a second current threshold
Iour 7z)» two (K=2) converter cells are inactive when the
output power reference signal P,z qzp is between the
second power threshold P, - 74, and a third power thresh-
old Poyr 725 (When the output current reference signal
Iour rep 15 between the second current threshold I, 7 72
and a third current threshold I, 747), and so on. The
difference between neighboring power thresholds and cur-
rent thresholds, respectively, can be substantially the same
or can be different.
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FIG. 43 illustrates one embodiment of a method for
setting the number K of converter cells to be deactivated,
and for identifying the cells that are deactivated at one time.
Referring to FIG. 43, the method includes setting the num-
ber M of cells to be operated in the inactive mode based on
the output current reference signal 1,7 zzr (1001). The
output current reference signal I, nz represents the
desired output current I,,,,- of the second power converter
20. According to one embodiment, M is set based on the
output current reference signal I, gz in accordance with
a curve as shown in FIG. 40.

Referring to FIG. 43, the method further includes identi-
fying those K converter cells that currently have the lowest
input voltage (DC link voltage) (1002). Such identification
may include sorting the converter cells 2,-2,5 based on the
voltage level of their DC link voltages 11,-11,, and select-
ing those K converter cells that have the lowest DC link
voltage levels. These K identified converter cells are oper-
ated in the inactive mode and the other converter cells are
operated in the active mode (1003). By operating the con-
verter cells that have the lowest DC link voltages in the
inactive mode, and, consequently, operating the other N3-K
converter cells that have the highest DC link voltages in the
active mode it can be prevented that the individual DC link
voltages V2,-V2,, (see, for example, FIG. 1) become too
different. Referring to FIG. 43, setting the number K of
converter cells (1001), identifying those K cells with the
lowest DC link voltage (1002) and operating the K identified
cells in the inactive mode (1003) are repeated. Repeating
these process steps 1001-1003 may be time-based or event
based. Repeating these process steps 1001-1003 time-based
may include regularly repeating these steps 1001-1003.
According to one embodiment, a frequency at which the
process steps 1001-1003 are repeated is less than 0.1 times,
or even less than 0.01 times the switching frequency.
According to one embodiment, the frequency at which the
process steps 1001-1003 are repeated is 500 Hz or less.

Repeating these process steps 1001-1003 event-based
may include repeating these steps 1001-1003 every time a
predefined event occurs. Examples of those events include,
but are not restricted to, a decrease of one DC link voltage
V2,-V2,,, below a predefined first voltage threshold, and the
increase of one DC link voltage V2,-V2,, above a pre-
defined second voltage threshold, higher than the first
threshold. According to another embodiment, the power
drawn by the load at the output is measured and the process
steps 1001-1003 are repeated when a significant change of
the power consumption of the load Z is detected.

According to one embodiment, the duration in which at
least one converter cell is inactive is much longer than the
period of one drive cycle of the converter cells in the active
mode. According to one embodiment, the duration in which
the at least one converter cell is inactive is at least ten times
the drive cycle period. Referring to the above the drive cycle
period Tp 1s the reciprocal of the switching frequency fp in
the active mode.

Referring to the explanation above, the second power
converter 20 includes a main controller 3 which is config-
ured to control operation of the individual converter cells
2,-2,5. FIG. 44 shows one embodiment of the controller 3
which is configured to operate at least on converter cell in
the inactive mode. The controller 3 shown in FIG. 44 is
based on the controller 3 shown in FIG. 33 (to the specifi-
cation of which reference is made) and is different from the
controller shown in FIG. 33 in that it additionally includes
a cell activation/deactivation controller 32. The cell activa-
tion/deactivation controller 32 receives the output current
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reference signal 1,7 zxr from the output voltage controller
31 which may be omitted when the output current 1., is to
be controlled). The operation of the cell activation/deacti-
vation controller 32 is based on the method explained with
reference to FIG. 43. The activation/deactivation controller
32 activates/deactivates the individual converter cells. That
is, the controller 32 based on the output current reference
signal I, rzr sets the number K of converter cells that are
to be deactivated, and based on the DC link voltages
V2,-V2,, of the individual converter cells 2,-2,; selects
those cells that are to be deactivated. For identifying those
converter cells 2,-2,, that have the lowest DC link voltage,
the controller 32 receives DC link voltage signals V2, .,
V2,5 s Which represent the individual DC link voltages
V2,-V2,;. These voltage signals V2, ,,-V2.s 1, may be
obtained from the individual DC link voltages V2,-V2,,
using conventional voltage measurement circuits (not shown
in the drawings).

Referring to FIG. 44, the cell activation/deactivation
controller generates 32 current reference signals 12, pzz
12, nrr These reference signals 12, . z-12,3 rgr repre-
sent desired current levels of the output currents 12,12, of
the individual converter cells 2,-2,. The cell activation/
deactivation controller 32 generates the individual reference
signals 12; zgr-1255 rzr such that their sum corresponds to
the output current reference signal. That is,

1),

In this way, the converted power is only dependent on the
output power reference signal P, rzr and the output
current reference signal Iz zzp respectively. Thus, oper-
ating the multi-cell converter 20 in the phase shedding mode
does not result in substantial variations of the converted
power. The converted power is one of the input power the
second converter 20 receives from the DC link capacitors
and the first power converter 10, respectively, and the output
power supplied to the load. The current reference signal of
the at least one converter cell that is to be deactivated are set
to zero by the cell activation/deactivation controller 32 in
order to set the output power of the deactivated converter
cell to zero.

According to one embodiment, the cell activation/deac-
tivation controller 32 is configured to generate the current
reference signals of the active converter cells such that these
reference signals are substantially equal, so that the active
converter cells substantially provide the same output cur-
rent. However, this is only an example. According to a
further embodiment, the cell activation/deactivation control-
ler 32 is configured to generate the individual reference
signals 12, ppp-I1253 pppe of the active converter cells such
that these reference signals are different. According to one
embodiment, the cell activation/deactivation controller 32
generates the current reference signal of an active converter
cell such that the current reference signal of one converter
cell is dependent on the DC link voltage of the respective
converter cell. The current reference signal may be gener-
ated such that the current reference signal increases as the
DC link voltage of the associated DC link capacitor
increases. In this embodiment, those active converter cells
that have a higher DC link voltage supply a higher output
current than other active converter cells having a lower DC
link voltage.

According to another embodiment, the cell activation/
deactivation controller 32 generates the reference signals
12, 2zr12ys rer Of the active converter cells in accordance
with efficiency curves such that these converter cells operate
in a high efficiency range. A high efficiency range is, for
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example a range in which the efliciency is at least 60% or at
least 75% of a maximum efliciency. Referring to the expla-
nation below, the individual converter cells may have their
maximum efliciency or a high efficiency range at different
currents. In this case, operating the active cells at different
currents, additionally to phase shedding, may help to
increase the overall efficiency of the power converter 20.

It should be noted that the block diagrams of each of the
controllers shown in the drawings, such as controller 3
shown in FIG. 44 and other drawings. and controllers 4, 5
and 6 shown in other drawings, merely serve to illustrate the
functionality of the respective controller rather than its
implementation. The individual function blocks may be
implemented using a conventional technology that is suit-
able to implement a controller. Specifically, the function
blocks of the controller 3 may be implemented as analog
circuits, digital circuits, or may be implemented using
hardware and software, such as a micro controller on which
a specific software is running in order to implement the
functionality of the controller 3.

Operating of converter cells of a multi-cell power con-
verter in an active mode or an inactive mode, as explained
with reference to FIGS. 41A-44 above is not restricted to
converter cells in a second power converter 20. Such acti-
vating or deactivating of converter cells in order to effi-
ciently operate a power converter circuit may also be applied
to the converter cells 1,-1,, in a first power converter 10
with an IP topology (in which cell inputs of the individual
converter cells are connected in parallel). This is explained
with reference to FIGS. 45A-49 below.

FIGS. 45A and 45B show timing diagrams that illustrate
how converter cells 1,-1,, of the first power converter 10
may operate in an active mode or an inactive mode. In the
embodiment shown in FIG. 45A, only one of the converter
cells 1,-1,,, is deactivated at one time, in the embodiment
shown in FIG. 35B, two of the converter cells 1,-1,;, are
deactivated at one time. In general, up to N1-1 of the
converter cells 1,-1,, may deactivated at one time. Activat-
ing and deactivating the converter cells 1,-1,, of the first
power converter circuit 10 is similar to activating and
deactivating converter cells of the second power converter
20, with the difference that in the first power converter 10 the
at least one converter cell is activated or deactivated based
onan input power reference signal Py, rrr. The input power
reference signal Py, xz defines a desired power level of
the input power P, to be received by the first converter 10.
In case the input voltage V;, is substantially constant the
input current reference signal 1, z. is @ measure for the
desired power level of the input power P,,,. Instead of the
input power reference signal Pjy; » - the instantaneous level
of the input power P, and instead of the output current
reference signal I,y ppp the instantaneous level of the
input current I;,, may be used.

Referring to FIG. 46, the number K of converter cells
which are deactivated at one time may increase as the input
power reference signal P, ., or the input current refer-
ence signal Iy gz decreases. The input current reference
signal 1, rxr represents a desired current level of the input
current 1,,. Referring to FIG. 46, one converter cell (K=1)
may be deactivated if the input power reference signal
P zer falls below a first threshold Pj, ., or the input
current reference signal I, zgr falls below a first current
threshold I, ;5. two converter cells (K=2) may be deac-
tivated if the input power reference signal Ppy xz or the
input current reference signal 1y, »zr falls below a second
threshold Pry 7z, Ly 720, respectively, and three (K=3)
converter cells are deactivated if the input power reference
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signal P,y »z and the input current reference signal I,y pzr
falls below a third threshold Py s Iy 7275 Tespectively.

In the embodiments explained before, there are four
converter cells 1,-1,, (N1=4). However, this is only an
example. The number N1 of converter cells that are con-
nected in parallel are not restricted to N1=4. In general, two
or more converter cells are connected in parallel.

FIG. 47 illustrates one embodiment of a method for
deactivating at least one of the converter cells 1,-1,,. The
method includes setting the number K of converter cells that
are to be operated in the inactive mode (1011). The method
shown in FIG. 47 uses the input current reference signal
Iv zer to detect the desired input power and to set K.
However, any other signal representing the instantaneous or
the desired input power may be used as well. Setting the
number K may be performed in accordance with the curve
shown in FIG. 46. The method further includes identifying
those K cells that have the highest output voltages (DC link
voltage) (1012), and operating those K identified cells in the
inactive mode, and operating the other cells in the active
mode (1013). The process steps 1011-1013 which include
setting the number K, identifying those K cells that have the
highest output voltage, and operating the K identified cells
in the inactive mode can be repeated periodically (time
based), or event based. According to one embodiment, an
event based repetition of these process steps 1011-1013 may
include repeating the process steps 1004-1006 when the
voltage level of one DC link voltage V2,-V2,;of one of the
plurality of converter cells 1,-1,, rises above a predefined
first threshold level, or the voltage level of one of the
plurality of DC link voltages V2,-V2,, falls below a pre-
defined second threshold level, lower than the first threshold.

FIG. 48 shows a block diagram of one embodiment of a
main controller 6 which is configured to activate or deacti-
vate the individual converter cells 1,-1,,. This main con-
troller 6 is based on the main controller 6 shown in FIG. 39
(to the specification of which reference is made) and is
different from this main controller 6 in that it additionally
includes a cell activation/deactivation controller 62. The cell
activation/deactivation controller 62 receives the input cur-
rent reference signal I, zr from the input voltage control-
ler 61 (which may be omitted when the input current is to be
controlled) and generates input current reference signal
10, z2zm 105 zpm 105 pep 105, gz for the individual con-
verter cells 1,-1,,,. These input current reference signals
10, zzr-10y, gz are received by the individual converter
cells 1,-1,, which are configured to control their input
current 10,-10,, based on these reference signals 10, gz
[0y, rzr as explained above. -

The cell activation/deactivation controller 62 is config-
ured to set the reference current of the at least one converter
cell which is to be deactivated to zero. According to one
embodiment, the levels of the input current reference signals
of those converter cells that are to be activated (operate in
the active mode) are equal. According to another embodi-
ment the cell activation/deactivation controller 52 is config-
ured to generate the input current reference signals of the
activated converter cells with different current levels. For
example, the cell activation/deactivation controller 62 gen-
erates the signal levels of the active converter cells based on
the DC link voltages such that the reference signal decreases
as the DC link voltage increase, in order to charge the DC
link capacitors of those converter cells 1,-1,, slower that
have a relatively high DC link voltage V2,-V2,,.

According to another embodiment, the activation/deacti-
vation controller 32 is configured to generate the current
reference signals of the active converter cells based on
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efficiency curves of the active converter cells such that these
converter cells operate in a high efficiency range. A high
efficiency range is, for example a range in which the
efficiency is at least 60% or at least 75% of a maximum
efficiency.

However, in each case the sum of the reference signals
corresponds to input current reference signal I, pzp That
is,

D INIIOLREF:IIN,REF (22).

Thus, the input power is only dependent on the input
power reference signal P,y .z or the input current reference
signal, respectively. Thus, operating the multi-cell converter
10 in the phase shedding mode does not result in substantial
variations of the converted power. The converted power is of
the input power the second converter 10 receives at the
input, and the output power supplied to the DC link capaci-
tors and the second converter, respectively.

Activating/deactivating converter cells 1,-1,, of the first
power converter 10 based on an input current reference
signal I, »z may, in particular, be employed in a power
converter circuit which receives a DC voltage as the input
voltage V.

However, activating deactivating converter cells in a
power converter with an IP or OP topology is not restricted
to power converters which receive or generate a DC voltage.
Such activating or deactivating of converter cells may also
be employed in a multi-cell converter of the type shown in
FIG. 29 which includes a plurality of converter cells 1,-1,;,
that have the cell inputs connected in parallel, which has a
PFC capability, and which receives a periodic input voltage
V- As will be explained in further detail with reference to
FIGS. 50 and 53 below, the input power P, in such power
converter periodically varies with a frequency which is
twice the frequency of the input voltage V. The input
power is zero when the instantaneous level of the input
voltage V;,, is zero and increases as the level of the input
voltage increases until the input voltage V,, reaches the
maximum. After the input voltage has reached the maximum
(or the minimum in the negative halfwave), the input power
decreases until the input voltage again reaches zero. Accord-
ing to one embodiment, the converter cells 2,-2,, are
activated and deactivated based on at least one of the level
of the input voltage V,,, and the input current I, such that
the number of activated converter cells, within one half-
wave, increases as the input voltage V,,, and/or the input
current increases and decreases as the input voltage Vi,
and/or the input current decreases. The order in which the
converter cells are activated and deactivated in one halfwave
may change so that the DC link capacitors 11,-11,,, are
equally charged. A controller (not shown in FIG. 29) may
activate and deactivate the individual converter cells 1,-1,;,
based on at least one of the input voltage V,; and the input
current I,

Equivalently, in a multi-cell converter of the type shown
in FIG. 37 which includes a plurality of converter cells
2,-2 that have the cell outputs connected in parallel, which
has a PFC capability, and which receives a periodic output
voltage V., the converter cells 2,-2,,, may be activated
and deactivated based on at least one of the level of the
output voltage V., and the output current I, such that
the number of activated converter cells, within one half-
wave, increases as the output voltage V ,.-and/or the output
current I, increases and decreases as the output voltage
Vopr and/or the output current 1, decreases. FIG. 49
shows a main controller 6 according to another embodiment.
In this embodiment, the main controller 6 instead of the
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input voltage controller 61 includes a DC link voltage
controller 60 which is configured to generate the input
current reference signal 1, zz- based on a difference
between the total DC link voltage V2., and desired DC
link voltage.

Another way to increase the efficiency of a multi-cell
power converter under low load conditions is to intermit-
tently operate the multi-cell power converter such that an
average converted power alternates. According to one
embodiment, the multi-cell power converter is one of an IS,
OS, IP, or OP power converter with a PFC functionality,
such as one of the IS, OS, 1P, or OP power converters with
PFC functionality explained hereinbefore. Operating such
power converter in an intermittent operation mode is
explained with reference to FIGS. 50-53. According to
another embodiment, the multi-cell converter is one of an IS,
OS, IP, or OP power converter configured to receive or
provide a direct voltage. Operating such power converter in
an intermittent operation mode is explained with reference
to FIG. 54-59.

In general, in an IS, OS, IP or OP converter with PFC
capability the converted power periodically varies as the
input voltage and the input current periodically vary. For
example, if the input voltage V ,,in an IS or IP converter (or
the output voltage V . »1n an OS or OP converter), is a sine
voltage and the input current I, (the output current I,,,7)
has a sine waveform, the converted power has a sine square
waveform and a frequency which is twice the frequency of
the sine voltage. The converted power is the input power
received at the input IN1, IN2 in an IS or IP converter, and
the output power P, provided at the output OUT1, OUT2
in an OS or OP converter. In a normal mode (a non-
intermittent mode) the average power level and the peak
power level of the converted power is only dependent on the
power to be converted. This power to be converted may be
defined by the input current reference signal I, - and the
output current reference signal I, zzr> respectively.

In the intermittent mode, the average power level and the
peak power level alternate. This is explained with reference
to FIG. 50 which schematically illustrates the waveform of
an input voltage Vj, of an IS power converter, or the
waveform of an output voltage V. of an OS power
converter. The voltage shown in FIG. 50 is sine voltage.
However, the way of operation explained below applies to a
rectified sine voltage equivalently. FIG. 50 further illustrates
the input current 1,,, and the output current 1, respec-
tively, and the input power P, and the output power P,
respectively.

In the embodiment shown in FIG. 50, the power converter
converts power only during negative halfwaves of the input
voltage V, or the output voltage V -, respectively. Dur-
ing these negative halfwaves, the waveform of the current
I, Lopr follows the waveform of the voltage Vi, Vour
That is, the current I/, is substantially in phase V,,/
Vour and a current level is substantially proportional to a
voltage level of the voltage V,,/V ;.. The power P, P r
has a sine square waveform during the negative half-cycles.
FIG. 50 further illustrates the average power level Pry 416,
Pour v during the negative halfwaves. -

In the embodiment shown in FIG. 50, the multi-cell
converter is operated such that the current I, 1., and,
therefore, the average power level Py, 4y Porr 4y 1S Zero
in the positive halfwaves. However, this is only an example.
In general, operating the multi-cell converter in the inter-
mittent operation mode means operating the multi-cell con-
verter such that the average power level alternates between
different levels wherein one of these levels is less than 80%,
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less than 50%, or even less than 30% of the other one of
these levels. The “average power level” is the average power
level in one half-period, that is, in a time period between two
timely successive (sequential) zero crossings of the voltage
Vil Y o This applies to a sine voltage and a rectified sine
voltage. In a sine voltage, zero crossings are those times at
which the voltage level is zero, that is at which the voltage
changes from a positive to a negative level, and vice versa.
In a rectified sine voltage, zero crossings are those times in
which the voltage becomes zero or close to zero before the
voltage level again increases.

In the embodiment shown in FIG. 50, the average power
level Pry v, Pour ave changes every halfwave so that the
frequency of changes of the average power level is twice the
frequency of the voltage V, V o1 - However, this is only an
example. Instead of reducing the average power only in
every second halfwave (every positive halfwave) there may
two or more halfwaves in which the average power is
reduced to the lower level before again having one halfwave
in which the average power has the higher level. It is also
possible, to have the higher level for two or more subsequent
halfwaves and then to change to the lower level for one, two
or more subsequent halfwave. In any case, in the intermittent
mode, the average power level alternates between different
levels. The average power levels between which the average
power alternates may vary. That is, for example, the lower
level may change between a first time when the average
power assumes the lower level, and a second time after the
first time.

FIG. 51 shows one embodiment of a main controller 4 of
an IS power converter which has an intermittent operation
functionality. The main controller 4 shown in FIG. 51 is
based on the main controller 4 shown in FIG. 13 (to the
description of which reference is made), and is different
from the main controller 4 shown in FIG. 13 in that it
additionally includes an intermittent operation controller
between the input reference current controller 41 and the
modulation index controller 42. The intermittent operation
controller 43 receives the input current reference signal
;v zer from the input reference current controller 41 and is
configured to provide a modified input current reference
signal I, zzm to the modulation index controller 42.
According to one embodiment, the intermittent operation
controller 43 is configured to generate the modified input
current reference signal I,y - such that the modified input
current reference signal 1, pp corresponds to the input
current reference signal I, .., during certain halfwaves of
the voltage V,/V 5 and that the modified input current
reference signal I, .z has a lower amplitude, such as zero
during certain halfwaves of the voltage V,/V op In the
embodiment shown in FIG. 50, the intermittent operation
controller 43 forwards the input current reference signal
Ly zzr to the modulation index controller 42 during the
negative halfwaves of the voltage V,/V oy and sets the
modified input current reference signal I, ;. to zero
during the positive halfwaves of the voltage V,/Vorm
During those time periods in which the modified input
current reference signal I, zzr is zero, the modulation
index controller 42 generates the modulation index m such
that the input current I, of the power converter is zero.
During this time period, the individual converter cells may
still be operated in a clocked fashion so that there may be
time periods when the multi-cell power converter receives
an input current. However, there are also time periods in
which the input current is negative (the multi-cell power
converter provides a current to the power source) so that the
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average input current is zero during those time periods in
which the modified input current reference signal I, 718
7ero. -

During those time periods in which the modified input
current reference signal I, p s Zero, the multi-cell power
converter may still generate the cell input voltages V1,-
V1, as explained hereinbefore. In particular in those time
periods in which the average input current should be zero,
the main converter may operate only one converter cell in a
clocked fashion in one drive cycle. This is explained with
reference to the timing diagram shown in FIG. 27. Referring
to FIG. 27, the total cell input voltage V1,,, switches
between two voltage levels which are associated with a
range of the modulation index m. In the embodiment shown
in FIG. 27 the total cell input voltage V1, switches
between zero and V2,,,/N1 when the modulation index is
between O and 0.25, switches between V2;,,/N1 and
V2 ,57/N3 when the modulation index is between 0.25 and
0.5, and so on.

According to one embodiment, the multi-cell power con-
verter is operated such that only one converter cell is
operated in a switched mode in order to switch the total cell
input voltage V1,,, between two distinct voltage levels
(such as, for example between V2,,,/N1 and V2,,,/N3) in
the embodiment shown in FIG. 27 and to statically operate
the other converter cells. “To statically operate the other
converter cells” means that one converter cells switches to
the off-state when the modulation index reaches a certain
level and stays in this off-state until the modulation index
again falls below this certain level. For example, one con-
verter cell may be switched off, when the modulation index
reaches 0.25 in the embodiment shown in FIG. 27, in order
1o provide one share of V2,,/N1 to the total cell input
voltage V1,5, and stays in the off-state until the modulation
index falls below 0.25. This operation mode in which only
one converter cell is operated in a switched and in which the
other converter cells are operated “statically” will be
referred to as block mode in the following. The number of
converter cells which are statically operated in the off-state
increases as the voltage level of the input voltage increases.
That 1s, based on the voltage level of the input voltage V,,,
the converter cells are operated in one of the PWM mode,
the on-mode and the off-mode, wherein according to one
embodiment, only one converter cell is operated in the PWM
mode at on time.

In the embodiment shown in FIG. 50, the average power
received/provided by the multi-cell power converter is zero
during the negative halfwaves and is other than zero in the
positive halfwaves. In this embodiment, the average power
provided during the negative halfwaves is twice (two times)
the average power that would be received/provide if the
multi-cell converter would be operated continuously (not
intermittently). However, as explained with reference to
FIG. 40, the efficiency of the converter cells of the multi-cell
power converter may decrease as the power converted by the
individual converter cells decreases. Intermittently operat-
ing the multi-cell converter, that is, operating the multi-cell
power converter at a higher power during certain time
periods (such as the negative halfwaves in the embodiment
shown in FIG. 50), may increase the efficiency of the
multi-cell power converter.

According to one embodiment, the intermittent operation
controller 43 calculates the average input power received
during one halfwave and, based on this calculation, decides
whether the multi-cell power converter is to be operated in
the intermittent operation mode, or in the normal mode. In
the normal mode, the intermittent operation controller 43
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passes the input current reference signal I,y rzr to the
modulation index controller 42. In the intermittent opera-
tion, the ratio between those time periods in which the input
power is zero, and those time periods in which the input
power is other than zero (this ratio is 1:1 in the embodiment
shown in FIG. 50) is calculated based on the calculated
power. Referring to FIG. 51 the intermittent operation
controller may receive the input voltage signal V,, ,, and
the input current signal I, ,, in order to calculate the
average input power during one halfwave of the voltage
VidYour

FIG. 52 shows one embodiment of a main controller 5 in
an OS multi-cell power converter having an intermittent
operation functionality. This main controller 5 is based on
the main controller 5 shown in FIG. 35 (to the specification
of which reference is made) and is different from the main
controller 5 shown in FIG. 35 in that it includes an inter-
mittent operation controller 53 between the output reference
current controller 51 and the modulation index controller 52.
This intermittent operation controller 53 receives the output
current reference signal 1, rzr {rom the output reference
current controller and provides a modified output current
reference signal 1,7 pzp to the modulation index control-
ler 52. The operation of the main controller 5 shown in FIG.
52 may correspond to the operation of the main controller 4
shown in FIG. 51, with the difference that the main con-
troller 5 shown in FIG. 52 processes the output voltage
signal V 5,7, of the output current signal 15,75, instead of
the input voltage signal V. and the input current signal
L5, However, what has been explained with reference to
the input voltage V ,, and the input current I;,,in an IS power
converter applies to the output voltage V.- and the output
current lour in an OS power converter equivalently.

Operating a multi-cell power converter in an intermittent
operation mode is not restricted 1o a multi-cell power
converter with an IS topology or an OS topology. The
intermittent operation mode explained with reference to
FIGS. 50 to 52 hereinbefore, may equivalently be used in an
IP power converter of the type shown in FIG. 29, and an OP
power converter of the type shown in FIG. 37. FIG. 53
shows timing diagrams of the input voltage V, and the
output voltage V., respectively, of the cell input current
10, and the cell output current 12, respectively, of one
converter cell, and the input power P, and the output power
P,y respectively of the multi-cell converter with one of
those TP and OP topologies. Each of these parallel connected
converter cells may be operated in an intermittent operation
mode as explained before. In the intermittent mode, the
average power converted by one converter cell alternates
between a higher level and a lower level, wherein the lower
level may be less than 80%, less than 50%, or even less than
30% of the first level. Cell converters of these converter cells
may correspond to the main converters 4 and 5 shown in
FIGS. 51 and 52, respectively, with the difference that one
controller instead of a total DC link voltage reference signal
V2,57 rer and each of the DC link voltage signals V| , -
V1, ,, only processes a DC link voltage reference signal
and the DC link voltage signal of the respective converter
cell.

According to one embodiment, in the intermittent opera-
tion mode of a power converter with parallel connected
converter cells, the number of converter cells which operate
at the lower level is the same in each half-wave. If the first
average power level of the individual converter cells is the
same, and if the lower average power level of the individual
converter cells is the same, the total average power level
(which is the sum of the average power levels of the
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individual converter cells) is substantially the same in each
halfwave. In this case, operating the individual converter
cells in the intermittent mode does not result in a varying
average power level of the multi-cell converter.

According to one embodiment, each converter cell in a
power converter with parallel connected converter cells is
operated in an intermittent mode, and the converter cells are
synchronized such that they change their average power
level at the same time. In this case, the average power level
of the multi-cell converter varies. This is shown in FIG. 53
where the average converted power level Py L Porr e
is drawn to vary. According to one embodiment, at least one
converter cell is operated in the intermittent mode and at
least one converter cell is operated in the normal mode. In
this case, the converted power P, P, may have a
waveform as shown in dashed lines in FIG. 53.

If, in one of the power converter circuits explained with
reference to FIGS. 1 and 4-7 before, the first power con-
verter 10 has an IS or IP topology and is operated in an
intermittent operation mode as explained with reference to
FIGS. 50-53 before, the DC link capacitors 11,-11,,, act as
buffers which provide for a continuous power flow to the
second power converter 20 and the load. In case the second
power converter 20 is implemented with one of an OS
topology and an OP topology, the first power converter 10
may continuously draw power from the power source and
charge the DC link capacitors 11,-11,,.

FIG. 54 shows one embodiment of operating a multi-cell
power converter with an IP topology or an OP topology, such
as one of the topologies explained with reference to FIGS.
29 and 38 hereinbefore, in an intermittent mode. FIG. 54
shows timing diagrams of the activation states of the indi-
vidual converter cells. These converter cells are converter
cells 2,-2,5 in an OP power converter, and converter cells
1,-1,, in an IP power converter. According to the embodi-
ment shown in FIG. 54, operating the power converter in the
intermittent mode may include activating only one converter
cell at one time. In the time period illustrated in FIG. 54, a
first converter cell 2, and 1,, respectively, and a second
converter cell 2, and 2,, respectively, is activated. T,
denotes an activation time, which is a time duration in which
the respective converter cell is activated. These activation
times are drawn to be equal in the embodiment shown in
FIG. 54. However, this is only an example. These activation
times may vary dependent on different parameters. This is
explained in further detail below. In the embodiment shown
in FIG. 54, there is a time period between the activation
times of the converter cells 2,, 2,. Thus, the converted power
Py (Pr) alternates. That is, there are times when the
power level of the converted power changes from a higher
level to a lower level, and times when the power level of the
converted power changes from the lower level to the higher
level. The higher level and the lower level may vary.
However, each time there is a change of the power level
from the higher level to the lower level the lower level is less
than 80%, less than 50%, or even less than 30% of the higher
level.

In the embodiment shown in FIG. 54, the lower level is
zero. That is, there are times in which none of the converter
cells is active. However, this is only an example. It is also
possible to have one or more converter cells active while at
least one other is operated intermittently. In this case, the
lower level is different from zero.

If, in one of the power converter circuits explained
hereinbefore, the second power converter 20 is implemented
as an OP converter with an intermittent operation function-
ality, an output capacitor 30 may provide for a continuous
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power flow to the load Z. This is schematically illustrated in
FIG. 55. FIG. 55 shows one section of the power converter
circuit. Referring to FIG. 55, an output capacitor may be
connected between the output node OUT1, OUT2. This
output capacitor 30 is intermittently supplied with power by
the second power converter 20 having an OP topology.
However, by virtue of the charge storing capability of the
output capacitor 30 the load Z may continuously draw power
from the power converter circuit at the output OUT1, OUT2.

FIG. 56 shows one embodiment of a method for operating
a multi-cell converter with OP topology in an intermittent
mode. Referring to FIG. 56, the method includes evaluating
the output current reference signal I, gz (1031). The
output current reference signal is representative of the
desired output power of the multi-cell converter. Instead of
the output current reference signal, another signal represent-
ing the output power may be used as well. Evaluating the
output current reference loyp zzp includes comparing the
output current reference signal I,;/; zzp With an optimum
output current signal I, ,pr 0f one converter cell. This
optimum output current signal represents an output power at
which the converter cell either has its maximum efficiency
or at which the efliciency of the converter cell is not below
a predefined efficiency level. Instead of the optimum output
current signal another signal representing the output power
at which the converter cell either has its maximum efficiency
may be used as well.

Referring to FIG. 56, if the output current reference signal
lour rer1s not below the optimum output current I, opz
the multi-cell converter is operated in a non-intermittent
mode. This mode is referred to as normal mode (1030) in
FIG. 56. This normal mode may include phase shedding, so
that in the normal operation mode, some of the converter
cells can be inactive, as explained with reference to FIGS. 40
to 49 hereinbefore. However, in the normal operation mode
at least one converter cell is active at one time, so that there
is no time period in which each of the converter cells is
inactive (deactivated).

Referring to FIG. 56, if the level of output current
reference signal 15, »xzr1s below the level of the optimum
output current signal I, o OF one converter cell, the
nulti-cell converter enters the intermittent mode in which
the operation duration T, is calculated (1032) as shown in
FIG. 56. Then, the converter cell that has the highest input
voltage is identified and the reference current of the identi-
fied converter cell is set to I, 7 opr for the calculated time
duration T,,,, and the reference currents of the other con-
verter cells are set to zero. According to one embodiment,
the power converter first enters the phase shedding mode
when the level of the power reference signal (such as the
output current reference signal decreases), and finally enters
the intermittent mode when the power reference signal (such
as the output current reference signal decreases) further
decreases.

According to one embodiment, the individual converter
cells are designed to have substantially the same optimum
output current I 5,7 opr According to another embodiment,
the individual converter cells are designed to have different
optimum output currents [, opr In this embodiment, the
intermittent operation mode may begin when the output
reference signal 1, »x falls below the level of the lowest
optimum output current, then the converter cell having the
highest input voltage is identified, and the operation duration
is calculated based on the output current reference signal
lour rer and the optimum output current 1, opr of the
identified converter cell. The identified converter cell is then
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operated for the calculated duration at its optimum output
current, while the other converter cells are operated at zero
output current.

FIG. 57 shows one embodiment of a method for operating
a multi-cell converter with an IP topology in the intermittent
mode. The method shown in FIG. 57 is based on the method
shown in FIG. 56 to which the reference is made. The
difference between the method explained with reference to
FIG. 56 and the method illustrated in FIG. 57 is that in the
multi-cell converter with IP topology the input current
reference signal I, zzr is compared with an optimum input
current Iy, op7 (see 1041 in FIG. 57) and that the operation
duration T is calculated based on the input current refer-
ence signal I, p..- and the optimum input current I, .,
Everything else which has been explained with reference to
the method illustrated in FIG. 56 applies to the method
illustrated in FIG. 57 equivalently.

FIG. 58 shows one embodiment of a main controller 3 in
a multi-cell converter with OP topology. The main controller
3 is based on the main controller 3 shown in FIG. 33 and is
different from this main controller shown in FIG. 33 in that
an intermittent operation controller 33 receives the output
current reference signal 1,7 z-r from the output voltage
controller 31 (which may be omitted when the output current
is to be controlled) and generates the output current refer-
ence signals 12, ppz-I2y; gzp in accordance with the
method explained with reference to FIG. 56. That is, the
intermittent operation controller 33 sets the signal level of
the identified converter cell to 1,7 opr for the calculated
operation duration T . -

FIG. 59 shows one embodiment of a main controller 6 in
a multi-cell converter with an IP topology and having an
intermittent operation functionality. This main converter 6
shown in FIG. 59 is based on the controller 6 shown in FIG.
39 and is different from this controller 6 shown in FIG. 39
in that it additionally includes an intermittent operation
controller 62 which receives the input current reference
signal 1,5, zgp from the input voltage controller 61 (which
may be omitted when the output current is to be controlled)
and generates the input current reference signals 10, .-
105, zzr In accordance with the method explained with
reference to FIG. 57. That is, the intermittent operation
controller 63 sets the signal level of the identified converter
cell to 1y, opy for calculated operation duration T ,p.

In each of the intermittent operation modes explained
with reference to FIGS. 56 and 57, the output current
reference signal 1, - and the input current reference
signal 1, .z Tespectively, may be evaluated periodically.
According to one embodiment, the multi-cell converter
enters the intermittent mode when the power reference
signal falls below a first threshold (referred to as 07 opr
and I, opr in the embodiments shown in FIGS. 56 and 57)
and leaves the intermittent mode when the power reference
signal rises above a second threshold higher that the first
threshold. Such hysteresis prevents the multi-cell converter
from frequently switching between the intermittent and the
non-intermittent mode when the power reference signal has
a level which is close to the first threshold.

FIG. 60 shows one embodiment of a power converter
circuit in which the power converter 10 has an IS topology
and, additionally to the converter cells 1,-1,,, includes a
filter cell 1,,. As explained before, the converter cells 1,-1,,,
are each configured to receive a cell input power at a cell
input, and to provide a cell output power at a cell output, to
which the DC link capacitor 11,-11,,, is connected thereto.
The second power converter 20 is connected to the DC link
capacitors 11,-11,, of the first power converter 10. The
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second power converter 20 may be implemented with one of
the second power converter topologies explained hereinbe-
fore.

The filter cell 1, includes a capacitor 11, (which is drawn
outside the block representing the filter cell 1, in FIG. 60).
Unlike the DC link capacitors 11,-11,, the capacitor 11, of
the filter cell 1, is not connected to the second power
converter 20. The filter cell 1, can be operated in an input
power mode, in which the filter cell receives an input power
at an terminal of the filter cell, and an output power mode,
in which the filter cell provides an output power at the gate
of the filter cell 1. The terminal of the filter cell includes
two nodes and is connected in series with the cell inputs of
the converter cells 1,-1,,,. The series circuit with the cell
inputs of the converter cells 1,-1,, and the terminal of the
filter cell 1, is connected to the input IN1, IN2 of the power
converter circuit.

The filter cell 1, can be implemented with the same
topology as the converter cells 1,-1,,;. One embodiment of
the filter cell 1, is shown in FIG. 61. In the embodiment
shown in FIG. 61, the filter cell 1, is implemented with a
full-bridge topology, which is explained with reference to
FIG. 24 above. In the filter cell 1, shown in FIG. 61, the
individual components have the same reference characters
as the corresponding components in the converter cell 1,
shown in FIG. 24, where a subscript index “0” has been
added to the reference characters in the filter cell 1, shown
in FIG. 61. The operation of the filter cell 1, corresponds to
the operation of the converter cell 1,. That is, a controller 19,
of the filter cell 1, receives a modulation index m, and
controls operation of the low-side switch 17,; and the
high-side switch 17, of the first half bridge 17, and of the
low-side switch 18,; and the high-side switch 18, of the
second half bridge 18, based on the modulation index m,, in
accordance with one of the modulation schemes explained
with reference to FIGS. 26A and 26B.

Implementing the filter cell 1, with a full-bridge topology
is only an example. The filter cell 1, could also be imple-
mented with only one half-bridge (as explained with refer-
ence to FIG. 12) when the input voltage V,, is a rectified
sine voltage or a direct voltage.

The operation of a first power converter 10 shown in FIG.
60 is controlled by a main controller 4. One embodiment of
this main controller is shown in FIG. 62. This main con-
troller 4 is based on the main controller 4 shown in FIG. 13
(to the specification of which reference is made, and is
different from the main controller 4 shown in F1G. 13 in that
it additionally includes a converter and filter cell controller
44 which receives the modulation index from the modula-
tion index controller 42. The converter and filter cell con-
troller 44 provides a modulation index m,, to the filter cell 1,
and modulation indices m;-m,, to the converter cells
1,-1,,.

FIG. 63 illustrates one way of operation of the first power
converter 10 shown in FIG. 60 during one period of a
sinusoidal input voltage V. In FIG. 63 V1, denotes the
total cell input voltage and V1, denotes the average cell
input voltage of the filter cell, that is, the cell input voltage
averaged over one or more drive cycles. In the first power
converter 10 shown in FIG. 60, only the filter cell 1, is
operated in a switched-mode at the switching frequency
such as, for example 20 kHz or higher. The converter cells
may be operated in the block mode. That is, these converter
cells may switch at a frequency which is twice the frequency
of the input voltage V,, so that each converter cell is
switched to the off-state and the on-state only once during
one halfwave of the input voltage V. That is, based in an
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instantaneous voltage level of the input voltage V the
converter cells are operated in one of two operation modes,
the on-mode or the off-mode. However, it is also possible to
switch the converter cells at the switching frequency of the
converter cell 1.

FIG. 64 shows one embodiment of a method for calcu-
lating the modulation index m, of the filter cell, and the
modulation indices of the converter cells. For the purpose of
explanation it is assumed that the DC link voltages of the
converter cells are substantially equal, that is, equal to
V2707/N;. Referring to FIG. 64, the method includes cal-
culating a number F of converter cells that are to be operated
in the off-state (1051). The total cell input voltage V1,
provided by those F converter cells is F-V2,,,,/N,. Calcu-
lating this number F includes determining the number F of
converter cells to be operated in

the off-state by calculating

F=Round[m-N1] (23),

that is, by the product of the modulation index m and the
number N1 of converter cells, and by rounding the result.
The modulation index m,, of the filter cell 1, is then calcu-
lated (1052) based on the voltage V2, across the capacitor
11, and the desired average voltage V1, at the gate of the
filter cell 1, during one drive cycle by m=V1,/V2,, where
V2, is the voltage across the capacitor 11, and V1, is the
desired voltage at the gate of the filter cell. The desired
voltage V1, at the terminal of the filter cell corresponds to
the

F-Vipr
N1

24
V1 =m-V2or —

where m is the modulation index calculated by the modu-
lation index controller, and V2, is the total DC link
voltage.

The converter and filter cell controller 44 then operates
(1053) the filter cell at the calculated modulation index my,
operates F converter cells in the off-state (modulation index
m;=1), and operates N1-F converter cells in the on-state
(modulation index m=0). This determining 1051, calculat-
ing 1052 and operating 1053 may be repeated cyclically.
According to one embodiment these steps are repeated
regularly. According to one embodiment, a frequency at
which these steps are repeated is less than 0.1 times, or even
less than 0.01 times the switching frequency in the filter cell
1,

Referring to the explanation above, the converter may be
operated in the block mode so that they are switched to the
off-state and back to the on-state only once in each halfwave.
In a multi-cell converter implemented with a filter cell in
which the converter cells are operated in the block mode the
filter cell may be optimized in terms of low switching losses,
while the converter cells may be implemented in terms of
low conduction losses.

The method illustrated in FIG. 64 applies to the positive
half-wave of the input voltage. During the negative half-
wave the method is different from the method shown in FIG.
64 in that F is calculated based on the absolute value of the
modulation index (which is negative during the negative
half-wave) and that the F converter cells are operated at a
modulation index m=-1

During one halfwave of the input voltage V,, the con-
verter cells are either operated at m,=1 (or -1) or m,=0. The
sign of the modulation index m,, of the filter cell 1, may vary.
That is, the modulation index m,, can become positive and
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negative during one halfwave. During the positive halfwave,
when the modulation index m, is positive, the filter cell 1,
receives power from the input IN1, IN2. When the modu-
lation index m, is negative, the filter cell 1, supplies power
to the series circuit with the converter cells 1,-1,,. During
the negative halfwave a positive modulation index m,
indicates that the filter cell 1, supplies power, and a negative
modulation index m,, indicates that the filter cell 1, receives
power. Thus, the filter cell receives power (is in an input
power mode) when the sign of the modulation index m,
equals the sign of the overall modulation index m, and
supplies power (is in the output power mode) when the signs
are different. Basically, the average power, the filter cell 1,
receives in one half-period of the input voltage V,,, is zero
so that the voltage V2, across the capacitor 11, swings
around a certain voltage level, such as zero.

For example, during the positive halfwave, the modula-
tion index is positive when the sum of the cell output
voltages of the F converter cells that are in the off-state is
lower than the level of the input voltage, and is negative
when the sum of the cell output voltages of the F converter
cells that are in the off-state is higher than the level of the
input voltage V. During the negative halfwave, the modu-
lation index is negative when the sum of the cell output
voltages of the F converter cells that are in the off-state is
lower than the (absolute value of the) level of the input
voltage, and is positive when the sum of the cell output
voltages of the F converter cells that are in the off-state is
higher than the (absolute value of the) level of the input
voltage V.

FIG. 65 illustrates operation of the first power converter
10 shown in FIG. 60 during one drive cycle (having the
duration Tp). In this embodiment, two of the converter cells
are in the off-state during the complete duration Tp of the
drive cycle, and two of the converter cells are in the on-state
during the complete duration of the drive cycle Tp. The filter
cell 1, is operated in a switched mode based on the modu-
lation index m,, (where duty cycle do is given by d,=1-m,).

Referring to the above, the converter cells may be oper-
ated in the block mode. However, it is also possible to
operate the multi-cell converter such that a group of con-
verter cells that are in the off-state and, consequently,
another group of converter cells that are in the on-state, may
change from drive cycle to drive cycle. However, it 1s also
possible, to operate the same converter cells in the off-state
and the same converter cells in the on-state until the modu-
lation index m,, of the filter cell 1, is calculated anew. In this
way, the DC link capacitors are more equally charged.

FIG. 66 shows one embodiment of a second power
converter 20 which includes a filter cell 2. Like the filter
cell 1, shown in FIG. 60, the filter cell 1, includes an
terminal. The terminal of the filter cell 2, is connected in
series with cell outputs of the filter cells 2,-2,5. The series
circuit with the terminal of the filter cell 2, and the cell
outputs 2,-2,5 of the converter cells is connected to the
output OUT1, OUT2. In order for the illustration shown in
FIG. 66 to be consistent with the illustration shown in FIG.
60, a capacitor of the filter cell 2, like the capacitor shown
in FIG. 60 is labeled with 11,. V2, is the voltage across the
capacitor of the filter cell 2,. The operation of the filter cell
2, shown in FIG. 66 corresponds to the operation of the filter
cell shown in FIG. 60, with the difference that the filter cell
2, shown in FIG. 66 provides a voltage V3, which is added
to a total cell output voltage V3, of the converter cells.

FIG. 67 shows one embodiment of the filter cell 2,,. The
full-bridge topology of this filter cell 2, corresponds to the
topology of the converter cell 2, shown in FIG. 34. However,
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a topology with only one half-bridge may be used as well.
Just to illustrate that the filter cell 2, is different from the
converter cell a subscript index “0” has been added to the
reference characters of the individual components of the
filter cell 2,,. The operation of the filter cell 2, corresponds
to the operation of the converter cell 2;. That is, a controller
233, of the filter cell 2, receives a modulation index m, and
drives a first half bridge 231, and a second half bridge 232,
with a duty cycle calculated based on the modulation index
m,.

FIG. 68 shows one embodiment of a main controller 5 in
the second power converter 20 shown in FIG. 66. This main
controller 5 is based on the main controller 5 shown in FIG.
35, and is different from the main controller 5 shown in FIG,
35 in that it additionally includes a converter and filter cell
controller 54 which receives the modulation index m from
the modulation index controller 52 and the provides the
modulation index m, to the filter cell 2,, and modulation
indices m, -m,,; to the individual converter cells 2,-2,. The
converter and filter cell controller 54 shown in FIG. 68
operates like the converter and filter cell controller 44 shown
in FIG. 62, to which reference is made. A difference between
the converter and filter cell controller shown in FIG. 54 and
the convergent filter cell controller shown in FIG. 62 is that
the converter and filter cell controller shown in FIG. 55
generates the modulation indices m -m,; based on the total
cell output voltage V3,,, instead of the total cell input
voltage V1,5

FIG. 69 shows one embodiment of a method that may
implemented in the converter and filter cell controller 54
shown in FIG. 68. This method includes determining the
number F of converter cells to be operated in the off-state by

F=Round[mN3] 25),

that is, by calculating the product of the modulation index
m and the number N3 of converter cells, and by rounding the
result (1061). Then the modulation index m, is calculated
similar to calculating the modulation index m,, in the method
shown in FIG. 64, with the difference that the modulation
index m, in the method shown in FIG. 69 is calculated based
on the desired cell output voltage V3, of the filter cell 2,
(instead of the desired cell input voltage V1,). The desired
cell output voltage V3, of the filter cell 2, is

F1-V207
N3

(26)
V30 =m- VZTOT -

and the modulation index my=V3,/V2,. The converter
and filter cell controller 54 then operates the filter cell 1, at
the modulation index m,, F converter cells at a modulation
index m,~=1, and N3-F converter cells at a modulation index
m,~0. The timing diagrams shown in FIG. 63 apply to the
second power converter 20 shown in FIG. 66 equivalently.
The parameters of the second power converter 20 are
indicated in brackets in FIG. 63. The filter cell 20 supplies
power (is in an output power mode) to the output OUTI,
OUT2 when the modulation index m, has a sign which
equals the sign of the overall modulation index m, and
receives power (is in an input power mode) when the signs
are different. The signs are equal, when the sum of the cell
input voltages of those converter cells which are in the
off-state is lower than the instantaneous level of the output
voltage, and the signs are different, when the sum of these
voltages is higher than the instantaneous level of the output
voltage.
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Another degree of freedom a multi-cell converter topol-
ogy offers is the type of connection between the individual
converter cells. In the embodiments explained hereinbefore,
the converter cells of one multi-cell converter have their cell
inputs connected in series (IS topology) or in parallel (IP
topology), or have their outputs connected in series (OS
topology) or in parallel (OP topology). According to one
embodiment, the multi-cell converter includes at least two
converter cells in which the type of connection between the
two converter cells can change between a parallel connec-
tion and a series connection. That is, these two converter
cells are either series connected or parallel connected. This
is explained for two converter cells of a multi-cell first
power converter 10 with reference to FIGS. 70-73, and for
two converter cells of a multi-cell second power converter
20 with reference to FIGS. 73-75.

In FIG. 70 reference character 1, and 1,,; denote two
converter cells of the first power converter 10. 11,, 11,,,
denote the corresponding DC link capacitors, and V2,,
V2,,, denote the corresponding DC link voltages. Each of
the converter cells 1,, 1, , includes a cell input with a first
cell input node, and a second cell input node. A switch
arrangement 7 is connected between the cell inputs of the
converter cells 1,, 1,,, and is configured to connect the cell
inputs either in series or in parallel. The switch arrangement
7 includes a first switch 71 connected between a first cell
input node of the converter cell 1, , and a second cell input
node of the converter cell 1,. A second switch 72 is con-
nected between a first cell input node of the converter cell 1,
and the first cell input node of the converter cell 1, ;. A third
switch 73 1s connected between a second cell input node of
the converter cell 1,, and the second cell input node of the
converter cell 1, ;. The converter cells 1,, 1,,, have their
cell inputs connected in series when the first switch 71 is
switched on, and when the second and third switch are
switched off. In this case, the second cell input of converter
cell 1, is connected to the first cell input of converter cell
1,,,. The two converter cells 1,, 1., have their cell inputs
connected in parallel when the first switch 71 is switched off,
and when each of the second and third switch 72, 73 is
switched on. In this case, the first cell input node of
converter cell 1, is connected to first cell input node of
converter cell 1,,;, and the second cell input node of
converter cell 1, is connected to the second cell input node
of converter cell 1,,,.

As indicated by the dotted lines shown in FIG. 70, the
multi-cell power converter may include further converter
cells, besides the converter cells 1, 1, . The converter cells
1,,1,,, shown in FIG. 70 can be arranged in different ways
in the multi-cell converter. According to one embodiment,
the first cell input node of converter cell 1, is connected to
the first input node IN1 of the multi-cell converter 10, and
at least one further converter cell is connected between the
second cell input node of the converter cell 1,,, and the
second input node IN2 of the multi-cell converter 10.
According to one embodiment, two or more converter cells
are connected between the converter cell 1, ; and the second
input node IN2, wherein these two or more converter cells
have their cell inputs connected in series between the second
cell input node of converter cell 1,,, and the second input
node IN2. According to a further embodiment, the second
cell input node of the converter cell 1, is connected to the
second input node IN2 of the multi-cell converter 10, and at
least one further converter cell is connected between the first
cell input node of converter cell 1, and the first input IN1.
According to one embodiment, two or more converter cells
are connected between the first input node IN1 and the first
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cell input node of the converter cell 1,. wherein these two or
more further converter cells have their cell inputs connected
in series. According to another embodiment, two or more
converter cells are connected between each input IN1, IN2
and the converters cells 1,, 1, , respectively.

Further, each of the two converter cells 1,, 1,,, includes
an inductor (not shown in FIG. 70, but as explained with
reference to various converter cell topologies above).

According to one embodiment, the converter cells 1,, 1, ,
shown in FIG. 70 (and the other converter cells which are
not shown in FIG. 70) have one of the converter topologies
explained with reference to FIGS. 12 and 24 (boost topology
or full-bridge topology).

FIG. 71 shows one way of operating the multi-cell power
converter 10 shown in FIG. 70. In this embodiment, the type
of connection between converter cell 1, and the converter
cell 1,,, is dependent on an instantaneous voltage level of
the input voltage V. For example, if the voltage level of the
input voltage V,, is below a voltage threshold V1, the two
converter cells 1., 1, ., are connected in parallel. In FIG. 71
this is indicated by an on-level (high level) of drive signals
S72, S73 of the second and third switches 72, 73, and an
off-level (low level) of a drive signal 871 of the first switch
71. An on-level of one of the drive signal S71-S73 indicates
that the respective switch is in the on-state, and an off-level
indicates that the respective switch is in the off-state. When
the voltage level of the input voltage V,, is above the
voltage threshold V1, the converter cells 1,, 1,,, are con-
nected in series. In FIG. 71 this is indicated by an off-level
of the drive signals S72, S73 of the second and third
switches 72, 73, and an on-level of the drive signal S71 of
the first switch 71.

Each of the converter cells 1, 1,,, can be operated in one
of an on-state and an off-state. In the on-state, the cell input
voltage V1,, V1,,, of each converter cell are substantially
zero. When the converter cells 1,, 1,,, are connected in
series, a total cell input voltage V1, ,, , of the converter cells
1, 1,,, is one of O (zero), V2, V2,,,, and V2,4V2,,,,
dependent on which of the two converter cells 1., 1, ., is in
the on-state or in the off-state. If the two converter cells 1,
1,,, are connected in parallel, the total cell input voltage
V1, .., is zero when both converter cells 1,, 1., are in the
on-state. If both converter cells 1,, 1,,, are in the off-state
(and the converter cells are implemented with a full bridge
topology), the total cell input voltage V1, ,,, is dependent
on the voltage V2,, V2, across the DC link capacitors 11,,
11,,,. If these voltages are equal (V2,=V2,,,), the voltage
level of the total cell input voltage V1, ,,, corresponds to
the voltage level of the DC link voltages V2,, V2,, . If these
voltages V2,, V2,,, are not equal, there may be a charge
balancing such that electrical charge from the DC link
capacitor which has the higher voltages transferred to the
DC link capacitor which has the lower voltage until these
voltages are balanced such that the voltage levels of these
two voltages V2,, V2, are equal. The voltage level of the
total cell input voltage V1, ., then equals the voltage level
of the balanced DC link voltages V2,, V2,,,.

Referring to the above, the maximum level of the total cell
input voltage V1, ,,, when the converter cells 1,, 1,,, are
connected in parallel is lower than the maximum level of the
total cell input voltage V1, ,,, when the converter cells 1,
1,,, are connected in series. When the input voltage V,, is
below the threshold V1, the lower cell input voltage (in
connection with the cell input voltages of the other converter
cells) may be sufficient to track the voltage level of the input
voltage V,, while a higher cell input voltage may be
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required when the voltage level of the input voltage V,,, is
above the voltage threshold V1.

Connecting the two converter cells 1,, 1,,, in parallel
when the input voltage V,, is below the voltage threshold
V1, may be beneficial at a high level of the converted power.
If, for example, the input current I, is relatively high, even
before the input voltage V,, reaches the voltage threshold
V1, so that the input power of one converter cell is higher
than the power at which the converter cell may have its
maximum efliciency, the two parallel connected converter
cells 1,, 1,,, can share this input power so that each of these
converter cells is operated at an efficiency which is higher
than the efficiency of only one converter cell which converts
the input power. For example, operating two parallel con-
nected converter cell at a power which is only 50% of the
maximum power may be more efficient than operating only
one converter cell at the maximum power.

FIG. 72 shows one embodiment of a main controller 4
which is configured to control the converter cells in the
multi-cell power converter 10 shown in FIG. 70. This main
controller 4 is based on the main controller 4 shown in FIG.
13, and is different from the main controller shown in FIG.
13 in that it additionally includes a switch controller 45. The
switch controller 45 receives the input voltage signal V,; ,,
and is configured to operate the individual switches 71-73 of
the switch circuit 7 dependent on a voltage level of the input
voltage V. The switch controller 45, which generates the
drive signals S71-S 73 of the switches 71-73, may operate
the switches 71-73 as shown in FIG. 71. That is, the switch
controller 54 may operate the switches 71-73 such that the
cell inputs of the converter cells 1,. 1,,, are connected in
parallel when a voltage level of the input voltage V,,, is
below the threshold V1, and connected in series when the
voltage level of the input voltage V,,, is above the threshold
V1. The main controller 4 shown in FIG. 72 is configured to
operate the individual converter cells of the multi-cell con-
verter 10 with the same modulation index m. However, it is
also possible to operate the individual converter cells with
different modulation indices.

According to one embodiment, the main controller 4 is
configured to connect the two converter cells 1,, 1,,, in
series and to operate only one of the converter cells1,,1, ,
when the level of the input voltage V/, is below a second
threshold lower than the first threshold V1, to connect both
converter cells 1, 1, , in parallel when the level of the input
voltage V,, is below the second and the third threshold, and
to connect the converter cells 1,, 1, in series again when
the level of the input voltage V ,, is above the first threshold.
“Operating only one converter cell” of the two parallel cells
is equivalent to controlling the input current of one of the
two cells to zero.

Although the multi-cell converter 10 shown in FIG. 70 is
drawn to include only two converter cells which may be
have their inputs connected either in parallel or in series, the
multi-cell converter 10 is not restricted to having only two
of those rearrangeable converter cells. “Rearrangeable” con-
verter cells are converter cells that by a switch circuit 7 may
either have their cell inputs connected in parallel, or con-
nected in series. According to one embodiment, the multi-
cell converter 10 includes further rearrangeable converter
cells. This may be obtained by providing a switch circuit of
the type shown in FIG. 70 between two converter cells other
than the converter cells 1,, 1,,, shown in FIG. 70. It is also
possible, to provide a switch arrangement of the type shown
in FIG. 70 between one of the converter cells 1,, 1,,; and
another converter cell (not shown). In this case, an arrange-
ment of converter cells is obtained in which two or three
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converter cells can be connected in parallel. According to
one embodiment, in a multi-cell converter 10 with N1
converter cells, there are N1-1 switch arrangements, so that
there is a switch arrangement between each pair of two
neighboring converter cells. In this embodiment, up to N1
converter cells can be connected in parallel.

In the embodiment shown in FIG. 70, there are two
converter cells 1,, 1,,, that can be connected in parallel.
According to another embodiment, each of the two con-
verter cells is replaced with a series circuit (a string) of two
or more converter cells. In this embodiment, the two strings
are connected in parallel or in series based on the signal level
of the input voltage V,,, wherein the criteria for switching
the strings in series or in parallel can be the same as
explained with reference to the two converter cells 1,, 1., ,
above.

FIG. 73 shows one embodiment of second power con-
verter 20 which includes two rearrangeable converter cells
2, 2., Bach of these converter cells 2,, 2, , includes a cell
output with a first cell output node and a second cell output
node. A switch arrangement 8 with a first switch 81, a second
switch 82, and third switch 83 is connected between the cell
outputs of the two converter cells 2,, 2,,, such that a first
switch 81 is connected between a second cell output node of
converter cell 2, and a first cell output node of converter cell
2,.,,. a second switch 82 is connected between the first cell
output node of the converter cell 2, and the first cell output
node of the converter cell 2,,,, and a third switch 83 is
connected between the second cell output node of the
converter cells 2, and the second cell output node of the
converter cell 2, ;. The cell outputs of the converter cells 2,,
2., are connected in series when the first switch 81 is
switched on and each of the second switch 82 and the third
switch 83 is switched off, and the cell outputs are connected
in parallel when the first switch 81 is switched off in each of
the second 82 and the third 83 is switched on.

In FIG. 73, 11, 11,,, denote the DC link capacitors
connected to the cell inputs of the converter cells 2, 2,, ,,
and V3,, V3,,, denote cell output voltages of the two
converter cells 2,, 2, ;. A power converter (not shown in
FIG. 73) which supplies power to the DC link capacitors 11,,
11,,, may have any of the converter topologies explained
with reference to the first power converter hereinbefore.
That 1s, the first power converter supplying power to the DC
link capacitors 11,, 11, shown in FIG. 73 not necessarily
is a first power converter with rearrangeable converter cells,
although it may include rearrangeable converter cells.

According to one embodiment, the type of connection
between the cell outputs of the two converter cells 1,, 1, ,
is dependent on a voltage level of the output voltage V 5
According to one embodiment, the output voltage V . is
defined by an external voltage source such as, for example,
a power grid. In this case, the multi-cell converter 20
supplies the output power “against” the output voltage V ;-
defined by the external voltage source.

One way of operation of the multi-cell converter 20
shown in FIG. 73 is shown in FIG. 74. FIG. 74 shows the
voltage level of the output voltage V- during one half-
wave of a sinusoidal output voltage. Referring to FIG. 74,
the cell outputs of the converter cell 2,, 2,,, may be
connected in parallel when the voltage level of the output
voltage V ., is below a voltage threshold V2, and may be
connected in series, if the voltage level of the output voltage
V o 18 above the voltage threshold V2. A parallel connec-
tion of the converter cells 2, 2., is indicated by on-levels
(high levels) of drive signals S82, S83 of the second switch
82 and the third switch 83 and an off-level (low level) of a
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drive signal S81 of the first switch 81. A series connection
of the cell outputs is represented by off-levels of the drive
signals S82, S83 of the second switch 82 and the third switch
83 and an on-level of drive signal S81 of the first switch 81.

In FIG. 73, V3, , ., denotes a total cell output voltage of
the two converter cells 2, 2,, . If the converter cells 2,, 2, ,
are connected in series this total cell output voltage V3, ..,
is V2, (if 2, is in the off-state, and 2, ; in the on-state), V2, ,
(if 2, is in the on-state, and 2,,, is in the off-state), and
V2,,V2,,, (if both, 2, and 2,,, are in the off-state). If the
converter cells 2,, 2, , are connected in parallel, the total
cell output voltage V3, ,,, corresponds to a balanced volt-
age level. The balanced voltage level is the voltage level
obtained by charge balancing between the two DC link
capacitors 11,, 11,,, when both converter cells 2, 2,,, are
in the off-state.

Like in the power converter 10 shown in FIG. 70, there is
an inductor (not shown in FIG. 73) in each of the converter
cells 2;, 2, ,. Further, other converter cells of the multi-cell
converter 20 are not shown in FIG. 73. These converter cells
may be connected between the converter cell 2, and the
output node OUTI, between the converter cell 2, ; and the
second output node OUT2. Alternatively, one or more
converter cells are connected between each of the converters
2, and 2, , and each of the output nodes OUT1, OUT2.

FIG. 75 shows one embodiment of a main controller 5
which is configured to control operation of the second power
converter 20 shown in FIG. 73. This main controller 5
shown in FIG. 75 is based on the main controller 5 shown
in FIG. 35 and is different from the main controller shown
in FIG. 35 in that it additionally includes a switch controller
55 which generates the drive signals S81, S82, S83 of the
individual switches in the switch arrangement 8 shown in
FIG. 73. The switch controller 55 can be configured to drive
these switches 81-83 in accordance with the embodiment
shown in FIG. 74 such that the switch arrangement 8
connects the cell outputs of the converter cells 2,, 2,,, in
series when a voltage level of the output voltage V ;1 1s
above the threshold V2, and to connect the cell outputs in
parallel when the voltage level of the output voltage V2 is
below the threshold.

Referring to FIGS. 71 and 74, the rearrangeable converter
cells 1,, 1,,, and 2, 2,,,, respectively, in the multi-cell
converters 10, 20, shown in FIGS. 70 and 73 are rearranged
twice in each halfwave input voltage V,, and the output
voltage V. respectively. In the embodiments shown in
FIGS. 71 and 74, the type of connection changes from a
parallel connection to a series connection when the respec-
tive voltage rises above a threshold (V1, V2 in FIGS. 71 and
74), and from the series connection back to a parallel
connection when the respective voltage falls below the
threshold.

FIGS. 76A and 76B show one way of operation of a first
power converter 10 with an IP topology. FIG. 76A illustrates
a power level of the input power P, (in case the input power
is an AC power, P, denotes the average input power in one
period of the input voltage V), and the shares of the input
power P, the individual converter cells 1,-1,, receive. Just
for the purpose of explanation it is assumed that the power
converter includes N1=3 converter cells, wherein P, P,
P denote the input powers of the individual converter
cells, —and  Ppy rer=PriPrv P rerProPive
Pt rer=PinaPry denote the shares of the individual con-
verter cells, wherein

PoZ ™ Prys_pzs=100% @n,
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where Py, »z; denote the input power shares of the
individual converter cells, and N1=3 in this embodiment.

Referring to FIG. 76A, the input power shares Py, zp;-
Pom zer 0f the individual converter cells 1,-1,;, are depen-
dent on the power level of the input power P,,, which may
vary between a maximum level P, .., and a minimum
level P, 4 0 In the embodiment shown in FIG. 76A, at the
maximum level, P,,, ,,,, converter cell 1, has the highest
share, converter cell 1,, has the lowest share, and converter
cell 1, has a share lower than the one of converter cell 1, but
higher than the one of converter cell 1,,. At the lowest level
Py amy (which is different from zero), converter cell 1, has
the lowest share, converter cell 1, has the highest share,
and converter cell 1, has a share lower than the one of
converter cell 1, but higher than the one of converter cell
1,. In FIG. 76A, the dashed and dotted line illustrates the
input power share of one converter cell in a power converter
in which the individual converter cells receive equal shares
of the input voltage independent of the level of the input
power P, These shares are dependent on the number of
converter cells. In a power converter with N1=3 converter
cells, each converter cell receives 33.33% (=1/N1) of the
input power Ppy,.

In the embodiment shown in FIG. 76 A, the distribution of
the input power shares is independent of the input power
level if the input power level is between the maximum level
P, aax and a first level Py, ,, wherein, for example,
P zer=00%. P pr=30%, Pran zzr=10%. If the input
power level falls below the first level P,, the share of the
converter 1, decreases as the input power level decreases,
while the share of the converter 1,, increases. If the input
power level falls below a second level P, , lower than the
first level P,,, , the share of the converter 1, decreases as the
input power level decreases, while the share of the converter
1,, further increases. If the power level is between a third
level Pyy; 5 lower than the second level P,y 5 and the mini-
mum level Py, ., the distribution of the input power
shares is again independent of the input power level,
wherein, for example, Py zzr=10%, Ppn re=15%,
Pt rer=715%. - -

The distribution of the power shares at the individual
input power levels shown in FIG. 76A is only an example.
While in the embodiment shown in FIG. 76 each of the
converter cells changes its input power share as the input
power level decreases, it is also possible to have only two
converter cells which change their input power shares and to
leave the input power share of the other converter cell(s)
substantially constant.

According to one embodiment, the individual converter
cells 1,-1,, are configured to receive a direct voltage as the
input voltage V. In this case, the input powers of the
individual converter cells can be adjusted by adjusting their
respective input currents 10,-10,,. FIG. 76B illustrates the
distribution of the input currents 10,-10,,, dependent on the
power level of the input power. Referring to FIG. 76B, the
input current I, decreases linearly as the power level of the
input power P, decreases from the maximum level Pyy 5745
to the minimum level Py, 5, The individual input currents
10,-10,,,, however, do not decrease linearly over the com-
plete input power range. There may even be ranges where
the input current of one converter cell is substantially
constant or increase as the power level decreases. For
example, in the embodiment shown in FIG. 76B, the input
current 10,, of converter cell 1,, increases as the input
power level decreases between the second level and the third
level Py , and Py 5. In general, the capability of the power
converter to unequally distribute the input power shares of
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the individual converter cells may be used to keep the input
power level (input current level) of at least one converter cell
within a predefined power range (current range) in which the
respective converter cell has a high efficiency, that is, for
example an efficiency higher than 60% or higher than 80%
of the maximum efficiency.

InFIG. 76B, 10,-10,, denote the average input currents of
the individual converter cells. That is, the power converter
may be operated in a phase shedding mode or intermittent
mode as the input power level decreases. In this case, there
may be time periods in which the instantaneous current
levels of one or more of the input currents 10,-10,, become
Zero.

FIG. 77 shows one embodiment of a main controller 6
which is configured to control the individual converter cells
1,-1,, in the way explained with reference to one of FIGS.
76A and 76B. The main controller 6 shown in FIG. 77 is
based on the main controller 6 shown in FIG. 39 and is
different in that it includes a power share controller 64 which
is configured to generate the input current reference signals
10, zz710y, zzrof the individual converter cells based on
desired input power level. The power share controller may
calculate the desired input power level based on the input
current reference signal I,y p» (Whichmay be calculated by
the input voltage controller 61, received by a central con-
troller, or by an MPP tracker) and the input voltage signal
Vv ar According to another embodiment, the power share
controller 64 generates the input current reference signals
10, 2z 104, greronly based on the input current reference
signal T, zpp

The power share controller 64 is configured the generate
the input current reference signals 10, prz-10y, rzr such
that the (average) input currents 10,-10,, of the individual
converter cells are controlled as explained with reference to
FIGS. 76A and 76B before. The power share controller 64
may additionally have a phase shedding capability. That 1s,
the power share converter may alternately operate one or
more of the converter cells in the active and the inactive
mode in order to control the input current of the respective
converter cell.

The method explained with reference to one of FIGS. 76 A
and 76B in which the input power is unequally shared by the
individual converter cells, is not restricted to be employed in
apower converter with an IP topology such as one of the first
power converters with an IP topology explained before.
Instead, this kind of operation may be used in a multi-cell
converter with an OP topology, such as the multi-cell
converter shown in FIG. 31, as well. That is, a multi-cell
converter with an OP topology can be configured to vary the
distribution of the output power shares of the individual
converter cells 2,-2,5 based on a power level of the output
power P, In FIGS. 76 A and 76B the output power shares
and output currents occurring in an OP converter are indi-
cated in brackets. Here, P,up zzr=Pourn/Pour

POUD?REL:POUD/POUT’. . OUTN37REL:POUTN3/PO[{T3
denote the shares of the individual converter cells, wherein

Pour=Eie{" Poyn_pz=100%, (28).

FIG. 78 shows one embodiment of a main controller 3
which is configured to control the individual converter cells
2,-2,; in the way explained with reference to one of FIGS.
76A and 76B. The main controller 3 shown in FIG. 78 is
based on the main controller 3 shown in FIG. 33 and is
different in that it includes a power share controller 34 which
is configured to generate the output current reference signals
12, zgr12,s grer Of the individual converter cells based on
desired input power level. The power share controller 34
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may calculate the desired output power level based on the
output current reference signal 1., z-m (Which may be
calculated by the output voltage controller 31, or received by
a central controller) and the output voltage signal V7 2
According to another embodiment, the power share control-
ler 34 generates the output current reference signals 12, pz--
12,5 gz only based on the output current reference signal
lour rer

The power share controller 34 is configured the generate
the output current reference signals 12, pzz-1255 zgr such
that the (average) output currents 12,-12,, of the individual
converter cells are controlled as explained with reference to
FIGS. 76A and 76B before. The power share controller 34
may additionally have a phase shedding capability. That is,
the power share converter may alternately operate one or
more of the converter cells in the active and the inactive
mode in order to control the input current of the respective
converter cell.

In an IP or OP multi-cell converter that operates in
accordance with the method illustrated in FIGS. 76A and
76B, the individual converter cells 1,-1,, (2,-2,;) may be
implemented differently in terms of losses that may occur.
Each type of converter cell explained above includes at least
one electronic switch. According to one embodiment, the
individual converter cells 1,-1,; (2,-2,5) are designed dif-
ferently in terms of conduction losses. According to one
embodiment, this is obtained by designing the at least one
electronic switch in at least two of the converter cells 1,-1,,
(2,-2,5) with different on-resistances (R,,). The on-resis-
tance of an electronic switch is the electrical resistance the
electronic switch has in the on-state (switched on state). For
example, the on-resistance of a MOSFET when used as an
electronic switch is the electrical resistance between a drain
node (D) and a source node (S) of the MOSFET in the
on-state. A MOSFET can be designed to include a plurality
of transistor cells that are connected in parallel. In this case,
the on-resistance is substantially proportional to the number
of transistor cells and, therefore, proportional to the area the
MOSFET consumes on a semiconductor chip. In the design
of a MOSFET the on-resistance can be adjusted by suitably
selecting the number of parallel connected transistor cell. In
a GaN-HEMT, as another example of an electronic switch,
the on-resistance can be adjusted by suitably selecting a
channel width in the design of the device.

Assume for example that in a multi-cell converter which
operates in accordance with FIGS. 76A and 76B there are
four converter cells, one converter cell optimized for “light
load conditions” (corresponding to cell 1,, (2,5) in FIGS.
76A and 76B), one converter cell optimized for “medium
load conditions” (corresponding to cell 1, (2,) in FIGS. 76A
and 76B), and one converter cell optimized for “heavy load
conditions” (corresponding to cell 1, (2,) in FIGS. 76A and
76B). In this case, the at least one electronic switch in the
light load cell 1,, (2,;) is designed to have the highest
on-resistance, which will be referred to as first on-resistance
in the following R, the at least one electronic switch in
the medium load cell 1, (2,) is designed to have a second
on-resistance R, lower than the first on-resistance R ,,,
and the at least one electronic switch in the heavy load cell
1, (2,) is designed to have a third on-resistance R 5 lower
than the second on-resistance R ,,,,. That is,

Roni>Ron"Rone-

Aratio Rony :Rons:Rons 15, for example, 1:0.5:0.1. That
is, the first on-resistance Ry, is two times the second
on-resistance Ry, and 10 times the third on-resistance
Rps- Of course, this is only an example. The ratio between
the individual on-resistance may vary in wide range. Further,
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not necessarily all the on-resistances of the converter cells
are different. That is, the at least one electronic switch in two
or more converter cells may be implemented with substan-
tially the same on-resistance. However, there are at least two
converter cells that are designed with different on-resis-
tances. That is, the on-resistance of the at least one electronic
switch in one converter cell is different from the on-resis-
tance of the at least one electronic in the other converter cell.
“Different” means that the on-resistance in the one converter
cell is less than 80% of the on-resistance in the other
converter cell.

In case the individual converter cells of the multi-cell
converter are implemented with several electronic switches,
such as two switches in a boost topology, four switches in a
full-bridge topology, or eight switches in a DAB topology,
there are at least two converter cells in which two corre-
sponding electronic switches have different on-resistances.
“Corresponding” means, the electronic switches have the
same position and function in the respective topology. For
example, in converter cells with a boost topology with one
half-bridge (as shown in FIG. 12), the high-side switch in
one converter cell may have an on resistance which is
different from the on-resistance of the corresponding high-
side switch in the other converter cell. If the multi-cell
converter is implemented with converter cells that have
several electronic switches, there may be other electronic
switches that substantially have the same on-resistance in
each converter cell.

Another degree of freedom a multi-cell converter topol-
ogy offers is the ratio between the individual DC link
voltages V2,-V2,,. In the embodiments explained before,
the individual DC link voltages were assumed to have
substantially the same voltage level. However, this is only an
example. According to one embodiment, a multi-cell con-
verter with an TP topology or IS topology is configured to
control the DC link voltages at the cell outputs such that they
have at least two different voltage levels. “Different” means
that the voltage level of one group of DC link voltages is less
than 80% of the voltage level of another group of DC link
voltages, wherein each group includes at least one of the DC
link voltages explained before. According to another
embodiment, a multi-cell converter with an OP or OS
topology is configured to control the DC link voltages at the
cell inputs such that they have at least two different voltage
levels. “Different” means that the voltage level of one group
of DC link voltages is less than 80% of the voltage level of
another group of DC link voltages, wherein each group
includes at least one of the DC link voltages explained
before.

As, referring to the explanation above, in a multi-cell
converter with an TP or OP topology each converter cell may
be configured to control its associated DC link voltage,
different voltage levels of the DC link voltages may be
obtained by setting the DC link voltage reference signals in
the individual converter cells to different levels. For
example, in the IP topology shown in FIG. 29, different DC
link voltages V2,-V2,,, may be obtained by setting the DC
link voltage reference signals in the controller 4, of con-
verter cell 1, and in the controllers (not shown) of the other
cells to different values. The DC link reference signal of
controller 4, is the signal V2, .. shown in FIG. 30. This
signal and corresponding signals of the other controllers
may be provided by a central controller (not shown in the
drawings).

Generating DC link voltages with different voltage levels
is not restricted to IP and OP topologies. According to one
embodiment, a multi-cell converter with an IS topology is
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configured to generate DC link voltages V2,-V2,, with
different voltage levels at the cell outputs. One way of
operation of such multi-cell converter with an IS topology is
explained with reference to FIGS. 79A and 79B below.
FIGS. 79A and 79B show timing diagrams of one halfwave
of a sinusoidal input voltage or one full-wave of a rectified
sinusoidal input voltage, and timing diagrams of the total
cell input voltage V1,,,,. For the purpose of explanation it
is assumed that the multi-cell converter includes three
converter cells that generate different DC link voltages V2,
V2,, V2, at their respective cell output. In this embodiment,
V2,>V2,>V2,.

The multi-cell converter may be implemented with a
topology as shown in FIG. 12 (when N1=3), the individual
converter cells may have one of a boost topology (when the
input voltage is a rectified sine voltage) and a full-bridge
topology (when the input voltage is a sine voltage). in the
following, the different DC link voltages V2,, V2,, V24,
will be referred to as first, second and third DC link voltage,
respectively. The converter cells supplying these DC link
voltages will be referred to as first, second and third con-
verter cells.

In the embodiments shown in FIGS. 79A and 79B the
first, second and third converter cells are operated in the
block mode. That is, based on the instantaneous level of the
voltage V,,, only one of the converter cells is operated in a
PWM fashion. The other converter cells are either in the
on-state or the off-state. In the embodiment shown in FIG.
79A, the first converter cells operates in the PWM fashion
when the level of the input voltage V,, is between 0 and the
level of the first DC link voltage V2, the other two
converter cells are in the on-state. When the level of the
input voltage V,,; rises above the level of the first DC link
voltage V2, the second converter cell starts to operate in the
PWM {fashion, the first converter cell is in the off-state, and
the second converter cell is in the on-state. When the level
of the input voltage V,, rises above a level corresponding to
the level of the first DC link voltage V2, plus the level of the
second DC link voltage V2, the third converter cell starts to
operate in the PWM fashion, the first converter cell is in the
off-state, and the second converter cell is in the off-state, The
modulation indices of the three converter cells based on the
voltage level of the input voltage V,, are given in Table 1,
below:

TABLE 1
0< V2, < V2, 4V2, s
IVl € V2, VaplsV2,4V2, [Vl
ml  Vp/V2, 1 1
m 0 V- 1
V2,)/V2,
m3 0 0 (Vv

V2, - V2,)V2,

In Table 1, V,,, is the instantaneous level of the input
voltage, 1Vl is the absolute value of the instantaneous
voltage level of the input voltage, V2, is the level of the first
DC link voltage, V2, is the level of the second DC link
voltage, and V2, is the level of the third DC link voltage.

After the level of the input voltage V,, has reached the
maximum level and decreases, first the third converter cell
is switched to the on-state in which the cell input power is
substantially zero, then the second converter cell is switched
to the on-state in which the cell input power is substantially
zero, and, finally when the input voltage decreases to zero,
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the first converter cell is switched to the on-state in which
the cell input power is substantially zero.

The order in which the converter cells begin converting
power when the level of the input voltage V,,, increases is
arbitrary. In the embodiment shown in FIG. 77A the first
converter cell starts, followed by the second converter cell
which is followed by the third converter cell. However, other
orders are possible as well. In the embodiment shown in
FIG. 79B the third converter cell starts and operates in a
PWM fashion until the level of the input voltage V, reaches
the level of the third DC link voltage V2, then the second
converter cell operates in a PWM fashion until the level of
the input voltage V,, reaches the level of the third DC link
voltage V2, plus the level of the second DC link voltage, and
finally the first converter cell operates in the PWM fashion.
According to one embodiment, the order in which the
converter cells start converting power is different in different
halfwaves (or fullwaves). According to one embodiment, the
order in which the converter cells start converting power is
dependent on a (desired) power level of the input power Py,
In this case, the power level denotes an average power level
averaged over one period of the input voltage. If, for
example, the average power level is above a predefined
threshold, the power converter may start in the order shown
in FIG. 79A so that the first converter 1, has the highest
share of the input power P, If, for example, the average
power level is below the predefined threshold, the power
converter may start in the order shown in FIG. 79B so that
the third converter 1, has the highest share of the input
power P One embodiment of a main controller 4 config-
ured to operate a multi-cell converter with an IS topology in
the way explained with reference to FIGS. 79A and 79B is
shown in FIG. 80. This controller is based on the main
controller 4 shown in FIG. 13 and additionally includes a
block modulation controller 47 which receives the modula-
tion index m from the modulation index controller 42, and
the input voltage signal V,,; ,,, and which is configured to
generate the individual modulation indices (which are
referred to as m,-m,, in FIG. 80) of the individual converter
cells in accordance with Table 1.

In the IS converter explained with reference to FIGS.
79A-81, the time durations in which the individual converter
cells convert power are different. This may result in different
cell input powers of the converter cells. For example, if the
peak level of the input voltage V,,,is 360V, the first DC link
voltage V2, is 180V, the second DC link voltage V2, is
120V and the third DC link voltage V2, is 60V (so that the
total DC link voltage V2 .15 360V), and if P, ;; 1s the
average input power in one halfwave (or full-wave, respec-
tively) then the average cell input powers P; ,,+-P; 4y 0f
the individual converters cells are as follows when the
converter cells are operated as shown in FIG. 79A:

Py iy 061Pyy 4y
Py yr6=031Ppy_iye

Py iy 0.08Ppy 4y ] )
If the converter cells are operated in the order explained

with reference to FIG. 79B, the situation is as follows:
P re=039Ppy v
Py sy 040Ppy 4y

Py iy 021y iy
In the present embodiment, the average cell input powers

are substantially balanced, that is the average cell input
power of each cell is substantially %4 (0.33) of the average
input power Py, 4, When the converter cells are operated in
the order shown in FIG. 79B and when the DC link voltages
are controlled to have voltage levels as follows:
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V2,=161V
V2,=104V
V2,=95V.

In a multi-cell converter with IS topology which is
configured to generate DC link voltages with different
voltage levels, the individual converter cells 1,-1,, may be
implemented with the same topology. However, the switches
in the individual converter cells may be different in terms of
their voltage blocking capability. The “voltage blocking
capability” defines the maximum voltage an electronic
switch can withstand in the off-state (switched off-state)
without being damaged. For example, if the electronic
switch is implemented as a MOSFET, the voltage blocking
capability is dependent on the specific design of the MOS-
FET inside a semiconductor chip where active areas of the
MOSFET are integrated. “Different” in this context means
that the electronic switches were intentionally designed to
have different voltage blocking capabilities.

Referring to the above, in an IS converter the voltage
blocking capability of the individual switches implemented
therein is higher than the level of the corresponding DC link
voltage. For example, in the converter cell 1, shown in FIG.
12, the high-side and the low-side switch 12, 12, are each
designed to have a voltage blocking capability that is higher
than the associated DC link voltage V2,. Equivalently, in the
converter cell 1, shown in FIG. 24, the individual switches
17,18, are each designed to have a voltage blocking
capability that is lower than the associated DC link voltage
V2,. As the on-resistance of one electronic switches
increases exponentially as the voltage blocking capability
increases, it is desirable to design the individual electronic
switches with a voltage blocking capability that is as low as
required. Thus, in the embodiment explained before, the first
converter cell is implemented with electronic switches that
have a higher voltage blocking capability than electronic
switches in the second converter cell, and the second con-
verter cell is implemented with electronic switches that have
a higher voltage blocking capability than electronic switches
in the third converter cell.

In the example explained above where the DC link
voltages V2,-V,; are 180V, 120V and 60V, the first con-
verter cell may be implemented with electronic switches
having a voltage blocking capability of 250V, the second
converter cell may be implemented with electronic switches
having a voltage blocking capability of 150V, and the third
converter cell may be implemented with electronic switches
having a voltage blocking capability of 80V.

Operating individual converter cells with different DC
link voltages is not restricted to a multi-cell converter with
an IS topology. Instead, this kind of operation may be used
in a multi-cell converter with an OS topology, such as the
multi-cell converter shown in FIG. 34, as well. That is, a
multi-cell converter with an OS topology can be designed to
control the DC link voltages V2,-V2, such that these DC
link voltages V2,-V2, have different voltage levels. Like in
the IS converter explained before, the individual converter
cells may be operated in the block mode. That is, based on
the instantaneous voltage level of the output voltage only
one of the converter cells is operated in a PWM fashion,
while the other converter cells are in the on-state or the
off-state.

In FIGS. 79A and 79B the voltages occurring in an OS
converter that is configured to control DC link voltages
V2,-V2, with different voltage levels and in which the
converter cells are operated in a block mode are indicated in
brackets. Besides the waveform of the output voltage V5.1,
the waveform of the total cell output voltage V3, is
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shown. It is assumed that the output voltage has the same
amplitude as the input voltage V,, in the embodiment
disclosed above and that the DC link voltages V2,-V2,,
have the same voltage levels as in the embodiment explained
above.

Like in the IS converter, the converter cells in the OS
converter are operated in a predefined order within one
halfwave (or fullwave). In the embodiment shown in FIG.
77A, the converter cell with the highest DC link voltage
starts when the level of the output voltage V,,; increases,
and in the embodiment shown in FIG. 77B, the converter
cell with the lowest DC link voltage starts when the level of
the output voltage V., increases.

In the embodiment explained with reference to FIGS. 79A
and 79, the voltage levels of the individual DC link voltages
V2,-V2,,, may be controlled by the IS converter and the OS
converter, respectively. That is, the power converter not only
controls the total DC link voltage V2,,, but also the
different levels of the individual DC link voltages V2,-V2,,.
According to another embodiment, a further power controls
the levels of the individual DC link voltages. For example,
in case of the IS converter explained above, a further power
converter may be connected to the DC link capacitors and
receive power from the IS converter. According to one
embodiment, the further power converter has an OP topol-
ogy with a plurality of converter cells, wherein each con-
verter cell of the further power converter controls the DC
link voltage across one respective DC link capacitor. For
example, in case of the OS converter explained above, a
further power converter may be connected to the DC link
capacitors and provide power to the OS converter. Accord-
ing to one embodiment, the further power converter has an
IP topology with a plurality of converter cells, wherein each
converter cell of the further power converter controls the DC
link voltage across one respective DC link capacitor.

In the explanation above, it has been assumed that
Vi m'V2,5- 10 an IS converter, and V 5 ,=m-V2,,in an
OS converter, respectively. However, there may be cases
where m'V2,,5, which will be referred to as Vg in the
following and which, more generally, can be expressed as

Vagr=m V20720 "m V2, (29),

is not exactly the input voltage V, and the output voltage
V oo respectively. In general, there is a phase shift between
the input/output voltage V ,,/V o7 and m V2, which may
be several degrees and which is dependent on an inductance
of the inductor 15 explained above. In those cases explained
above, where the operation of the power converter has been
explained to dependent on one of the input voltage and the
output voltage, respectively, such as in the embodiments
shown in FIGS. 71, 74, and 79A-79B, operation of the
power converter can be dependent on V. instead of V;
and V. as well, in particular in those cases where the
inductor 15 has a relatively high inductance.

For example, in the embodiments shown in FIGS. 71 and
74 the two converter cells may be connected in parallel or in
series dependent on V- instead of dependent on one of V,,
and V o, respectively. In the embodiment shown in FIGS.
79A and 79B the voltage thresholds where the converter
cells change their mode of operation may be compared with
Ve instead of V, and V., respectively. In this case, the
block modulation controller 47 shown in FIG. 80 receives
the DC link voltage signals (shown in dashed lines) in order
to calculate Vg

However, using Vg instead of 'V, and V5,5 to take the
decision if the operation of the power converter is to be
changed does not change the general behavior so that in the
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description above V;,; and V. were used instead of Vgzp
to describe the operation of the power converter. However,
the operation based on V,, and V.1, respectively is to be
understood to include an operation based on Vg as well.
That is, for example, in FIGS. 71, 74, 79A-79B V,,, and
V opr may be replaced by Vyzp

Another degree of freedom in a multi-cell converter is the
specific design of the half-bridges in those types of converter
cells which include a half-bridge. Those types of converter
cells are, for example, the converter cells with a boost
topology as shown in FIG. 12, with a full bridge topology as
shown in FIG. 24, and with a buck topology as shown in
FIG. 32B. FIG. 81 shows a half-bridge with a high-side
switch HS and a low-side switch LS. This half-bridge
represents any half-bridge in those converter cells with a
boost topology or a totem pole topology explained before In
the multi-cell converters with converter cells of this type,
there are operation scenarios in which the half-bridge is
operated in a PWM mode. This is explained in FIG. 82
which shows timing diagrams of a drive signal SLS of the
low-side switch LS, and of a drive signal SHS of the
high-side switch HS in one drive cycle having a duration Tp.
Referring to FIG. 82, the low-side switch LS is switched on
for an on-period Ton, while the high-side switch is off. After
the low-side switch LS has been switched off, the high-side
switch HS is switched on. An on-state of the low-side switch
is represented by an on-level of the corresponding drive
signal SLS, and an on-level of the high-side switch HS is
represented by an on-level of the corresponding drive signal
SHS in FIG. 82 (in which, just for the purpose of illustration)
on-levels are represented by a high-level and off-levels are
represented by a low-level. There may be a delay time (dead
time) between the time when the low-side switch LS
switches off and the high-side switch HS switches on.
However, this delay time is not shown in FIG. 82.

In the embodiment shown in FIG. 81, the two switches
HS, LS are drawn as MOSFETs, in particular as n-type
MOSFETs. However, other type of transistors such as, for
example, IGBTs, BITs, JFETs, or the like, may be used as
well. Independent of the specific type of electronic switch
used to implement the high-side and the low-side switch,
losses (conduction losses) occur when the respective switch
HS, LS is in the on-state. The conduction losses of one
switch are dependent on the electrical resistance of the
switch in the on-state. This electrical resistance will be
referred to as on-resistance R, in the following. In the
multi-cell converters explained hereinbefore, the individual
converter cells may be operated in a continuous current
mode (CCM). In this operation mode, a current through the
converter cell does not decrease to zero in one drive cycle
(except for the time in which the respective input voltage
Vv or output voltage V5, of the multi-cell converter is
zero). For the purpose of explanation it may further be
assumed that the current through the low-side switch LS
during the on-time Ton is substantially equal the current
through the high-side switch HS during the off-time Toff.
The off-time Toff is the time between switching off the
low-side switch LS and the end of the drive cycle. Losses
that occur in one of the high-side switch HS and the low-side
switch LS increases as the duration of the on-time of the
respective switch increases. If the high-side switch HS and
the low-side switch LS have substantially the same on-
resistance R, and when the duty cycle d=0.5 substantially
the same losses occur in the high-side switch HS and the
low-side switch LS because each of the switches is in the
on-state for a duration that substantially equals 0.5-Tp at
d=0.5
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The on-resistance R, of one switch is substantially
reciprocal proportional to a chip area on a semiconductor
chip in which the respective switch is implemented. If, for
example, there is an overall chip area A available to imple-
ment the first switch HS and the second switch LS, and if
each of the two switches HS, LS are implemented with
substantially the same chip area, namely 0.5-A, then the two
switches HS, LS have substantially the same on-resistance
R oa- If the two switches are designed to have substantially
the same on-resistances R, the overall conduction losses,
which are the losses occurring in the high-side switch HS
and the low-side switch LS are independent of the duty cycle
d. If the duty cycle d is different from 0.5, the overall
conduction losses can be reduced by designing the two
switches to have different on-resistances. This is explained
with reference to FIG. 79. In this context, “different” means
that the electronic switches were intentionally designed to
have different on-resistances. How the on-resistance of an
electronic switch can be adjusted is explained herein before.

FIG. 83 shows the overall conduction losses P; ,4(a,d)
dependent on the duty cycle d relative to the overall con-
duction losses P; ,45(0.5,d) at equal chip areas of the HS and
LS switch for different designs of the high-side switch HS
and the low-side switch LS. The overall conduction losses
are the losses occurring in the high-side and the low-side
switch HS, LS in one drive cycle. In FIG. 83, “a” denotes the
chip area of the low-side switch LS relative to the overall
chip area used for implementing the high-side switch HS
and the low-side switch LS. If, for example, a=0.1 then the
chip area of the low-side switch LS is only 0.1 times the
overall chip area, while the chip area of the high-side switch
is 0.9 times the overall chip area. Consequently, the on-
resistance of the low-side switch is 9 times the on-resistance
of the high-side switch. The dashed line in FIG. 83 repre-
sents the case in which the high-side switch and the low-side
switch are designed with the same chip area, which is 0.5
times the overall chip area. A half-bridge in which the
high-side switch HS and the low-side switch LS are
designed with the same chip area will be referred to as a
half-bridge with a symmetric design (symmetric half-
bridge). Equivalently, a half-bridge designed with electronic
switches HS, LS having different chip areas will be referred
to as half-bridge with an asymmetric design (asymmetric
half-bridge).

As can be seen from FIG. 83, a half-bridge with an
asymmetric design can be superior to a half-bridge with a
symmetric design (which is represented by the dashed line
labeled with 0.5 in FIG. 83) if the duty cycle is in a certain
range. For example, a half-bridge with an asymmetric design
in which a=0.2 has lower losses than a half-bridge with a
symmetric design if the duty cycle is below d=0.2. In
general, for a<0.5, the asymmetric design offers lower losses
if d<a. If a>0.5, the asymmetric design offers lower losses if
d>a.

According to one embodiment, a multi-cell converter with
an IS topology or an OS topology and including converter
cells with at least one half-bridge. such as boost converter
cells or toten pole converter cells, includes at least one
converter cell with an asymmetric half-bridge. In those
multi-cell converters, the modulation index and, therefore,
the duty cycle of the individual converter cells may vary
over a relatively large range during one halfwave of a
sinusoidal input voltage (output voltage). The asymmetric
design of at least one half-bridge in at least one converter
cell and the varying duty cycle offers the possibility to
operate the converter cell with the asymmetric half-bridge at
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a duty cycle in which the asymmetric design is superior to
the symmetric design. This is explained with reference to
FIG. 84 herein below.

FIG. 84 illustrates one method of operating a multi-cell
converter with an IS topology or with an OS topology. In
particular, FIG. 84 illustrates a method for calculating modu-
lation indices m,-m,; of the individual converter cells
which may have a boost topology or a totem pole topology.
The method shown in FIG. 80 applies to a first power
converter 10 with N1 converter cells. However, this method
applies equivalently to a second power converter with N3
converter cells. Referring to the explanation above, a multi-
cell converter with IS topology may be operated such that
the instantaneous level of the input voltage V ,,, substantially
corresponds to the product of the modulation index m and
the total DC link voltage V2, (a multi-cell converter with
OS topology may be operated such that the instantaneous
level of the output voltage V ,, -substantially corresponds to
the product of the modulation index m and the total DC link
voltage V2,,7).

Referring to the above, the instantaneous voltage level of
the input voltage V,,, of an IS converter may be tracked by
the total cell input voltage V1, by operating the individual
converter cells with the same modulation index m at one
time. However, it is also possible to operate the individual
converter cells with different modulation indices. In this
case, the individual converter cells are to be operated such
that Vp=m, V2 +m, V2,+ . . . +my;,'V2,,. The plurality of
modulation indices m,-m,;, in this equation can be regarded
as a modulation index vector. It can be shown that the
equation above is met by a plurality of different modulation
index vectors. If, for example, the converter cell 1, receiving
modulation index m, has a high efficiency at a high modu-
lation index (which corresponds to a low duty cycle), then
the modulation index vector may be calculated such that m;
is high, where other modulation indices may be lower. The
individual modulation indices m, -m,,;, obtained through this
method may be applied to the individual converter cells
(1072).

FIG. 85 shows one embodiment of a main controller 4
which is configured to control a first power converter 10
with an IS topology and with at least one converter cell
having an asymmetric half-bridge. This main converter 4
shown in FIG. 81 is based on the main converter 4 shown in
FIG. 13 and is different from this main converter 4 in that it
additionally includes a converter cell controller 46 which is
configured to generate the modulation indices m,-m,;, in
accordance with the method explained with reference to
FIG. 80.

FIG. 86 shows a corresponding main controller 5 of a
second power converter 20 with an OS topology. This main
controller 5 is based on the main controller 5 shown in FIG.
35 and is different from this main controller shown in FIG.
35 in that it additionally includes a converter cell controller
56 a converter cell controller 56 which calculates the modu-
lation indices m,-m,, received by the individual converter
cells 2,-2,; in accordance with the method explained with
reference to FIG. 80 above.

Alternatively or additionally to operating individual con-
verter cells of a multi-cell converter, in particular a multi-
cell converter with an IS or OS topology, at different
modulation indices in order to operate individual converter
cells close to their optimum operation point, the switching
frequency (which has been referred to as fp above) may be
varied. That is, at least two converter cells of a multi-cell
converter with an IS or OS topology may be operated with
different switching frequencies in the PWM mode. The
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modulation index may be the same for the two converter
cells, or may be different. The two converter cells may be
operated in the PWM mode at the same time or at different
times. Nevertheless, by operating the at least two converter
cells in the PWM mode with different switching frequencies,
the efficiency curves of the two converter cells are different,
so that for, example. the converter cell with the higher
switching frequency may have the maximum efficiency at a
lower power level than the converter cells with the lower
switching frequency. According to one embodiment, the
switching frequency of the converter cell with the higher
switching frequency is at least two times the switching
frequency of the converter cell with the lower switching
frequency.

FIG. 87 shows one embodiment of a full-bridge which
includes two half-bridges HB1, HB2 wherein each half-
bridge HB1, HB2 includes a high-side switch HS1. HS2 and
a low-side switch LS1, LS2. Each of these high-side and
low-side switches HS1, LS2 includes at least one silicon
MOSFET. In the embodiment shown in FIG. 83, these
MOSFETs are n-type MOSFETs, however, p-type MOS-
FETs may be used as well. Instead of only one MOSFET,
each of these switches may include two or more MOSFETs
which have their load paths connected in parallel and which
are switched on and off simultaneously.

The full-bridge shown in FIG. 87 represents the full-
bridge in any converter cell with a full-bridge (totem pole)
topology in any of the IS or OS multi-cell converters
explained hereinbefore. Referring to FIG. 25 and the corre-
sponding description, one of these half-bridges is operated
in a PWM mode, such as a PWM mode explained with
reference to FIGS. 81 and 81 hereinbefore. Referring to FIG.
87, silicon MOSFETs include an internal diode which is
explicitly drawn in FIG. 88. This diode is often referred to
as body diode. If one of these half-bridges is operated in a
PWM mode such that there is a delay time between switch-
ing off one of the two switches and switching on the other
one of the two switches, the body diode of the other switch
becomes conducting. This is explained with reference to the
half-bridge 17 shown in FIG. 24.

If the low-side switch 17, is conducting, the input current
10, flows through the low-side switch 17,. If the low-side
switch 17, switches off the input current 10, (driven by the
at least one inductor of the multi-cell power converter
circuit) flows through the diode connected in parallel with
high-side switch 17,,. This diode shown in FIG. 24 can be
formed by the body diode of a MOSFET when the high-side
switch 17,; is implemented as a MOSFET. A current flows
through the diode until the high-side switch 17,, switches on.
At the end of one drive cycle 17, switches on and the
low-side switch 17, again switches on. There may be a delay
time between switching off the high-side switch 17, and
switching on the low-side switch 17,, so that the input
current 10, continuous to flow through the diode of the
high-side switch 17, until the low-side switch 17, switches
on.

When the diode of the high-side switch 17, conducts the
input current 10, electrical charge is stored in the diode. This
electrical charge has 10 be removed from the diode before
the diode blocks. This effect of removing electrical charge
from a bipolar diode is commonly known as reverse recov-
ery.

The electrical charge stored in the body diode of a
MOSFET, when the body diode is conducting, is, inter alia,
dependent on a so-called output capacitance of the MOS-
FET. This output capacitance and, the charge stored in the
body diode, increases as the voltage blocking capability of
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the MOSFET increases, wherein the output capacitance
increases exponentially. That is the output capacitance is a
function of Vzc, with b>1, where V denotes the voltage
blocking capability. By virtue of this relatively high output
capacitance converters silicon MOSFETs were not consid-
ered suitable to implement the switches in a power converter
with a totem pole topology. In this context reference is made
Zhou et al.: “99% Efficiency True-Bridgeless Totem-Pole
PFC Based on GaN HEMTs”.

In a multi-cell converter with an IS or OS topology,
however, the individual switches can be designed with a
voltage blocking capability which is lower than the DC link
voltage. If, for example, the total DC link voltage is 600V
and a conventional power converter (with a PFC function-
ality) is employed, the converter is to be implemented with
switches having a voltage blocking capability of 600V. In
the IS or OS converters explained above, the switches of one
converter cell may be implemented with a voltage blocking
capability which only corresponds to the voltage level of the
respective DC link voltage. For example, if there are N1=4
or N3=4 converter cells 1,-1,, and 2,-2,, respectively, it
may be sufficient to design the individual switches with a
voltage blocking capability of 150V (=600V/4). In case
there are N1=10 or N3=10 only a voltage blocking capabil-
ity of only 60V (=600V/10) may be sufficient.

In an IS or OS converter, the overall on-resistance is N1
(or N3) times the on-resistance of one switch, so that the
on-resistance increase linearly as the number of converter
cells increases. However, the overall reverse recovery
charge stored in the switches of the individual converter
cells decrease exponentially. This is shown by way of an
example below. In a silicon MOSFET there is a figure of
merit (FOM) which describes the relationship between the
on resistance and the charge which has to be removed from
the MOSFET when the body diode switches from the
forward biased to the reverse biased state, namely
RonQrer rec (Qrer rec 18 often referred to as Qrr+Qoss,
where Qoss is the charge stored in an output capacitance,
and Qrr is the charge stored in the diode when switched from
a forward current to a reverse current The on-resistance can
be decreased by designing the MOSFET with a larger chip
area, wherein the on-resistance R, is substantially
inversely proportional to the chip area. However, as Qzzy-
rEC 1s substantially proportional to the chip area, the FOM
defined above is substantially independent of the chip area
and mainly dependent on the voltage blocking capability and
the specific design.

AMOSFET with a voltage blocking capability of 600V of
the CoolMOS™ CFD2 series of Infineon Technologies AG,
Munich has an FOM of about 78000 (7.8E4). A MOSFET
with a voltage blocking capability of 60V of the OptiMOS
series of the same supplier has an FOM of only 346. The
overall FOM of 10 series connected converter cells is 3460,
which is 22 times better than the FOM of only one MOSFET
with a voltage blocking capability of 600V.

Thus, a multi-cell converter with a series connection of
several, such as 4, 6, 10 or more, converter cells has a
reverse recovery behavior which is competitive.

Referring to the disclosure in context with FIG. 1, the
power converter circuit includes at least one multi-cell
converter. That is each type of first power converter 10 with
a multi-cell topology explained before may be coupled to a
second power converter which does not have a multi-cell
topology, or may be used alone without a second power
converter. Equivalently, each type of second power con-
verter 20 with a multi-cell topology explained before may be
coupled to a first power converter which does not have a
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multi-cell topology, or may be used alone without a first
power converter. This is explained by way of two examples
with reference 10 FIGS. 88 and 89 below.

FIG. 88 shows one embodiment of a power converter
circuit in which the second power converter 20 is a multi-
cell converter of any of the types explained before. The first
power converter is a single cell converter. That is, the first
power converter includes only one converter cell 1, which is
configured to receive power from the input IN1, IN2 and to
provide power to the plurality of DC link capacitors 11,-
11,,; which are connected in series at the cell output of the
converter cell 1,. The converter cell 1, may have one of a
step-up and a step-down characteristic. That is the total DC
link voltage may be higher or lower than a (peak) level of the
input voltage.

FIG. 89 shows one embodiment of a power converter
circuit which includes a second converter 20 of any of the
types explained before. In this embodiment, there is no
further power converter (no first converter). The individual
DC link capacitors 2,-2,, couple the second power con-
verter 20 to a DC power source 9 with a plurality of power
source cells 9,-9,,, wherein each power source cell is
connected to one DC link capacitor 2,-2,,,. Examples of the
power source cells include, but are not restricted to, batter-
ies, photovoltaic (PV) panels, fuel cells, or the like. Accord-
ing to one embodiment, the second power converter 20
includes an OS topology and a PFC capability and is
configured to supply power to an AC power grid.

FIG. 90 shows one embodiment of a power converter
circuit with a first power converter 10 and a second power
converter 20. The second power converter includes a plu-
rality of converter cells 2,-2,5 each receiving power from
the first converter 10 and the associated DC link capacitor
11,-11,,. The topology of the second converter 20 is dif-
ferent from each of the second converter topologies
explained above in that the cell output of each of the
plurality of converter cells 2,-2,5 is connected to one of a
plurality of loads Z,-7,,; which are supplied by the second
converter 20. Thus, the cell outputs of the converter cells
2,-2,; are not connected (neither connected in series nor in
parallel). According to one embodiment, the loads 7,-7Z,
are Dc loads so that the individual converter cells 2,-2,, - are
DC/DC converter cells. The first converter may have an IS
topology and a PFC capability.

According to one embodiment, the first converter 10 is
configured to receive the input power from a medium
voltage grid. Using the power converter circuit shown in
FIG. 89 DC loads, such as the loads Z,-7, can directly be
supplied from a medium voltage grid without having to
transform the medium AC voltage to a low AC voltage.
Dependent on the specific type of the medium voltage grid,
the peak input voltage can be up to several 10 kV. However,
by virtue of the IS topology in the first converter 10
semiconductor switches with a voltage blocking capability
of much less than the peak input voltage can be used in the
converter cells of the first converter 10. In this embodiment
more than 10 and up to several 10 converter cells may be
used in the first converter 10 and, consequently, the second
converter 20. The “voltage blocking capability” defines the
maximum voltage an electronic switch can withstand in the
off-state (switched off-state) without being damaged.

The first and second power converters 10, 20 explained
before may be combines in various different ways so as to
obtain power converter circuits for many different applica-
tions in the field of AC/DC, DC/AC, or DC/DC power
conversion. Some of these applications are explained below.
In these applications, the specific design of the first power
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converter 10 and the second power converter 10, respec-
tively, can be selected based on different parameters such as,
for example, the (peak) level of the input voltage, and the
(peak) level of the output voltage. An IS topology may be
used when the level of the input voltage is relatively high,
such as higher than 100V, an IP topology may be used when
the voltage level is lower. Equivalently, an OS topology may
be used when the level of the output voltage is relatively
high, such as higher than 100V, an OP topology may be used
when the voltage level is lower. In the design of the power
converter circuit, the number of converter cells in the first
power converter circuit 10 and the second power converter
circuit, respectively can be dependent on the peak input
voltage and may be higher the higher the peak input voltage
is.

An AC/DC power converter circuit may be configured to
receive a low voltage from a low voltage power grid, or a
medium voltage from a medium voltage power grid. A low
voltage power grid supplies a sine voltage with 110V, or
220V g5 (s0 that a peak voltage is about 155V or 310V,
respectively). A medium voltage grid supplies a sine voltage
with a peak voltage of several kilovolts (kV), up to 10 kV.
The AC/DC power converter circuit may include a first
power converter 10 with which controls the DC link volt-
ages V2,-V2,,. and a second power converter 20 which
controls the output voltage V-

A DC/AC power converter circuit may be configured to
receive a DC power from a DC voltage source and to supply
an AC power voltage to an AC power grid. According to one
embodiment, the DC power source includes a solar panel.
According to one embodiment, the DC power source
includes a high-voltage, direct current (HVDC) power trans-
mission grid. The power grid supplied by the DC/AC power
converter circuit may be a low voltage or a medium voltage
power grid. The DC/AC power converter circuit may
include a first power converter which controls one of the
input current I, and the input voltage V,,, and a second
power converter 20 which controls the DC link voltages
V2,-V2,, output voltage V5.1

Basically, each of the multi-cell converters explained
herein before may be implemented in a power converter
circuit with together with another multi-cell converter, with
a single cell converter. or alone, that ist, without another
power converter. In case there is another (multi-cell or single
cell) converter, the other converter, dependent on the spe-
cific topology, either supplies power to the multi-cell con-
verter and the DC link capacitors, respectively, or receives
power from the multi-cell converter and the DC link capaci-
tors, respectively.

Above, several types of multi-cell converters, power
converter circuits with at least one multi-cell converters, and
different ways of operation of such multi-cell converters and
power converter circuits are disclosed. Of course, the
aspects explained above may be combined with each other.
Some of these aspects are summarized below.

Some of the aspects explained above relate to:

Al. A method including: converting power by a power
converter including a plurality of converter cells; and selec-
tively operating at least one converter cell of the plurality of
converter cells in one of an active and an inactive mode
based on a level of a power reference signal.

A2. The method of item Al, further including: operating
at least one other converter cell of the plurality of converter
cells in an active mode when the at least one converter cell
is operated in the inactive mode.
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A3. The method of item A2, wherein the at least one other
converter cell of the plurality of converter cells includes the
remainder of the plurality of converter cells.

A4. The method of one of items A1-A3, wherein operat-
ing the at least one converter cell in the inactive mode
includes converting zero power by the at least one converter
cell.

AS. The method of one of items A1-A4, wherein operat-
ing the at least one converter cell in one of the active mode
and the inactive mode based on the level of the power
reference signal includes: operating the at least one con-
verter cell in the inactive mode when the level of the power
reference signal is below a predefined threshold.

A6. The method of one of items A1-AS, wherein operat-
ing the at least one converter cell in the active mode includes
operating at least one switch in the at least one converter cell
in a PWM (Pulse-Width Modulated) fashion at a switching
frequency, and wherein operating the at least one converter
cell in the inactive mode includes operating the at least one
converter cell in the inactive mode for a time duration which
is at least ten times a reciprocal of the switching frequency.

A7. The method of one of items A1-A6, wherein operat-
ing the at least one converter cell in the inactive mode
includes setting a number of converter cells which are
operated in the inactive mode based on the level of the
power reference signal, wherein the number increases as the
level decreases.

AS8. The method of one of items A1-A7, wherein each of
the plurality of converter cells includes a cell input config-
ured to receive a cell voltage and a cell output, and wherein
the cell outputs of the plurality of converter cells are
connected in parallel, wherein a parallel circuit which
includes the cell outputs of the plurality of converter cells is
coupled to an output of the power converter.

A9. The method of item A8, wherein the plurality of
converter cells is configured to control one of an output
voltage, and an output current at the output of the power
converter based on the power reference signal, wherein the
power reference signal includes an output current reference
signal.

Al0. The method of item A9, wherein operating the at
least one of the plurality of converter cells in one of the
active mode and the inactive mode includes operating the at
least one of the plurality of converter cells in the inactive
mode when a level of the output current reference signal is
below a predefined current threshold.

All. The method of item A8, wherein operating the at
least converter cell in one of the active mode and the inactive
mode includes: selecting a number K of converter cells to be
operated in the inactive mode based on the level of the
output current reference signal: identifying those K con-
verter cells that receive the lowest cell input voltages; and
operating the identified converter cells in the inactive mode.

A12. The method of item A10, further including: repeat-
ing the selecting, identifying, and operating.

A13. The method of item A12, wherein the repeating
includes repeating regularly.

Al4. The method of item A12, wherein the repeating
includes repeating when a voltage level of the input voltage
of one of the plurality of second converter cells falls below
a predefined voltage threshold.

Al5. The method of one of items Al-Al4, wherein the
plurality of converter cells is configured to control the output
voltage to be substantially constant.
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A16. The method of one of items A1-A14, further includ-
ing: providing a cell input voltage at the cell input of each
of the plurality of converter cells by another power con-
verter.

A17. The method of item A16, wherein the other power
converter includes at least one converter cell.

A18. The method of item A17, wherein the power con-
verter and the other power converter are linked by a plurality
of capacitors.

A19. The method of item A18, wherein each of the cell
input voltages is a voltage across a respective one of the
plurality of capacitors.

A20. The method of one of items A16-A19, wherein the
other power converter is configured to control a sum of the
cell input voltages.

A21. The method of item Al, wherein each of the
plurality of converter cells includes a cell input and a cell
output configured to provide a cell output voltage, and
wherein the cell inputs of the plurality of converter cells are
connected in parallel, wherein a parallel circuit which
includes the cell inputs of the plurality of converter cells is
coupled to an input of the power converter.

A22. The method of item A21, wherein the plurality of
converter cells is configured to control one of an input
voltage, and an input current at the input of the power
converter based on the power reference signal, wherein the
power reference signal includes an input current reference
signal.

A23. The method of item A22, wherein operating the at
least one of the plurality of converter cells in one of the
active mode and the inactive mode includes operating the at
least one of the plurality of converter cells in the inactive
mode when a current level of the input current reference
signal is below a predefined current threshold.

A24. The method of item A21, wherein operating the at
least converter cell in one of the active mode and the inactive
mode includes: selecting a number K of converter cells to be
operated in the inactive mode based on the level of the input
current reference signal; identifying those K converter cells
that have the highest cell output voltages; and operating the
identified converter cells in the inactive mode.

A25. The method of item A24, further including: repeat-
ing the selecting, identifying, and operating.

A26. The method of item A25, wherein the repeating
includes repeating regularly.

A27. The method of item A25, wherein the repeating
includes repeating when a voltage level of the input voltage
of one of the plurality of second converter cells rises above
a predefined voltage threshold.

A28. The method of one of items A22-A27 wherein the
plurality of converter cells is configured to control the input
voltage to be substantially constant.

A29. The method of one of items A21-A28, further
including: receiving a cell output voltage at the cell output
of each of the plurality of converter cells by another power
converter.

A30. The method of item A29, wherein the other power
converter includes only one converter cell.

A31. The method of one of items A29-A30, wherein the
power converter and the further power converter are linked
by a plurality of capacitors.

A32. The method of item A31, wherein each of the cell
output voltages is a voltage across a respective one of the
plurality of capacitors.

A33. A method including: receiving a periodic voltage by
a power converter which includes a plurality of converter
cells; and selectively operating at least one converter cell of
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the plurality of converter cells in one of an active and an
inactive mode based on a change of a voltage level of the
periodic voltage such that within one period of the periodic
voltage, the number of active converter cells changes as the
voltage level of the periodic voltage changes.

A34. The method of item A33, wherein selectively oper-
ating the at least one converter cell in one of the active and
the inactive mode includes operating the at least one con-
verter cell such that the number of active converter cells
increases as the voltage level of the periodic voltage
increases.

A35. The method of one of items A33-A34, wherein
selectively operating the at least one converter cell in one of
the active and the inactive mode includes operating the at
least one converter cell such that the number of active
converter cells decreases as the voltage level of the periodic
voltage decreases.

A36. The method of one of items A33-A35, wherein each
of the plurality of converter cells includes a cell input and a
cell output, wherein the cell inputs of the plurality of
converter cells are connected in parallel, wherein a parallel
circuit which includes the cell inputs is coupled to an input
of the power converter, and wherein the cell output of each
converter cell is coupled to a respective capacitor.

A37. The method of one of items A33-A36, wherein each
of the plurality of converter cells includes a cell input and a
cell output, wherein the cell outputs of the plurality of
converter cells are connected in parallel, wherein a parallel
circuit which includes the cell inputs is coupled to an input
of the power converter, and wherein the cell input of each
converter cell is coupled to a respective capacitor.

A38. The method of one of items A34-A37, wherein in
each of a plurality of successive periods or half-periods two
or more converter cells are activated as the voltage level of
the input voltage increases, and wherein an order in which
the two or more converter cells are activated is different in
at least two different periods or half-periods.

A39. The method of one of items A35-A38, wherein in
each of a plurality of successive periods or half-periods two
or more converter cells are deactivated as the voltage level
of the input voltage decreases, and wherein an order in
which the two or more converter cells are deactivated is
different in at least two different periods or half-periods.

A40. The method of one of items A33-A39, wherein
operating the at least one converter cell in the inactive mode
includes converting zero power by the at least one converter
cell.

A41. A power converter circuit including a power con-
verter, wherein the power converter includes: a plurality of
converter cells; and a controller configured to operate at
least one converter cell of the plurality of converter cells in
one of an active and an inactive mode based on a level of a
power reference signal.

A42. The power converter circuit of item A41, wherein
each of the plurality of converter cells includes a cell input
configured to receive a cell input voltage and a cell output,
and wherein the cell outputs of the plurality of converter
cells are connected in parallel, wherein a parallel circuit
which includes the cell outputs of the plurality of converter
cells is coupled to an output of the power converter.

A43. The power converter circuit of item A42, wherein
the controller is configured to control one of an output
voltage, and an output current at the output of the power
converter based on the level of the power reference signal,
wherein the power reference signal includes an output
current reference signal
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A44. The power converter circuit of item A43, wherein
the controller is configured to operate the at least one of the
plurality of converter cells in the inactive mode when a level
of the output current reference signal is below a predefined
current threshold.

A45. The method of one of items A42-A44, wherein the
controller is configured: to select a number K of converter
cells to be operated in the inactive mode based on the level
of the output current reference signal; to identify those K
converter cells that receive the lowest cell input voltages;
and to operate the identified converter cells in the inactive
mode.

A46. The power converter circuit of item A38, wherein
each of the plurality of converter cells includes a cell input
and a cell output configured to provide a cell output voltage,
and wherein the cell inputs of the plurality of converter cells
are connected in parallel, wherein a parallel circuit which
includes the cell inputs of the plurality of converter cells is
coupled to an input of the power converter.

A47. The power converter circuit of item A46, wherein
the controller is configured to control one of an input voltage
and an input current at the input of the power converter
based on the power reference signal, wherein the power
reference signal includes an input current reference signal.

A48. The power converter circuit of item A47, wherein
the controller is configured to operate the at least one of the
plurality of converter cells in the inactive mode when a level
of the input current reference signal is below a predefined
current threshold.

A49. The power converter circuit of one of items 46-A48,
wherein the controller is configured: to select a number K of
converter cells to be operated in the inactive mode based on
the level of the input current reference signal; to identify
those K converter cells that have the lowest cell output
voltages; and to operate the identified converter cells in the
inactive mode.

A50. A power converter circuit, including: a power con-
verter which includes a plurality of converter cells and is
configured to receive a periodic voltage; and a controller,
wherein the controller is configured to selectively operate at
least one converter cell of the plurality of converter cells in
one of an active and an inactive mode based on a change of
the periodic voltage such that within one period of the
periodic voltage, the number of active converter cells
changes as a voltage level of the periodic voltage changes.

A51. The power converter circuit of item AS50, wherein
the controller is configured to selectively operate the at least
one converter cell in one of the active and inactive mode
such that within one period of the periodic voltage, the
number of active converter cells increases as the voltage
level of the periodic voltage increases.

A52. The power converter circuit of one of items AS0-
A51, wherein the controller is configured to selectively
operate the at least one converter cell in one of the active and
inactive mode such that within one period of the periodic
voltage, the number of active converter cells decreases as the
voltage level of the periodic voltage decreases.

B1. A power converter circuit including: a plurality of
converter cells, wherein at least a first converter cell of the
plurality of converter cells has a first operational character-
istic, and wherein at least a second converter cell of the
plurality of converter cells has a second operational char-
acteristic different than the first operational characteristic.

B2. The power converter circuit of item B1, further
including: a plurality of capacitors, each associated with one
of the plurality of converter cells, wherein the power con-
verter is configured to control a voltage across each of the
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plurality of capacitors, and wherein the first operational
parameter includes a first voltage level of a voltage across a
first capacitor associated with the first converter cell, and the
second operational parameter includes a second voltage
level of a voltage across a second capacitor associated with
the second converter cell.

B3. The power converter circuit of item B2, wherein the
first voltage level is less than 80% of the second voltage
level.

B4. The power converter circuit of one of items B1-B3,
wherein the power converter is configured to control a
voltage across each of the plurality of capacitors such that
the voltages across the plurality of capacitors are mutually
different.

BS. The power converter circuit of one of items B1-B4,
wherein each of the plurality of converter cells includes a
cell input and a cell output, wherein the cell inputs of the
plurality of converter cells are connected in series, wherein
a series circuit which includes the cell inputs of the plurality
of converter cells is coupled to an input of the power
converter, and wherein the cell output of each of the plurality
of converter cells is connected to a respective one of the
plurality of capacitors.

B6. The power converter circuit of one of items B1-B5,
wherein the power converter is configured to receive a
periodic voltage at the input of the power converter, and to
operate each of the converter cells in one of three different
operation modes based on a voltage level of the input
voltage.

B7. The power converter of item B6, wherein the three
different operation modes include: an on-mode; an off-
mode; and a PWM (Pulse-Width Modulation) mode.

B&8. The power converter of one of items B6-B7, wherein
each of the converter cells includes at least one electronic
switch, wherein operating each of the converter cell in one
of the three different operation modes includes operating
each of the converter cell in successive drive cycles, wherein
in the on-mode the at least one electronic switch is in an
on-state throughout each drive cycle, wherein in the off-
mode the at least one electronic switch is in an off-state
throughout each drive cycle, and wherein in the PWM mode,
the at least one electronic switch is in the on-state for an
on-period and in the off-state for an off-period in each drive
cycle.

B9. The power converter circuit of one of items B1-B8,
wherein each of the plurality of converter cells includes a
cell input and a cell output, wherein the cell outputs of the
plurality of converter cells are connected in series, wherein
a series circuit which includes the cell outputs of the
plurality of converter cells is coupled to an output of the
power converter, and wherein the cell input of each con-
verter cell 1s connected to a respective one of the plurality of
capacitors.

B10. The power converter circuit of item B9, wherein the
power converter is configured to receive a periodic voltage
at the output of the power converter, and to operate each of
the converter cells in one of three different operation modes
based on a voltage level of the input voltage.

B11. The power converter of item B10, wherein the three
different operation modes include: an on-mode; an off-
mode; and a PWM mode.

B12. The power converter of item B11, wherein each of
the converter cells includes at least one electronic switch,
wherein operating each of the converter cell in one of the
three different operation modes includes operating each of
the converter cell in successive drive cycles, wherein in the
on-mode the at least one electronic switch is in an on-state
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throughout each drive cycle, wherein in the off-mode the at
least one electronic switch s in an off-state throughout each
drive cycle, and wherein in the PWM mode, the at least one
electronic switch is in the on-state for an on-period and in
the off-state for an off-period in each drive cycle.

B13. The power converter circuit of item B1, wherein the
first operational characteristic includes a first voltage block-
ing capability of at least one electronic switch in the first
converter cell, and the second operational characteristic
includes a second voltage blocking capability of at least one
electronic switch in the second converter cell.

B14. The power converter circuit of item B13, wherein
the first voltage blocking capability is less than 80% of the
second voltage blocking capability.

B15. The power converter circuit of item B13, wherein
the voltage blocking capability of the at least one electronic
switch in each of the plurality of converter cells is different
from the voltage blocking capability of the at least one
electronic switch in each of the others of the plurality of
converter cells.

B16. The power converter circuit of item B13, wherein
each of the first converter cell and the second converter cell
includes a half-bridge, and wherein the at least one elec-
tronic switch of the first converter cell is a high-side switch
of the respective half-bridge, and the at least one electronic
switch of the second converter cell is a high-side switch of
the respective half-bridge.

B17. The power converter circuit of item B11, wherein
each of the first converter cell and the second converter cell
includes a half-bridge, and wherein the at least one elec-
tronic switch of the first converter cell is a low-side switch
of the respective half-bridge, and the at least one electronic
switch of the second converter cell is a low-side switch of
the respective half-bridge.

B18. The power converter circuit of item B13, wherein
each of the plurality of converter cells includes a cell input
and a cell output, wherein the cell inputs of the plurality of
converter cells are connected in series.

B19. The power converter circuit of item B13, wherein
each of the plurality of converter cells includes a cell input
and a cell output, wherein the cell outputs of the plurality of
converter cells are connected in series.

B20. The power converter circuit of item B13, further
including: a plurality of capacitors, wherein each of the
plurality of capacitors is connected to one of the plurality of
converter cells; and a further power converter coupled to the
plurality of converter cells, wherein the further power con-
verter includes at least one converter cell.

B21. The power converter circuit of item B1, wherein the
first operational characteristic includes a first on-resistance
of at least one electronic switch in the first converter cell,
and the second operational characteristic includes a second
on-resistance of at least one electronic switch in the second
converter cell.

B22. The power converter circuit of item B21, wherein
the first on-resistance is less than 80% of the second on-
resistance.

B23. The power converter circuit of item B22, wherein
the on-resistance of the at least one electronic switch in each
of the plurality of converter cells is different from the
on-resistance of the at least one electronic switch in each of
the others of the plurality of converter cells.

B24. The power converter circuit of item B22, wherein
each of the first converter cell and the second converter cell
includes a half-bridge, and wherein the at least one elec-
tronic switch of the first converter cell is a high-side switch
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of the respective half-bridge, and the at least one electronic
switch of the second converter cell is a high-side switch of
the respective half-bridge.

B25. The power converter circuit of item B23, wherein
each of the first converter cell and the second converter cell
includes a half-bridge, and wherein the at least one elec-
tronic switch of the first converter cell is a low-side switch
of the respective half-bridge, and the at least one electronic
switch of the second converter cell is a low-side switch of
the respective half-bridge.

B26. The power converter circuit of item B23, wherein
each of the plurality of converter cells includes a cell input
and a cell output, wherein the cell inputs of the plurality of
converter cells are connected in parallel.

B27. The power converter circuit of item B23, wherein
each of the plurality of converter cells includes a cell input
and a cell output, wherein the cell outputs of the plurality of
converter cells are connected in parallel.

B28. A method, including: receiving a periodic input
voltage by a power converter including a plurality of con-
verter cells each including a cell input, and a cell output; and
based on a voltage level of the periodic input voltage,
connecting the cell inputs of at least two converter cells of
the plurality of converter cells either in parallel or in series.

B29. The method of item B28, including: connecting the
cell inputs in parallel when the instantaneous voltage level
is below a predefined voltage threshold.

B30. The method of item B28, further including: receiv-
ing a cell output power at the cell output of each converter
cell by another power converter.

B31. The method of item B30, wherein the multi-cell
power converter and the other power converter are linked by
a plurality of capacitors.

B32. A method, including: receiving a periodic voltage by
a power converter including a plurality of converter cells
each including a cell output, and a cell input; and based on
an instantaneous voltage level of the output voltage, con-
necting the cell outputs of at least two converter cells of the
plurality of converter cells either in parallel or in series.

B33. The method of item B32, including: connecting the
cell outputs in parallel when the voltage level is below a
predefined voltage threshold.

B34. The method of item B32, further including receiving
a cell input power at the cell input of each converter cell
from another power converter.

B35. The method of item 33, wherein the other converter
and the further power converter are linked by a plurality of
capacitors.

C1. A method, including: receiving a periodic voltage by
a power converter including a plurality of converter cells; in
a series of time frames of equal duration, alternating an
average power level of power converted by at least one
converter cell of the plurality of converter cells, wherein
each of the series of time frames corresponds to a time
period between sequential zero crossings of the periodic
voltage.

C2. The method of item C1, wherein the periodic voltage
is one of a sine voltage, and a rectified sine voltage.

C3. The method of item C1, wherein the series of time
frames includes a first number (P) of times frames, and a
second number (Q) of time frames, and wherein alternating
the average power level includes converting power for each
of the first number of time frames and converting power for
each of the second plurality of time frames such that an
average power level in each of the second number of time
frames is lower than an average power level in each of the
first number of time frames.
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C4. The method of item C3, wherein alternating the
average power level in the series of time frames includes
sequentially alternating the average power level.

C5. The method of item C3, wherein the average power
level in the second number of time frames is less than 50%
of the average power level in the first number of time frames.

C6. The method of one of items C3-05, wherein the
average power level in the second number of time frames is
7ero.

C7. The method of one of items C3-C6, wherein a ratio
between the second number of time frames and the first
number of time frames is higher than 1.

C8. The method of one of items C3-C6, wherein alter-
nating an average power level of power converted by at least
one converter cell of the plurality of converter cells includes
alternating an average power level of power converted by
each of the plurality of converter cells.

C9. The method of one of items C3-C8, wherein the
power converter includes an input and wherein the periodic
voltage is received at the input.

C10. The method of item C9, wherein each of the plurality
of converter cells includes a cell input and a cell output, and
wherein the cell inputs of the converter cells are connected
in series, wherein a series circuit which includes the cell
inputs is coupled to the input of the power converter.

Cl11. The method of one of items C9-C10, wherein each
of the plurality of converter cells includes a cell input and a
cell output, and wherein the cell inputs of the converter cells
are connected in parallel, wherein a parallel circuit which
includes the cell inputs is coupled to the input of the power
converter.

C12. The method of one of items C10-Cl11, further
including: receiving power from the power converter by
another power converter, wherein the other power converter
is coupled to the cell outputs of the plurality of converter
cells.

C13. The method of item C12, each of the cell outputs of
the plurality of converter cells is coupled to a respective
capacitor of a plurality of capacitors.

C14. The method of item C1, wherein the power converter
includes an output and wherein the periodic voltage is
received at the output.

Cl15. The method of item C14, wherein each of the
converter cells includes a cell input and a cell output, and
wherein the cell outputs of the converter cells are connected
in series, and wherein a series circuit which includes the cell
outputs is coupled to the output of the power converter.

C16. The method of item Cl14, wherein each of the
converter cells includes a cell input and a cell output, and
wherein the cell outputs of the converter cells are connected
in parallel, wherein a parallel circuit which includes the cell
outputs is coupled to the output of the power converter.

C17. The method of one of items C14-C16, further
including: receiving power by the power converter from
another further power converter, wherein the other power
converter is coupled to the cell inputs of the plurality of
converter cells.

C18. The method of item C17, wherein each cell input of
the plurality of converter cells is coupled to a respective one
of a plurality of capacitors.

C19. A method, including: converting DC power by a
power converter including a plurality of converter cells in a
first mode or a second mode, wherein in the first mode a
power level of the converted power is substantially constant,
and wherein in the second mode the power level of the
converted power alternates.

10

20

25

40

45

60

65

82

C20. The method of item C19, wherein converting the DC
power in the second mode includes alternatingly operating at
least one of the plurality of converter cells in one of an active
mode and an inactive mode.

C21. The method of item C20, wherein operating the at
least one of the plurality of converter cells in the inactive
mode includes converting zero power by the at least one of
the plurality of converter cells.

(C22. The method of one of items C20-C21, wherein
converting the DC power in the second mode includes
operating only one converter cell in the active mode at one
time.

(C23. The method of item C22, wherein converting the DC
power in the second mode includes operating each of the
plurality of converter cells at different times.

C24. The method of one of items C19-C23, wherein
converting DC power includes converting DC power in the
first mode or the second mode based on a level of a power
reference signal.

(C25. The method of item C24, wherein in the first mode
the power level of the converted power is dependent on a
level of the power reference signal.

C26. The method of item C24, wherein converting the DC
power includes converting the DC power in the second
mode when the level of the power reference signal falls
below a predefined threshold.

C27. The method of one of items C24-C26, wherein
converting the DC power in the second mode includes
converting the DC power such that an average power level
in the second mode is dependent on the level of the power
reference signal.

C28. The method of one of item C19-C27, wherein an
average power level in the second mode is less than 50% of
the power level in the first mode.

C29. The method of one of items C24-C28, wherein
converting the DC power includes providing an output
current at an output of the power converter, and wherein the
power reference signal includes an output current reference
signal.

C30. The method of item C29, further including: receiv-
ing power by the power converter from another power
converter.

C31. The method of item C19, wherein each of the
plurality of converter cells includes a cell input and a cell
output, and wherein cell outputs of the plurality of converter
cells are connected in parallel, wherein a parallel circuit
which includes the cell outputs is coupled to the output of
the power converter.

(C32. The method of item C19, wherein each of the
plurality of converter cells includes a cell input and a cell
output, and wherein cell outputs of the plurality of converter
cells are connected in series, wherein a series circuit which
includes the cell outputs is coupled to the output of the
power converter.

C33. The method of item C19, wherein converting the DC
power includes receiving an input current at an input of the
power converter, and wherein the power reference signal
includes an input current reference signal.

C34. The method of item C33, further including: receiv-
ing power from the power converter by another power
converter.

C35. The method of item C19, wherein each of the
plurality of converter cells includes a cell input and a cell
output, and wherein the cell inputs of the plurality of
converter cells are connected in parallel, wherein a parallel
circuit which includes the cell inputs is coupled to the output
of the power converter.
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(C36. The method of item C19, wherein each of the
plurality of converter cells includes a cell input and a cell
output, and wherein the cell inputs of the plurality of
converter cells are connected in series, wherein a series
circuit which includes the cell inputs is coupled to the output
of the power converter.

C37. A power converter circuit including: a power con-
verter including a plurality of converter cells, wherein the
power converter is configured to receive a periodic voltage;
and a controller configured in a series of time frames to
alternate an average power level of power converted by at
least one converter cell of the plurality of converter cells,
wherein each time frame corresponds to a time period
between sequential zero crossings of the periodic signal.

C38. The power converter circuit of item C37, wherein
the periodic voltage is one of a sine voltage, and a rectified
sine voltage.

C39. The power converter circuit of item C37, wherein
the power converter includes an input, wherein the power
converter is configured to receive the periodic voltage at the
input, and wherein the power converter circuit is configured
to output power to another power converter.

C40. The power converter circuit of item C37, wherein
the power converter includes an output, wherein the power
converter is configured to receive the periodic voltage at the
output, and wherein the power converter circuit includes
another power converter configured to supply power to the
power converter.

C41. A power converter circuit including: a power con-
verter including a plurality of converter cells and a control-
ler, wherein the controller is configured to operate the power
converter in one of a first mode and a second mode, wherein
in the first mode a power level of the converted power is
substantially constant, and wherein in the second mode the
power level of the converted power alternates.

C42. The power converter circuit of item C41, wherein
the controller is configured to operate at least one of the
plurality of converter cells alternatingly in one of an active
mode and an inactive mode.

C43. The power converter circuit of item C42, wherein
the controller is configured to operate the at least one of the
plurality of converter cells in the inactive mode such that the
at least one of the plurality of converter cells converts zero
power.

C44. The power converter circuit of item C41, wherein
the controller is configured to operate only one of the
plurality of converter cells in the active mode at one time.

DI1. A method, including: converting power by a power
converter including a plurality of converter cells and at least
one filter cell; receiving a cell input power at a cell input and
providing a cell output power at a cell output of at least one
of the plurality of converter cells; and operating the filter cell
in one of an input power mode, in which the filter cell
receives an input power, and an output power mode in, in
which the filter cell provides an output power.

D2. The method of item D1, wherein operating the filter
cell in the input power mode includes receiving the input
power at a terminal of the filter cell, and wherein operating
the filter cell in the output power mode includes providing
the output power at the terminal of the filter cell.

D3. The method of item D1, wherein each of the plurality
converter cells includes a cell input and a cell output, and
wherein the cell inputs of the plurality of converter cells and
the terminal of the at least one filter cell are connected in
series, wherein a series circuit which includes the cell inputs
and terminal is coupled to an input of the power converter.
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D4. The method of item D3, further including: receiving
an input voltage at the input of the power converter; pro-
viding a cell output voltage by each of the plurality of
converter cells; and operating the filter cell in the one of the
input power mode and the output power mode based on a
voltage level of the input voltage and on voltage levels of the
cell output voltages.

D5. The method of item D4, wherein operating the filter
cell in the one of the input power mode and the output power
mode includes: operating a first number of the plurality of
converter cells in an off-state, and operating a second
number of the converter cells in an on-state, operating the
filter cell in the input power mode, when a sum of the cell
output voltages of the first number of converter cells is lower
than the level of the input voltage, and operating the filter
cell in the output power mode, when a sum of the cell output
voltages of the first number of converter cells is higher than
the level of the input voltage.

D6. The method of item D5, wherein the first number is
dependent on the level of the input voltage.

D7. The method of item D4, wherein the input voltage is
a periodic voltage.

D8. The method of item D3, further including: receiving
an input voltage and an input current at the input of the
power converter, and controlling the input current to have a
predefined phase difference relative to the input voltage.

D9. The method of item D8, further including: controlling
a cell output voltage at the cell output of each of the plurality
of converter cells.

D10. The method of one of items D2-D9, further includ-
ing: receiving a cell output power provided by each of the
plurality of converter cells by another power converter.

D11. The method of item D10, wherein the other power
converter includes only one converter cell.

D12. The method of item D10, wherein the other power
converter includes a plurality of converter cells, wherein
each of the plurality of converter cells of the other power
converter receives the cell output power provided by an
associated converter cell of the plurality of converter cells of
the power converter.

D13. The method of item D10, wherein the power con-
verter and the other power converter are linked by a plurality
of capacitors.

D14. The method of item D1, wherein each of the
plurality converter cells includes a cell input and a cell
output, and wherein the cell outputs of the plurality of
converter cells and the terminal of the filter cell are con-
nected in series, wherein a series circuit which includes the
cell outputs and the terminal is coupled to an output of the
power converter.

D15. The method of item D14, further including: receiv-
ing an output voltage at the output of the power converter;
receiving a cell input voltage by each converter cell; and
operating the filter cell in the one of the input power mode
and the output power mode based on a voltage level of the
output voltage and on voltage levels of the cell input
voltages.

D16. The method of item D15, wherein operating the filter
cell in the one of the input power mode and the output power
mode includes: operating a first number of the plurality of
converter cells in an off-state, and operating a second
number of the converter cells in an on-state, operating the
filter cell in the output power mode, when a sum of the cell
input voltages of the first number of converter cells is lower
than the level of the output voltage, and operating the filter
cell in the input power mode, when a sum of the cell input
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voltages of the first number of converter cells is higher than
the level of the output voltage.

D17. The method of item D16, wherein the first number
is dependent on the level of the output voltage.

D18. The method of item D16, wherein the output voltage
is a periodic voltage.

D19. The method of one of items D14, further including:

receiving an output voltage and providing an output
current at the output of the power converter, and controlling
the output current to have a predefined phase difference
relative to the output voltage.

D20. The method of one of items D14-D19, further
including: providing a cell input power received by each of
the plurality of converter cells by another power converter.

D21. The method of item D20, wherein the other power
converter includes only one converter cell.

D22. The method of item D20, wherein the other power
converter includes a plurality of converter cells; and wherein
each of the plurality of converter cells of the power con-
verter receives the cell input power from an associated
converter cell of the plurality of converter cells of the other
power converter.

D23. The method of one of items D20-D22 wherein the
power converter and the further power converter are linked
by a plurality of capacitors.

D24. A power converter circuit including power con-
verter, which includes: a plurality of converter cells, wherein
at least one of the plurality of converter cells is configured
1o receive a cell input power at a cell input and provide a cell
output power at a cell output; and at least one filter cell
configured to operate in one of an input power mode, in
which the filter cell receives an input power, and an output
power mode in, in which the filter cell provides an output
power.

D25. The power converter circuit of item D24, wherein
the filter cell is configured to receive the input power at a
terminal of the filter cell in the input power mode, and to
provide the output power at the terminal of the filter cell in
the output power mode.

D26. The power converter circuit of item D24, wherein
each of the plurality converter cells includes a cell input and
a cell output, and wherein the cell inputs of the plurality of
converter cells and the terminal of the filter cell are con-
nected in series, wherein a series circuit which includes the
cell inputs and the terminal is coupled to an input of the
power converter.

D27. The power converter circuit of item D26, wherein
the power converter is configured to receive an input voltage
at the input of the power converter; wherein each converter
cell is configured to provide a cell output voltage; and
wherein the filter cell is configured to operate in the one of
the input power mode and the output power mode based on
a voltage level of the input voltage and on voltage levels of
the cell output voltages.

D28. The power converter circuit of item D27, wherein a
first number of the plurality of converter cells is configured
10 operate in an off-state, and a second number of the
plurality of converter cells is configured to operate in an
on-state, wherein the filter cell is configured to operate in the
input power mode, when a sum of the cell output voltages
of the first number of converter cells is lower than the level
of the input voltage, and to operate in the output power
mode, when a sum of the cell output voltages of the first
number of converter cells is higher than the level of the input
voltage.
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D29. The power converter circuit of item D28, wherein
the first number is dependent on the level of the input
voltage.

D30. The method of one of items D16-D29, wherein the
input voltage is a periodic voltage.

D31. The power converter circuit of item D26, wherein
the power converter is configured to receive an input voltage
and an input current at the input of the power converter, and
to control the input current to have a predefined phase
difference relative to the input voltage.

D32. The power converter circuit of item 31, wherein the
power converter is further configured to control a cell output
voltage at the cell output of each of the plurality of converter
cells.

D33. The power converter circuit of one of items D20-
D32, further including: another power converter configured
to receive a cell output power provided by each of the
plurality of converter cells.

D34. The power converter circuit of item D33, wherein
the other power converter includes only one converter cell.

D35. The power converter circuit of item D33, wherein
the further power converter includes a plurality of converter
cells, and wherein each of the plurality of converter cells of
the other power converter receives the cell output power
provided by one of the plurality of converter cells of the
power converter.

D36. The power converter circuit of one of items D33-
D35, wherein the power converter and the other power
converter are linked by a plurality of capacitors.

D37. The power converter circuit of one of items D24-
D36, wherein each of the plurality converter cells includes
a cell input and a cell output, and wherein the cell outputs
of the plurality of converter cells and the terminal of the
filter cell are connected in series, wherein a series circuit
which includes the cell outputs and the terminal is coupled
to an output of the power converter.

D38. The power converter circuit of item D37, wherein
the power converter is configured to receive an output
voltage at the output of the power converter; wherein each
converter cell is configured to receive a cell input voltage;
and wherein the filter cell is configured to operate in the one
of the input power mode and the output power mode based
on a voltage level of the output voltage and on voltage levels
of the cell input voltages.

D39. The power converter circuit of item D38, wherein a
first number of the plurality of converter cells is configured
to operate in an off-state, and a second number of the
plurality of converter cells is configured to operate in an
on-state, wherein the filter cell is configured to operate in the
input power mode, when a sum of the cell input voltages of
the first number of converter cells is lower than the level of
the output voltage, and to operate in the output power mode,
when a sum of the cell input voltages of the first number of
converter cells is higher than the level of the output voltage.

DA40. The power converter circuit of item D39, wherein
the first number is dependent on the level of the output
voltage.

D41. The method of one of items D38-D40, wherein the
output voltage is a periodic voltage.

D42. The power converter circuit of one of items D37-
D41, wherein the power converter is configured to receive
an output voltage and to provide an output current at the
output of the power converter, and to control the output
current to have a predefined phase difference relative to the
output voltage.
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D43. The power converter circuit of item D42, wherein
the power converter is further configured to control a cell
input voltage at the cell input of each of the plurality of
converter cells.

D44. The power converter circuit of one of items D37-
D43, further including: another power converter configured
to provide a cell input power to each of the plurality of
converter cells.

DA45. The power converter circuit of item D44, wherein
the other power converter includes at least one converter
cell.

D46. The power converter circuit of one of items D44-
D45, wherein the other power converter includes a plurality
of converter cells, and wherein each of the plurality of
converter cells of the other power converter provides the cell
input to one of the plurality of converter cells of the power
converter.

DA47. The power converter circuit of one of items D44-
D46, wherein the power converter and the other power
converter are linked by a plurality of capacitors.

El. A power converter circuit, including a power con-
verter with a plurality of series connected converter cells,
wherein each of the plurality of converter cells includes at
least one first half-bridge circuit including a first silicon
MOSFET (Metal Oxide Semiconductor Field-Effect Tran-
sistor) and a second silicon MOSFET, and wherein at least
one of the plurality of converter cells is configured to operate
in a continuous current mode.

E2. The power converter circuit of item E1, wherein in the
continuous current mode, a current in the first half-bridge is
different from zero.

E3. The power converter circuit of one of items E1-E2,
wherein each of the plurality of converter cells is configured
to operate in a continuous current mode.

F4. The power converter circuit of one of items E1-E3,
wherein each of the plurality of converter cells further
includes a second half-bridge including a third silicon MOS-
FET and a fourth silicon MOSFET.

ES. The power converter circuit of item E4, wherein at
least one of the plurality of converter cells is configured to
receive a periodic voltage and to operate in a totem pole
modulation mode.

E6. The power converter circuit of item ES, wherein the
at least one converter cell in the totem pole modulation mode
is configured to operate one of the first and second half-
bridges at a first frequency which is dependent on a fre-
quency of the periodic voltage, and to operate the other one
of the first and second half-bridges at a second frequency
higher than the frequency of the periodic voltage.

E7. The power converter circuit of item E6, wherein the
first frequency is twice the frequency of the periodic voltage.

E8. The power converter circuit of item E6, wherein the
second frequency is at least 200 times the frequency of the
periodic voltage.

E9. The power converter circuit of one of items E1-ES,
wherein each of the plurality of converter cells includes a
cell input and a cell output, and wherein the cell inputs of the
plurality of converter cells are connected in series and
wherein a series circuit which includes the cell inputs is
coupled to an input of the power converter.

E10. The power converter circuit of item E9, wherein the
power converter further includes at least one inductor con-
nected in series with the cell inputs.

Ell. The power converter circuit of item E9, further
including a plurality of capacitors, wherein each of the cell
outputs connected to a respective one of the plurality of
capacitors.
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E12. The power converter circuit of item E1, wherein
each of the plurality of converter cells includes a cell input
and a cell output, and wherein the cell outputs of the
plurality of converter cells are connected in series, wherein
a series circuit which includes the cell outputs of the
plurality of converter cells is coupled to an output of the
power converter.

E13. The power converter circuit of item E12, wherein the
power converter further includes at least one inductor con-
nected in series with the cell outputs.

E14. The power converter circuit of item E12, further
including a plurality of capacitors, wherein the cell input of
each of the plurality of converter cells is connected to a
respective one of the plurality of capacitors.

E15. The power convetrter circuit of one of items E1-E14,
further including: another power converter coupled to the
power converter.

E16. The power converter circuit of one of items E1-E15,
wherein each of the first and second silicon MOSFETs has
a voltage blocking capability greater than 100V.

E17. The power converter circuit of one of items E1-E16,
wherein the first silicon MOSFET includes a first on-
resistance and a first voltage blocking capability, and the
second silicon MOSFET includes a second on-resistance
and a second voltage blocking capability, wherein the first
voltage blocking capability and the second voltage blocking
capability are substantially equal, and wherein the first
on-resistance is different from the second on-resistance.

E18. The power converter circuit of item E17, wherein the
first on-resistance is less than 90% of the second on-
resistance.

E19. A method including: operating at least one converter
cell of a power converter including a plurality of series
connected converter cells in a continuous current mode,
wherein each of the converter cells includes at least a first
half-bridge including a first silicon MOSFET and a second
silicon MOSFET.

E20. The method of item E19, wherein operating the at
least one converter cell in the continuous current mode
includes operating the first half-bridge such that, a current in
the first half-bridge is different from zero.

E21. The method of item E20, wherein operating at least
one converter cell in the continuous current mode includes
operating each of the plurality of converter cells in the
continuous current mode.

E22. The method of one of items E19-E21, wherein each
of the plurality of converter cells further includes a second
half-bridge including a third silicon MOSFET and a fourth
silicon MOSFET.

E23. The method of item E22, wherein operating the at
least one converter cell in the continuous current mode
includes: receiving a periodic voltage by the least one
converter cells, and operating the at least one converter cell
in a totem pole modulation mode.

E24. The method of item E23, wherein operating the at
least one converter cell in the totem pole modulation mode
includes operating one of the first and second half-bridges at
a first frequency which is dependent on a frequency of the
periodic voltage, and operating the other one of the first and
second half-bridges at a second frequency higher than the
frequency of the periodic voltage.

E25. The method of item E24, wherein the first frequency
is twice the frequency of the periodic voltage.

E26. The method of item E25, wherein the second fre-
quency is at least 200 times the frequency of the periodic
voltage.
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E27. The method of one of items E19-E26, wherein a
voltage blocking capability of each of the first and second
silicon MOSFETs is higher than 100V.

E28. A power converter circuit, including: a power con-
verter with a plurality of converter cells, wherein each
converter cell includes at a half-bridge circuit including a
first electronic switch and a second electronic switch,
wherein the first electronic switch includes a first on-
resistance and a first voltage blocking capability, and the
second electronic switch includes a second on-resistance and
a second voltage blocking capability, wherein in at least one
converter cell the first voltage blocking capability and the
second voltage blocking capability are substantially equal,
and the first on-resistance and the second on-resistance are
different.

E29 The power converter circuit of item E28, wherein in
the at least one converter cell the first on-resistance is less
than 90% of the second on-resistance.

F30. The power converter circuit of item E29, wherein the
first on-resistance is less than 80% of the second on-
resistance.

E31. The power converter circuit of item E28, wherein in
the at least one converter cell, the first voltage blocking
capability is between 90% and 110% of the second voltage
blocking capability.

E32. The power converter circuit of item E28, wherein
each of the plurality of converter cell includes a cell input
and a cell output, and wherein the cell inputs of the plurality
of converter cells are connected in series, and wherein a
series circuit which includes the cell inputs of the plurality
of converter cells is coupled to an input of the multi-cell
power converter.

E33. The power converter circuit of item E32, further
including an inductor connected in series with the cell
inputs.

E34. The power converter circuit of item E32, further
including a plurality of capacitors, wherein the cell output of
each converter cell is connected to a respective one of the
plurality of capacitors.

E35. The power converter circuit of item E28, wherein
each of the plurality of converter cell includes a cell input
and a cell output, and wherein the cell outputs of the
plurality of converter cells are connected in series, wherein
a series circuit which includes the cell outputs of the
plurality of converter cells is coupled to an output of the
power converter.

E36. The power converter circuit of item E35, further
including an inductor connected in series with the cell
outputs.

E37. The power converter circuit of item E35, further
including a plurality of capacitors, wherein the cell input of
each converter cell is connected to a respective one of the
plurality capacitors.

E38. The power converter circuit of item E28, wherein
each of the plurality of converter cells includes a cell input
and a cell output, and wherein the cell outputs of the
plurality of converter cells are connected in parallel, wherein
a parallel circuit which includes the cell outputs of the
plurality of converter cells is coupled to an output of the
power converter.

E39. The power converter circuit of item E28, wherein
each of the plurality of converter cells includes a cell input
and a cell output, and wherein the cell inputs of the plurality
of converter cells are connected in parallel, wherein a
parallel circuit which includes the cell inputs of the plurality
of converter cells is coupled to an input of the power
converter.
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E40. The power converter circuit of item E28, wherein
each of the first and second electronic switches is selected
from the group consisting of: a MOSFET (Metal Oxide
Semiconductor Field Effect Transistor); a HEMT (High
Electron Mobility Transistor); a JFET (Junction Field Effect
Transistor); an IGBT (Insulated Gate Bipolar Transistor);
and a BJT (Bipolar Junction Transistor).

E41. The power converter circuit of one of items E28-
E40, further including: a plurality of capacitors wherein each
of the plurality of capacitors is coupled to a respective one
of the plurality of converter cells; and another power con-
verter coupled to the plurality of capacitors.

F1. A power converter circuit including a power converter
which includes a plurality of converter cells configured to
operate in a PWM mode, wherein the plurality of converter
cells includes a first converter cell configured to operate in
the PWM mode at a first switching frequency, and a second
converter cell configured to operate in the PWM mode at a
second switching frequency different than the first fre-
quency.

F2. The power converter circuit of item F1, wherein the
second switching frequency is at least 1.2 times the first
switching frequency.

F3. The power converter circuit of one of items F1-F2,
wherein the power converter includes a topology selected
from a group consisting of: IS, OS, 1P, OP.

F4. The power converter circuit of one of items F1-F3,
wherein the power converter includes one of an IS and OS
topology, wherein the power converter is configured to
receive a periodic voltage, and wherein the first converter
cell and the second converter cell are configured to operate
at substantially the same modulation index and duty cycle,
respectively.

G1. A method, including: operating a first converter cell
in a multi-cell in a PWM mode at a first frequency, and
operating a second converter cell in the multi-cell in a PWM
mode at a second frequency different than the first fre-
quency.

H1. A method, including: receiving input power by a
multi-cell converter and supplying output power to a plu-
rality of separate loads, wherein the multi-cell power con-
verter includes an IS topology.

H2. The method of item HI1, wherein the multi-cell
converter includes a plurality of converter cells, and wherein
each converter cell supplies power to a respective load.

H3. The method of one of items H1-H2, wherein the input
power is received from an AC power grid.

11. A method including: receiving input power by a
multi-cell converter from a plurality of separate power
sources and supplying output power to a load.

12. The method of item I1, wherein the load is an AC
power grid.

13. The method of one of items 11-12, wherein the multi-
cell converter includes an OS topology.

Although various exemplary embodiments of the inven-
tion have been disclosed, it will be apparent to those skilled
in the art that various changes and modifications can be
made which will achieve some of the advantages of the
invention without departing from the spirit and scope of the
invention. It will be obvious to those reasonably skilled in
the art that other components performing the same functions
may be suitably substituted. It should be mentioned that
features explained with reference to a specific figure may be
combined with features of other figures, even in those cases
in which this has not explicitly been mentioned. Further, the
methods of the invention may be achieved in either all
software implementations, using the appropriate processor
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instructions, or in hybrid implementations that utilize a
combination of hardware logic and software logic to achieve
the same results. Such modifications to the inventive con-
cept are intended to be covered by the appended items.

Spatially relative terms such as “under,” “below,”
“lower,” “over,” “upper” and the like, are used for ease of
description to explain the positioning of one element relative
to a second element. These terms are intended to encompass
different orientations of the device in addition to different
orientations than those depicted in the figures. Further, terms
such as “first,” “second” and the like, are also used to
describe various elements, regions, sections, etc. and are
also not intended to be limiting. Like terms refer to like
elements throughout the description.

As used herein, the terms “having,” ‘“containing,”
“including,” “including” and the like are open ended terms
that indicate the presence of stated elements or features, but
do not preclude additional elements or features. The articles
“a,” “an” and “the” are intended to include the plural as well
as the singular, unless the context clearly indicates other-
wise.

With the above range of variations and applications in
mind, it should be understood that the present invention is
not limited by the foregoing description, nor is it limited by
the accompanying drawings. Instead, the present invention
is limited only by the following items and their legal
equivalents.

EEETS

The invention claimed is:

1. A method, comprising:

receiving a periodic voltage by a power converter com-

prising a plurality of converter cells; and
in a series of time frames of equal duration, alternating an
average power level of a total power converted by a
combination of each of the converter cells from zero to
a power level different from zero,

receiving power from the power converter by another
power converter that includes a plurality of further
converter cells and is coupled to cell outputs of the
plurality of converter cells, wherein each of the con-
verter cells in the plurality of further converter cells are
coupled to a common output,

wherein each of the series of time frames corresponds to

a time period between sequential zero crossings of the
periodic voltage.

2. The method of claim 1, wherein the periodic voltage is
one of a sine voltage, and a rectified sine voltage.

3. The method of claim 1,

wherein the series of time frames includes a first number

(P) of times frames, and a second number (Q) of time
frames, and

wherein alternating the average power level comprises

converting power for each of the first number of time
frames and converting power for each of the second
plurality of time frames such that an average power
level in each of the second number of time frames is
zero and an average power level in each of the first
number of time frames is different from zero.

4. The method of claim 3, wherein alternating the average
power level in the series of time frames comprises sequen-
tially alternating the average power level.

5. The method of claim 3, wherein a ratio between the
second number of time frames and the first number of time
frames is higher than 1.

6. The method of claim 1, wherein the power converter
comprises an input and wherein the periodic voltage is
received at the input.
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7. The method of claim 6,

wherein each of the plurality of converter cells comprises
a cell input and a cell output, and

wherein the cell inputs of the converter cells are con-
nected in series, wherein a series circuit which includes
the cell inputs is coupled to the input of the power
converter.

8. The method of claim 6,

wherein each of the plurality of converter cells comprises
a cell input and a cell output, and

wherein the cell inputs of the converter cells are con-
nected in parallel, wherein a parallel circuit which
includes the cell inputs is coupled to the input of the
power converter.

9. The method of claim 1, each of the cell outputs of the
plurality of converter cells is coupled to a respective capaci-
tor of a plurality of capacitors.

10. The method of claim 1, wherein the power converter
comprises an output and wherein the periodic voltage is
received at the output.

11. The method of claim 10,

wherein each of the converter cells comprises a cell input
and a cell output, and

wherein the cell outputs of the converter cells are con-
nected in series, and wherein a series circuit which
includes the cell outputs is coupled to the output of the
power converter.

12. The method of claim 10,

wherein each of the converter cells comprises a cell input
and a cell output, and

wherein the cell outputs of the converter cells are con-
nected in parallel, wherein a parallel circuit which
includes the cell outputs is coupled to the output of the
power converter.

13. The method of claim 10, further comprising:

receiving power by the power converter from another
further power converter, wherein the other power con-
verter is coupled to the cell inputs of the plurality of
converter cells.

14. The method of claim 13, wherein each cell input of the
plurality of converter cells is coupled to a respective one of
a plurality of capacitors.

15. The method of claim 1, wherein the average power
level alternates between two different levels for each half
wave of the periodic voltage.

16. The method of claim 1, wherein the average power
level remains constant for two or more half waves of the
periodic voltage.

17. The method of claim 1, wherein each of the plurality
of further converter cells is

connected to cell outputs of a respective one of the
plurality of converter cell.

18. The method of claim 1, wherein cell outputs of the
plurality of further converter cells are connected in series at
the common output.

19. The method of claim 1, wherein cell outputs of the
plurality of further converter cells are connected in parallel
at the common output.

20. A circuit comprising:

a power converter comprising a plurality of converter
cells, wherein the power converter is configured to
receive a periodic voltage; and

a controller configured in a series of time frames to
alternate an average power level of a total power
converted by a combination of each of the converter
cells from zero to a power level different from zero,
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a further power converter that is configured to receive
power from the power converter, the further power
converter comprising a plurality of further converter
cells and is coupled to cell outputs of the plurality of
converter cells, wherein each of the converter cells in 5
the plurality of further converter cells are coupled to a
common output,

wherein each time frame corresponds to a time period
between sequential zero crossings of the periodic sig-
nal. 10

21. The circuit of claim 20, wherein the periodic voltage

is one of a sine voltage, and a rectified sine voltage.

22. The circuit of claim 20,

wherein the power converter comprises an input,

wherein the power converter is configured to receive the 15
periodic voltage at the input, and

wherein the power converter circuit is configured to
output power to another power converter.

23. The power converter circuit of claim 20,

wherein the power converter comprises an output, 20

wherein the power converter is configured to receive the
periodic voltage at the output, and

wherein the power converter circuit comprises another
power converter configured to supply power to the
power converter. 25

24. The circuit of claim 20, wherein the controller is

configured such that the average power level alternates
between two different levels for each half wave of the
periodic voltage.

25. The circuit of claim 20, wherein the controller is 30

configured such that the average power level remains con-
stant for two or more half waves of the periodic voltage.
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