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(57) ABSTRACT

Disclosed is a power converter circuit and a method for
operating the power converter circuit. The power converter
circuit includes at least one converter stage and a control
circuit. The at least one converter stage includes an input
configured to receive an input power, an output configured
to supply an output power, a first electronic switch, and a
first inductor coupled to the first electronic switch. The
control circuit includes a hysteresis controller configured to
drive the first electronic switch based on a current measure-
ment signal representing a current through the inductor, a
first threshold signal, and a second threshold signal, and an
operating point controller configured to detect an operating
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POWER CONVERTER CIRCUIT WITH A
SWITCHED MODE POWER CONVERTER
THAT IS SWITCHED BASED UPON A
MEASURED INDUCTOR CURRENT AND
DYNAMICALLY-DETERMINED FIRST AND
SECOND THRESHOLDS

This disclosure in general relates to a power converter
circuit, particularly a power converter circuit with a
switched mode power converter.

Switched mode power converters (which are often also
referred to as switched mode power supplies (SMPS)) are
widely used in various types of automotive, industrial,
household or consumer electronic applications. A switched
mode power converter includes at least one electronic switch
coupled to at least one inductor. A switched mode power
converter is configured to receive an input power which is
given by an input current multiplied with an input voltage at
an input and supply an output power which is given by an
output voltage multiplied with an output current to a load
coupled to an output. By regulating the input power received
at the input the switched mode power converter may regu-
late at least one operating parameter, for example, the output
voltage, the output current, or the input current. The input
power is regulated by regulating a current through the at
least one inductor, whereas the inductor current is regulated
by a switched mode operation of the at least one electronic
switch.

The switched mode operation of the at least one electronic
switch may include operating the electronic switch in a
plurality of successive drive cycles, with each drive cycle
including an on-time in which the at least one electronic
switch is switched on and an off-time in which the at least
one electronic switch is switched off. Inevitably, converting
power by the switched mode power converter is associated
with power losses. These power losses are given by a
difference between an overall input power, which also
includes a power supply of the switched mode power
converter itself, and an output power available at the output.
These power losses include, for example, conduction losses,
switching losses, or hysteresis losses in the inductor. Con-
duction losses are losses due to ohmic resistances in con-
ductors and electronic devices of the power converter.
Switching losses are losses associated with the switched
mode operation of the at least one electronic switch such as
losses associated with charging and discharging (parasitic)
capacitances of the at least one electronic switch. And,
hysteresis losses are losses associated with magnetizing and
demagnetizing the inductor. It is desirable to reduce those
power losses.

One example relates to a power converter circuit. The
power converter circuit includes at least one converter stage
and a control circuit. The at least one converter stage
includes an input configured to receive an input power, an
output configured to supply an output power, a first elec-
tronic switch, and a first inductor coupled to the first
electronic switch. The control circuit includes a hysteresis
controller configured to drive the first electronic switch
based on a current measurement signal representing a cur-
rent through the inductor, a first threshold signal, and a
second threshold signal, and an operating point controller
configured to detect an operating point of the converter stage
to generate the first threshold signal and the second thresh-
old signal based on the detected operating point.

Another example relates to a method. The method
includes detecting an operating point of at least one con-
verter stage including an electronic switch and an inductor
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2

coupled to the electronic switch in a power converter circuit,
selecting a first threshold and a second threshold based on
the detected operating point, and driving the electronic
switch based on the first threshold and the second threshold
and a current measurement signal representing a current
through the inductor.

Yet another example relates to a method. The method
includes finding an optimum switching frequency of an
electronic switch in a power converter stage of a power
converter circuit at each of a plurality of different operating
points; sensing a current through an inductor connected in
series with the electronic switch; and in each operating
point, at the optimum frequency, detecting a maximum
current through the inductor and a minimum current through
the inductor.

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 shows a block diagram that illustrates one example
of a power converter circuit that includes a converter stage
with an electronic switch and an inductor, and a control
circuit with a hysteresis controller and an operating point
controller:

FIG. 2 shows examples of signal waveforms of a drive
signal of the electronic switch, a current through the induc-
tor, and a current measurement signal:

FIG. 3 shows examples of different current waveforms of
the inductor current that have the same average current
level;

FIG. 4 shows a flowchart that illustrates a function of the
operating point controller;

FIG. 5 illustrates a test setup for detecting optimum first
and second current thresholds of the hysteresis controller in
different operating points of the converter stage;

FIG. 6 shows a flowchart that illustrates one example of
a testing routine;

FIG. 7 illustrates how an optimum switching frequency
associated with one operating point may be obtained based
on the results obtained in the testing procedure.

FIG. 8 shows diagrams that illustrate a switching fre-
quency and first and second current thresholds associated
with different operating points obtained by the testing rou-
tine;

FIG. 9 shows one example of a converter stage imple-
mented with a buck topology;

FIG. 10 shows one example of a converter stage imple-
mented with a boost topology;

FIG. 11 shows one example of the hysteresis controller;

FIG. 12 shows one example of an active rectifier element
with an electronic switch that may be used in the converter
stage:

FIGS. 13A to 13C illustrate possible implementations of
the rectifier element shown in FIG. 12;

FIG. 14 shows a modification of the hysteresis controller
shown in FIG. 11;

FIG. 15 shows one example of an operating parameter
controller that may be implemented in the control circuit;

FIG. 16 shows an example of a power converter circuit
that includes a second converter stage connected upstream
the converter stage and an unfolding circuit connected
downstream the converter stage:

FIGS. 17A to 17C show timing diagrams that illustrate
signal waveforms of signals occurring in the power con-
verter circuit shown in FIG. 16;
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FIG. 18 shows one example of the unfolding circuit
shown in FIG. 16:

FIG. 19 shows one example of an operating parameter
controller that may be implemented in the control circuit
shown in FIG. 16:

FIG. 20 shows an example of a power converter circuit
that includes a rectifier circuit connected upstream the
converter stage and a second converter stage connected
downstream the converter stage;

FIGS. 21A to 21C show timing diagrams that illustrate
signal waveforms of signals occurring in the power con-
verter circuit shown in FIG. 20;

FIG. 22 shows one example of an operating parameter
controller that may be implemented in the control circuit
shown in FIG. 14,

FIGS. 23A to 23F illustrate optimum switching frequen-
cies, first and second current thresholds and power losses in
a power convetrter circuit operated at an optimum switching
frequency as compared to a power converter operated at
fixed switching frequency;

FIG. 24 shows one example of a power converter circuit
with two converter stages and associated control circuits;

FIG. 25 shows signal waveforms that illustrate operation
of the hysteresis controller in consideration of delays that
may occur in the hysteresis controller;

FIG. 26 shows one example of a converter stage with a
flyback (converter) topology;

FIG. 27 shows timing diagrams of signals occurring in the
flyback converter shown in FIG. 26;

FIG. 28 shows one example of a converter stage with an
inverting buck-boost topology; and

FIG. 29 shows one example of a power converter circuit
with several converter stages connected in parallel.

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.

FIG. 1 shows a power converter circuit in particular a
switched mode power converter circuit (switched mode
power supply, SMPS) according to one example. Referring
to FIG. 1, the power converter circuit includes a converter
stage 1 with an input configured to receive an input power
and an output configured to supply an output power. The
input may include a first input node 1, and a second input
node 1;,,, and the output may include a first output node
1,7 and a second output node 1,,,,. The input power
received by the converter stage 1 is given by an input current
I multiplied with an input voltage V,,, and the output
power is given by an output current I 5, multiplied with an
output voltage V., The converter stage 1 includes an
electronic switch 11 (which is also referred to as first
electronic switch herein further below) connected in series
with an inductor 12. The switch 11 is only schematically
illustrated in FIG. 1. Any type of electronic switch may be
used to implement the switch 11. Examples of the electronic
switch 11 include, but are not restricted to, a MOSFET
(Metal Oxide Semiconductor Field-Effect Transistor), an
IGBT (Insulated Gate Bipolar Transistor), a HEMT (High
Electron Mobility Transistor), in particular a Gallium-Ni-
tride (GaN)-HEMT, a BJT (Bipolar Junction Transistor), or
the like.

Operation of the converter stage 1 is controlled by a
control circuit 2. Controlling operation of the converter
stage 1 by the control circuit 2 includes controlling operation
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4

of the switch 11 by generating a drive signal Sz, received
by the switch 11, wherein the switch 11 switches on and off
in accordance with this drive signal Sz, The arrangement
with the converter stage 1 and the control circuit 2 is also
referred to as (first) power converter in the following.

Referring to FIG. 1, the control circuit 2 includes a
hysteresis controller 5, and an operating point controller 4.
The hysteresis controller 5 is configured to drive the switch
11, that is, to generate the drive signal S,;, based on a
current measurement signal S112 representing a current 112
through the inductor 12, a first threshold signal S, and a
second threshold signal S;. The first threshold signal S,
represents a first threshold, which is also referred to as upper
threshold in the following, and the second threshold signal
S; represents a second threshold, which is also referred to as
lower threshold in the following. In the following, S, is used
to denote both the first threshold signal and the first (upper)
threshold it represents, and S; is used to denote both the
second threshold signal and the second (lower) threshold it
represents. According to one example, the current measure-
ment signal S;,,, which represents the current 112 through
the inductor 12, is proportional to the current through the
inductor 12. The current measurement signal S;,, can be
generated using any type of current measurement circuit (not
shown in the drawings) configured to measure the current
through the inductor 12. Examples of such current measure-
ment circuits include a current measurement circuit with a
shunt resistor, a current measurement circuit with a Hall
sensor, a current measurement circuit with an inductive
current sensor, or the like.

The operating point controller 4 is configured to detect an
operating point of the first converter stage and generate the
first threshold signal S;, and the second threshold signal S,
based on the detected operating point. According to one
example, the operating point is defined by at least one
operating point signal OP,, which is referred to as first
operating point signal OP, in the following. In the example
shown in FIG. 1, the operating point controller 4 receives the
operating point signal OP, from an operating parameter
controller 3. The operating parameter controller 3 is con-
figured to receive at least a first operating parameter signal
Sgre: that represents a first operating parameter of the
converter stage and a first setpoint signal Sg.,, associated
with the first operating parameter. The setpoint signal Sgzp
defines a desired signal level of the first operating parameter.
Further, the operating parameter controller 3 is configured to
generate the first operating point signal OP, based on the
first operating parameter S, signal and the first setpoint
signal Sgzr,.

The control circuit 2 is configured to drive the electronic
switch 11 such that at least the first operating parameter
represented by the first operating parameter signal Szr, 18
regulated in such a way that a level of the first operating
parameter essentially equals a level that is represented by the
first setpoint signal S¢.7,. The first operating parameter may
be the output voltage V. In this case, the first operating
parameter signal represents a signal level of the output
voltage V7 and the first setpoint signal Sy, represents a
desired signal level of the output voltage V.. Regulating
the output voltage V ,, ., however, is only an example. Other
examples are explained herein further below.

According to one example, the control circuit 2 is con-
figured to regulate the first operating parameter by regulat-
ing the input power of the converter stage 1. Regulating the
input power is equivalent to regulating the output power,
wherein the output power equals the input power minus
inevitable power losses occurring in the converter stage 1.
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The control circuit 2 regulates the input power by control-
ling the current 112 through the inductor 12. The inductor
current 112, in turn, is controlled by a switched mode
operation of the electronic switch 11. The switched mode

operation of the electronic switch 11 includes operating the 3

electronic switch 11 based on the drive signal Sy, in a
plurality of successive drive cycles, with each drive cycle
including an on-period T, in which the at least one elec-
tronic switch 11 is switched on and an off-period Tow in
which the electronic switch 11 is switched off.

FIG. 2 schematically shows a signal waveform of the
drive signal S, in order to illustrate operation of the
electronic switch 11 in several successive drive cycles each
including an on-period T, and an off-period T, The
drive signal S, ;- has an on-level during the on-period and
an off-level during the off-period. Just for the purpose of
illustration, the on-level is a high signal level and the
off-level is a low signal level in the example shown in FIG.
2. The duration of one drive cycle is referred to as cycle
period T, in the following, and the reciprocal of the cycle
period Ty is referred to as switching frequency f, which is
the frequency at which the electronic switch 11 switches on.
In the converter stage 1, the electronic switch 11 and the
inductor 12 are coupled between the input 1,,,, 1,,,, and the
output 1,57, 1oy such that the current through the
inductor 12 increases during the on-period T, and
decreases during the off-period Tow. This is also illustrated
in FIG. 2 that shows a signal waveform of the current
measurement signal S, , representing the inductor current
112. According to one example, the current measurement
signal S;,, is proportional to the inductor current 112.
Examples of how the electronic switch 1 and the inductor 12
can be connected between the input 1, 1,,, and the output
1,715 1507, 1 order to have an increasing inductor current
112 during the on-period and a decreasing inductor current
during the off-period are explained herein further below. A
slope of the inductor current 112 during the on-period is
referred to as m,, in the following, and a slope of the
inductor current 112 during the off-period is referred to as
mow in the following. These slopes may be dependent on the
voltage level of at least one of the input voltage V,, and the
output voltage V7

Referring to FIG. 2, the hysteresis controller 5 generates
the drive signal S,,., such that the electronic switch 11
switches off when the current measurement signal S;,,,
during the on-period T, reaches the upper threshold S,
and that the electronic switch 11 switches on when the
current measurement signal S,, ,, during the off-period T 7z,
reaches the lower threshold S;. The upper threshold S, is
associated with a maximum current level 112, of the induc-
tor current [12 during one drive cycle, and the lower
threshold S; is associated with a minimum current level 112,
of the inductor current 112 during one drive cycle. The
maximum current level I12,; and the minimum current level
112, define an average current level 112 ;. of the inductor
current 112 during one drive cycle and during a plurality of
successive drive cycles in which the same lower threshold
S; and upper threshold S;; are used to control operation of
the electronic switch 11. According to one example, and as
shown in FIG. 2, the inductor current 112 increases essen-
tially linearly during the on-period T, and decrease essen-
tially linearly during the off-period. In this case, the average
inductor current 112 . is given by the arithmetic average of
the maximum current level 112, as represented by the upper
threshold S,; and the minimum current level 112; as repre-
sented by the lower threshold S;, that is,

10

20

25

40

45

60

65

112y +112; 8))

N24vc = 5

According to one example, the first operating point signal
OP, generated by the operating parameter controller 3 and
received by the operating point controller 4 represents the
(desired) average inductor current 112 . In this case, the
operating point controller 4 generates the first and the
second threshold S;, S,; such that the average inductor
current 112, ,,; is in accordance with the first operating point
signal OP,. As can be seen from equation (1), for each level
of the average inductor current 112 ;. a plurality of pairs of
values each including a maximum current level 112, and an
associated minimum current level 112, can be found that
meet equation (1). This is illustrated in FIG. 3.

FIG. 3 shows three examples of current waveforms of the
inductor current 112 that have the same average current level
112, A first waveform 101 is obtained by selecting the
upper and lower threshold S,, S, such that the inductor
current 112 oscillates between a first maximum level 112,
and a first minimum level 112, |, a second waveform 102 is
obtained by selecting the upper and lower threshold S, S,
such that the inductor current 112 oscillates between a
second maximum level [12,,, and a second minimum 112,,,
and a third waveform 103 is obtained by selecting the upper
and lower threshold S, S; such that the inductor current 112
oscillates between a third maximum level 112,,; and a third
minimum level 112, ,. These maximum and minimum cur-
rent level pairs are such that they result in different cycle
periods. In general, a duration of the cycle period Ts
decreases and, consequently, the switching frequency f,
increases as a difference between the maximum level 112,
and the corresponding minimum level 112, decreases. This
difference Al12=112,,-112; is referred to as current swing or
peak-to-peak value in the following. From the three wave-
forms shown in FIG. 3, the first waveform 101 has the
largest peak-to-peak value and, therefore, the longest cycle
period T, the third waveform 103 has the smallest peak-
to-peak value and, therefore, the shortest cycle period Tgs. A
peak-to-peak value of the second waveform 102 is between
the peak-to-peak values of the first waveform 101 and the
third waveform 103, so that a second cycle period Ty, is
between the first cycle period T, and the third cycle period
Te.

During operation of the power converter circuit, power
losses occur. These power losses include, for example,
conduction losses, switching losses or losses in the inductor
such as hysteresis and eddy current core losses. Conduction
losses are losses due to ohmic resistances in conductors
(such as PCB traces, inductor winding, or the like) and the
electronic switch 11, for example. Switching losses are
losses associated with the switched mode operation of the at
least one electronic switch 11. For instance, switching losses
are associated with charging and discharging parasitic
capacitances of the electronic switch 11. One such parasitic
capacitance of the electronic switch 11 is illustrated in
dashed lines in FIG. 1. This capacitance is charged when the
electronic switch 11 switches off and a voltage across the
electronic switch 11 increases, and is discharged when the
electronic switch 11 switches on and the voltage across the
electronic switch 11 essentially decreases to zero. Hysteresis
and eddy current core losses are losses associated with
magnetizing and demagnetizing the inductor 12 when the
inductor current 112 increases or decreases. The conduction
losses, for example, are proportional to the square of the
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inductor current 112. From this perspective it may be desir-
able to avoid high maximum currents levels when adjusting
a certain current level of the average inductor current
112, Avoiding high maximum currents is equivalent to
selecting a small peak-to-peak value. Selecting a small
peak-to-peak value, however, results in a high switching
frequency. Switching losses, however, increase as the
switching frequency increases. These switching losses also
include power consumed by the control circuit for driving
the electronic switch 11. On the other hand, the losses in the
inductor 12 decrease as the switching frequency decreases.

In general, it is desirable to minimize power losses that
occur during operation of the power converter circuit. How-
ever, due to different types of power losses that occur and
due to the complex nature of these power losses, it is difficult
to find an analytical approach which, for each average
current level that may occur during operation of the power
converter circuit, finds a peak-to-peak value and a switching
frequency, respectively, that minimizes the power losses
occurring at the respective average current level. According
to one example, a mapping of an operating point of the
power converter circuit to the first and second threshold
signal S, S; performed by the operating point controller 4
is therefore based on experimental results and/or simula-
tions. “Mapping the operating point to the first and second
threshold signals S,, S;”, according to one example,
includes detecting the operating point of the converter stage
based at least on the first operating point signal OP; and
outputting the first and second threshold signals S,, S,
associated with the detected operating point by the operating
point controller 4. This is illustrated in FIG. 4.

FIG. 4 shows a flowchart of the operation of the operating
point controller 4. Referring to FIG. 4, the operation point
controller 4 detects the operating point based on at least one
operating point signal, such as the first operating point signal
OP, explained above (see 101 in FIG. 4). Further, based on
the detected operating point, the operating point controller 4
maps the detected operating point to first and second thresh-
old signals Sz, S; associated with the detected operating
point (see 102 in FIG. 4), and outputs the first and second
threshold signal S, S; to the hysteresis controller (see 103
in FIG. 4).

According to one example, the operating point controller
4 includes a look-up table (LUT) 4a that holds the individual
first and second threshold values associated with the indi-
vidual operating points. Theoretically, the power converter
circuit can be operated in an infinite number of different
operating points as there is an infinite number of different
average inductor current levels. An operating point of the
power converter circuit may therefore be defined by inter-
vals of the first operating point signal OP,. For example, the
power converter circuit is in a first operating point when a
signal value of'the first operating point signal OP, is between
a first value and a second value, the power converter circuit
is in a second operating point when a signal value of the first
operating point signal OP, is between the second value and
a third value, and so on. According to one example, the
operating point is not only dependent on the first operating
point signal OP; which, for example, represents the average
inductor current, but is further dependent on at least one
further operating point signal. In this case, the operating
point controller 4 detects the operating point based on at
least two operating parameter signals and maps the detected
operating point to the first and second threshold signals
associated with the detected operating point.

One example of how the first and second thresholds S,
S; associated with the individual operating points may be
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obtained is explained with reference to FIGS. 5 and 6 below.
FIG. 5 schematically illustrates a test setup with a test
circuit, and FIG. 6 shows a flowchart that illustrates how the
test circuit may operate. Referring to FIG. 5, the test circuit
10 is connected to the input 1, 1,5, and the output 15,7,
1o of the converter stage 1, receives the current mea-
surement signal S;,, and generates the drive signal S,z
received by the electronic switch (not shown in FIG. 5)
included in the converter stage 1. The test circuit 10 is
configured to operate the converter stage 1 in different
operating points, vary the switching frequency of the elec-
tronic switch 11 in each of these operating points, detect an
optimum switching frequency at which power losses occur-
ring in the converter stage 1 reach a minimum, and detect the
maximum inductor current and the minimum inductor cur-
rent occurring at the optimum switching frequency. This
optimum switching frequency is referred to as optimum
frequency f, ,,, in the following.

The test circuit 10 shown in FIG. 5 provides the input
voltage V; and the input current I, which define the input
power received by the converter stage 1. Further, the test
circuit 10 acts as a load that draws the output current I,
from the converter stage 1, wherein the output voltage V.
and the output current I, define the output power of the
converter stage 1. The test circuit 10 further includes a
power analyzer that measures the input power and the output
power and, based on the measured input power and the
measured output power, calculates the power losses. These
power losses may be calculated by subtracting a value
representing the output power from a value representing the
input power and additionally adding a value representing
power required in the test circuit 10 for generating the drive
signal Sz, That is,

Pross=Pp+Ppri—Pours

where P, . denotes the power losses. P, denotes the input
power, P, denotes the output power and Pz,-denotes the
power required for driving the electronic switch 11 and any
other active devices in the power converter circuit such as an
active rectifier element. According to one example, operat-
ing the converter stage 1 in one operating point by the test
circuit 10 includes generating a fixed input voltage V,, by
the test circuit and drawing a constant output current 1,1
from the converter stage 1 by the test circuit 10, and
regulating the output voltage V. to be constant. Regulat-
ing the output voltage V - includes regulating a duty cycle
of the drive signal S;,z;- such that the output voltage V.
reaches a predefined set value. The “duty cycle” of the drive
signal S,z is a ratio between a duration of the on-period
(T oy in FIG. 2) and the duration T of the drive cycle period.
Referring to the above, in each operating point, the test
circuit 10 generates the drive signal S,, with several
different switching frequencies, wherein the reciprocal of
each switching frequency is the respective cycle period. At
each of these different switching frequencies the test circuit
10 operates the converter stage 1 until the output voltage
Vour has been regulated to the desired set value, that is,
until the converter stage 1 is in the steady state. In the steady
state, which is when the duty cycle of the drive signal S,z
has been adjusted such that the output voltage V. is
constant and has reached the desired set value, the maximum
value and the minimum value of the inductor current 112 are
measured. The maximum and minimum inductor current
values that are measured at the optimum frequency f,, are
then associated with the operating point in which the con-
verter stage 1 is operated.
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The test circuit 10 operates the converter stage 1 in a
plurality of different operating points, detects the optimum
frequency fg ,,, in each of these operating points and detects
the maximum and minimum inductor current values occur-
ring at the respective optimum frequency fg, . so that a
plurality of operating points and associated maximum and
minimum inductor current values are obtained. Based on
these maximum and minimum inductor current values asso-
ciated with the individual operating points the first and
second threshold values S,,, S; implemented in the operating
point controller 4 are obtained.

The test procedure performed by the test circuit 10 is
schematically illustrated in a flow chart shown in FIG. 6.
Referring to FIG. 6, testing the converter stage 1 includes
operating the converter stage in a plurality of different
operating points (201), and, in each of the plurality of
different operating points, operating the electronic switch 11
at a plurality of different switching frequencies (202). At
each of these different frequencies, when the converter stage
is in the steady state, the power losses and the maximum
current level and the minimum current level of the inductor
current are determined (203). Further, in each operating
point, the switching frequency is detected at which a mini-
mum of the power losses occurs. This frequency is the
optimum switching frequency f ,,,. The maximum and
minimum current level detected at the optimum switching
frequency fg; ,, are associated with the respective operating
point and are used to generate the first threshold and the
second threshold S, S, associated with the operating point.
According to one example, the first threshold and the second
threshold S, S; are generated to be proportional to detected
maximum and minimum current levels.

Finding the optimum switching frequency f ,, by the
test circuit 10 is schematically illustrated in FIG. 7. FIG. 7
schematically illustrates the power losses P, measured in
one operating point dependent on the switching frequency
fs. Referring to FIG. 7, the optimum switching frequency f;
opr op is the switching frequency at which a minimum Py, .,
of the power losses P occurs, wherein these losses increase
when the switching frequency is lower than the optimum
switching frequency and increase when the switching fre-
quency is higher than the optimum switching frequency.

As an example, FIG. 8 illustrates the first threshold S and
the second threshold S, that were obtained by testing an
example power converter circuit in accordance with the
method explained with reference to FIGS. 5 to 7. FIG. 8
shows the first and second thresholds S,;, S; dependent on
the average inductor current 112 .. These first and second
threshold were obtained in a test scenario in which the test
circuit 10 kept the input voltage V,, and the output voltage
V ooz essentially constant and varied the average inductor
current 1,y by varying the output current I, At each
output current level, the test circuit 10 varied the switching
frequency in order to find the optimum switching frequency
I5,0pr- The first and second threshold levels Sy, S; shown in
FIG. 8 represent the first and second threshold levels
obtained at the respective optimum switching frequency
fS,opt'

Based on curves of the first and second threshold S, S;,
such as curves of the type shown in FIG. 8, obtained under
test conditions or by simulations the operating point con-
troller 4 can be programmed. To “program” may include
programming a look-up table implemented in the operating
point controller. According to another example, program-
ming the operating point controller includes finding a first
function that approximates the curve of the first threshold S,
and a second function that approximates the curve of the
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second threshold S; and implementing these functions in the
operating point controller 4 such that the operating point
controller is configured to calculate the first and second
threshold levels S, S; based on these functions dependent
on the operating point as represented at least by the first
operating point signal. According to another example, the
operating point controller includes a look-up table and a
calculation unit. If, for example, an operating point is
between a first operating point and a second operating point
for each of which the look-up table holds a respective pair
of first and second threshold levels S, S;, the first and
second threshold signals output by the operating point
controller 4 may be calculated by the calculation unit based
on the first and second threshold signals associated with the
first and second operating points.

Curves of the first and second thresholds S, S; may be
obtained by determining the first and second thresholds S,
S, at the optimum switching frequency f,,, at several
operating points and determining the first and second thresh-
olds S, S; associated with other operating points by inter-
polation.

Just for the purpose of illustration, the example shown in
FIG. 8 is based on the assumption that the operating point is
only defined by an average inductor current 112 ;... How-
ever, as explained herein further below, the operating point
may be dependent on further operating parameters, such as
the input voltage and the output voltage. In this case, the
curves representing the first and the second threshold levels
S; S; may be represented by functions with more than one
variable.

The converter stage 1 may be implemented in various
ways. That is, there is a variety of different topologies that
may be used to implement the converter stage 1. Some
examples of these topologies are explained herein further
below. Further, each topology may be implemented with
different types of electronic components. That is, one and the
same topology may be implemented with different types of
electronic switches, different types of inductors, and so on.
In the following, “one type of converter stage” is a converter
stage with a certain topology and with a certain set of
electronic components used to implement the topology. The
test or simulation procedure explained with reference to
FIG. 5 may be applied to one sample of a certain type of
converter stage, wherein the first and second threshold
values obtained by testing the sample example may then be
applied to any other converter stage of the same type. A
manufacturer may therefore obtain by test and/or simulation
the plurality of first and second thresholds S, S, for one
type of power converter circuit only once and use these first
and second thresholds S, S; to program the operating point
controllers of a plurality of power converter circuits of this
type.

Referring to the above, the converter stage 1 may be
implemented in different ways. Two examples of how the
converter stage 1 may be implemented are shown in FIGS.
9 and 10. FIG. 9 shows the converter stage 1 implemented
with a buck converter topology and FIG. 10 shows the
converter stage 1 implemented with a boost converter topol-
ogy. The converter stage 1, however, is not restricted to be
implemented in accordance with one of these examples.

Referring to FIG. 9, in the converter stage 1 with the buck
converter topology (buck topology), a series circuit with the
electronic switch 11, the inductor 12 and a capacitor 14 is
connected between the first input node 1, and the second
input node 1;,,, of the converter stage 1. The output voltage
Vour 1 available across the capacitor 14, which is con-
nected between the first output node 1, and the second
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output node 1,7, wherein the second input node 1, and
the second output node 1, of the converter stage 1 are
formed by the same circuit node. Further, a rectifier element
13 is connected in parallel with a series circuit including the
inductor 12 and the capacitor 14. When the electronic switch
11 is driven by a drive signal Syz;- as shown in FIG. 2 that
includes a plurality of successive drive cycles each including
an on-period T, and an off-period T, the inductor
current 112 increases during the on-period T, that is, when
the electronic switch 11 is switched on, and decreases during
the off-period. The slope m,; of the inductor current 112
during the on-period T, is substantially given by a voltage
across the inductor 12 divided by an inductance L of the
inductor 12. During the on-time, the voltage across the
inductor 21 is given by the input voltage V,,, minus the
output voltage V., (Wherein a voltage level of the input
voltage V, is higher than the voltage level of the output
voltage V 5.7), so that the slope during the on-time is given

by

Viv = Vour (2a)

moN =

During the off-period, the voltage across the inductor 12
substantially equals the negative output voltage -V, s0
that the absolute value of the slope m,z is given by

Your (2b)

MoFF = L

Referring to equations (2a) and (2b), the input voltage V,,
and the output voltage V ,, - define the slopes of the inductor
current. These slopes, affect the switching frequency. That
is, at one first threshold S;, and a corresponding second
threshold S; the switching frequency is dependent on the
current slopes, wherein the frequency increases as the slopes
are getting steeper. Thus, in a converter stage with a buck
topology the operating point, besides the average inductor
current 112 ., is defined by the input voltage V,, and the
output voltage V ;7 The operating point controller 4 in this
case receives a second operating point signal representing
the output voltage V- and a third operating point signal
representing the input voltage V,, additionally to the first
operating point signal OP, representing the average inductor
current, wherein the three operating point signals represent
the operating point.

Referring to FIG. 10, in the converter stage 1 with boost
topology, a series circuit with the inductor 12 and the
electronic switch 11 is connected between the first input
node 1, and the second input node 1,,, of the converter
stage 1. A series circuit with the rectifier element 13 and the
capacitor 14 is connected in parallel with the electronic
switch 11. The output voltage V., like in the buck
topology shown in FIG. 9, is available across the capacitor
14. Like in the buck topology, the second input node 1,
and the second output node 1, are formed by the same
circuit node in the boost topology. During the on-period
T o that is, when the electronic switch 11 is switched on,
a voltage across the inductor 12 substantially equals the
input voltage V,, so that the slope of the inductor current
112 during the on-period is given by the input voltage V,
divided by the inductance L, that is,
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oy = -
L

During the off-period T,z that is, after the electronic
switch 11 has been switched off, the voltage across the
inductor 12 equals the input voltage V,,, minus the output
voltage V 5,7 The slope of the inductor current 112 during
the off-time is therefore given by

Viv = Vour (3b)

morF =

The output voltage V., has a higher voltage level than the
input voltage V,, in the power converter circuit with the
boost topology. Referring to equations (3a) and (3b), the
input voltage V; and the output voltage V., define the
slopes of the inductor current, so that the operating point,
besides the average inductor current 112 ., is defined by
the input voltage V,,, and the output voltage V ;.

FIG. 11 illustrates one example of the hysteresis control-
ler 5 configured to generate the drive signal S,5,- based on
the first and second thresholds S, S; received from the
operating point controller 4 and the current measurement
signal S,;;,. In this example, the hysteresis controller 5
includes a first comparator 51, that receives the second
threshold signal S; and the current measurement signal S;,,,
and a second comparator 51, that receives the current
measurement signal S;,, and the first threshold signal S,,. A
flip-flop 53, receives an output signal S51, of the first
comparator 51, at a first input S and an output signal S51,
of the second comparator 51, at a second input R. In this
example, the first input S of the flip-flop 53 is a set input and
the second input R is a reset input. The drive signal S, 18
available at an output Q of the flip-flop 53,. Just for the
purpose of illustration, the output Q of the flip-flop 53, is a
non-inverting output in this example. Optionally, a driver
54, receives the output signal of the flip-flop 53, and
generates the drive signal Sz, based on this output signal.
The driver 54, is configured to generate from the logic signal
provided by the flip-flop 53, a drive signal Sy, suitable to
switch on and off the electronic switch 11. In the example
shown in FIG. 11, the flip-flop 53, is set by the output signal
S51, of the first comparator 51, in order to switch on the
clectronic switch 11, each time the current measurement
signal S;,, falls below the second threshold S, . The flip-flop
53, is reset in order to switch off the electronic switch 11
when the current measurement signal S;,, reaches the first
threshold S

In the examples of the converter stage 1 shown in FIGS.
9 and 10 the rectifier element 13 is drawn as a passive
rectifier element, in particular a bipolar diode. This, how-
ever, is only an example. According to another example, the
rectifier element 13 is an active rectifier element. One
example of an active rectifier element 13 is schematically
illustrated in FIG. 12. This rectifier element 13 includes an
electronic switch 131 that is controlled by a further drive
signal S,,z;-,5 and a passive rectifier element 132 such as a
bipolar diode or a Schottky-diode connected in parallel with
the electronic switch 131. Such active rectifier element 13
with an electronic switch 131 and a passive rectifier element
132 connected in parallel with the electronic switch 131 may
also be referred to as synchronous rectifier (SR).

An active rectifier element 13 as shown in FIG. 12 may
be implemented in various ways. Some examples are illus-
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trated in FIGS. 13A to 13C. Referring to FIG. 13A, the
active rectifier element 13 can be implemented as a MOS-
FET (Metal Oxide Semiconductor Field-Effect Transistor).
In this case, the rectifier element 132 can be formed by an
integrated diode, which is often referred to as body diode, or
by an additional rectifier element connected in parallel with
a drain-source path D-S of the MOSFET. Just for the
purpose of illustration, the MOSFET is drawn as an n-type
MOSFET in the example shown in FIG. 13A. However, a
p-type MOSFET may be used as well. According to another
example shown in FIG. 13B, the active rectifier element 13
may be implemented using an IGBT and a rectifier element
connected in parallel with a collector-emitter path C-E of the
IGBT. According to vyet another example shown in FIG.
13C, the active rectifier element 13 may be implemented
using a HEMT (High Electron-Mobility Transistor) such as
a gallium nitride-(GaN)-HEMT. The passive rectifier ele-
ment 132 may be an inherent rectifier element, similar to the
body diode in a MOSFET, and/or an additional passive
rectifier element.

FIG. 14 shows one example of a hysteresis controller 5
configured to drive the electronic switch 11 by the drive
signal S,z;-and the active rectifier element 13 by the further
drive signal S,z;,5. The hysteresis controller 5 shown in
FIG. 14 is based on the hysteresis controller shown in FIG.
11 and additionally includes a further flip-flop 53, that
generates the further drive signal S, 5. Optionally, a drive
circuit 542 generates the further drive signal S,,;, , from an
output signal of the further flip-flop 53,. The further flip-flop
53, receives the output signal 351 of the second comparator
51, at a first input and the output signals 51, of the first
comparator 51, at a second input. The first input S is a set
input and the second input R is a reset input in this example.
The hysteresis controller 5 shown in FIG. 14 is configured
1o drive the electronic switch 11, which is also referred to as
first electronic switch in the following, and the electronic
switch 131, which is also referred to as second electronic
switch in the following, of the active rectifier element 13
such that only one of the first electronic switch 11 and the
second electronic switch in the active rectifier element 13 is
switched on at the same time. In the example shown in FIG.
14 this is achieved in that the first comparator signal 51,
resets the further flip-flop 53, in order to switch off the active
rectifier element 13 and sets the first flip-flop 53, in order to
switch on the electronic switch 11 it. Equivalently, when the
second comparator signal S51, sets the second flip-flop 53,
in order to switch on the active rectifier element 13 it resets
the first flip-flop 53, in order to switch off the electronic
switch 11. Optionally, a first delay element 55, is connected
between the first comparator 51, and the first input S of the
first flip-flop 53,, and a second delay element 55, is con-
nected between the second comparator 51, and the first input
of the second flip-flop 53,. The first delay element 55,
causes a delay time between a time instance when the first
comparator signal S51, resets the second flip-flop 53, in
order to switch off the active rectifier element 13, that is, to
switch off the second electronic switch, and a time instance
when the first flip-flop 53, is set in order to switch on the
electronic switch. Equivalently, the second delay element
55, causes a delay time between a time instance when the
first flip-flop 53, is reset in order to switch off the first
electronic switch 11 and a time instance when the second
flip-flop 53, is set in order to switch on the second electronic
switch in the active rectifier element 13. These delay ele-
ments 55,, 55, therefore cause a delay time between time
instances when one of the first electronic switch 11 and the
rectifier element 13 with the second electronic switch
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switches off and the other one of the first electronic switch
11 and the active rectifier element 13 with the second
electronic switch switches on in order to prevent that the first
electronic switch 11 and the active rectifier element 13 are
switched on at the same time. After the first electronic switch
11 has been switched off and before the second electronic
switch 131 switches on, for example, a current may flow
through the passive rectifier element 132 of the active
rectifier element 13.

One example of the operating parameter controller 3 is
shown in FIG. 15. In this example, the operating parameter
controller 3 receives one operating parameter signal Sz,
and a corresponding setpoint signal Sgz,,. The operating
parameter signal S, represents the operating paramieter
that is to be regulated. The operating parameter signal
represents, for example, the output voltage V ,, -or the input
voltage V, of the converter stage 1 and can be obtained by
measuring the respective operating parameter using a suit-
able measurement circuit such as a voltage measurement
circuit. Referring to FIG. 15, the operating parameter con-
troller 3 includes a calculation unit 311 that generates an
error signal Spzx by calculating a difference between an
instantaneous signal level of the operating parameter signal
Srec: and the signal level of the setpoint signal Sgpry. A
filter 312 receives the error signal Syzz and outputs the first
operating point signal OP,. Referring to the above, this first
operating point signal OP,;, which is also referred to as
S;1» 4y 1n the example shown in FIG. 15, represents the
desired average current level 112, of the inductor current
112. An operating parameter controller 3 of the type shown
in FIG. 15 may be used in a DC/DC power converter circuit
in which the converter stage 1 receives a direct input voltage
V- and generates a direct output voltage V.- based on the
direct input voltage.

Optionally, the operating parameter controller 3 includes
a feed-forward loop with an adder 313 that adds a current
measurement signal S, . representing the output current
lor of the converter stage to the output signal of the filter
312. In this example, not the output signal of the filter 312
but an output signal of the adder 313 represents the desired
level of the average inductor current 112 ., that is, is the
first operating point signal OP,. According to one example,
the current measurement signal S, is proportional to the
inductor current 112. This current measurement signal S;,; 7
may be obtained by using any type of current measurement
circuit.

FIG. 16 shows one example of a power converter circuit
in which the first power converter with the converter stage
1 and the control circuit 2 is part of a DC/AC converter. This
DC/AC converter, besides the converter stage 1 and the
control circuit 2, includes an unfolding circuit 6 connected
between the output 1,7, 1577 0f the converter stage 1
and a power grid PG. In this power converter circuit, the
converter stage 1 drives the output current I, via the
unfolding circuit 6 into the power grid PG, wherein the
output voltage V., of the converter stage 1 is defined by
an alternating voltage V , provided by the power grid PG.
Example waveforms of the alternating voltage V , - provided
by the power grid, the output voltage V. of the converter
stage 1, and the input voltage V ,, of the converter stage 1 are
shown in FIGS. 17A, 17B and 17C, respectively. The output
voltage V ,,-0f the converter stage 1 is a rectified sinusoidal
voltage in this example, wherein this rectified sinusoidal
output voltage V.- is provided by the unfolding circuit 6
based on the alternating voltage V- of the power grid PG.
According to one example, the control circuit 2 is configured
to regulate the input voltage V,, and to generate the output
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current I 5, such that it is in phase with the output voltage
V oo as defined by the grid voltage V.. According to one
example, the converter stage 1 has a buck topology as shown
in FIG. 9. The input power received by the converter stage
1, which is given by the input voltage V,, multiplied with
the input current [, is supplied by a further power converter
7 from a power source PS. According to one example, the
power source PS is a DC power source, such as a photo-
voltaic (PV) panel. The further power converter 7 may be
configured to regulate the voltage V. provided by the
power source PS such that the power source PS operates in
a maximum power point. Power converters configured to
operate a DC load, such as a photovoltaic panel, in a
maximum power point are commonly known, so that no
further explanations are required in this regards.

One example of the unfolding circuit 6 is shown in FIG.
18. Referring to FIG. 18, the unfolding circuit includes a full
bridge with two half bridges each including a high side
switch 61,, 62, and a low side switch 61,, 62,. Bach of these
half bridges is connected between the first output node
1,7, and the second output node 1, of the converter
stage 1. An output of each half bridge is formed by a circuit
node common to the high side switch 61, 62, and the low
side switch 61,, 62,. The output of a first half bridge 61, 61,
is connected to a first output node 6,5 of the unfolding
circuit 6, and the output of a second half bridge 62, 62, is
coupled to a second output node 6, of the unfolding
circuit 6. The unfolding circuit 6 is configured to be con-
nected to the power grid via the first output node 6, and
the second output node 6.

A control circuit 63 drives the switches 61, 61,, 62,, 62,
of the two half bridges based on a grid voltage signal S,
This grid voltage signal S,.,.. indicates if the grid voltage
V ,C is positive or negative, that is, the grid voltage signal
S, indicates the positive halfwave and the negative half-
wave of the grid voltage V ;. When the grid voltage signal
S, indicates the positive halfwave of the grid voltage V-
it switches on the high side switch 61, of the first half bridge
and the low side switch 62, of the second half bridge and
switches off the high side switch 62, of the second half
bridge and the low side switch 61, of the first half bridge.
During the negative halfwave of the grid voltage V ., the
control circuit 63 switches on the high side switch 62, of the
second half bridge and the low side switch 61, of the first
half bridge and switches off the high side switch 61, of the
first half bridge and the low side switch 61, of the second
half bridge. The control circuit 63 drives the individual high
side and low side switches by generating drive signals S61,
S61,, S62,, S62, received by these switches.

Referring to the above, in the power converter circuit
shown in FIG. 16, the converter stage 1 may be implemented
with a buck topology as shown in FIG. 9. In the buck
converter topology shown in FIG. 9, the output current I,
equals the average inductor current 112,,... In the power
converter circuit shown in FIG. 16, it is desired that the
signal waveform of the output current I, follows the
waveform of the output voltage V., That s, it is desired
to generate the output current I, and, therefore, the
average inductor current 112 ;. with a rectified sinusoidal
waveform. One example of an operating parameter control-
ler that may be implemented in the control circuit 2 shown
in FIG. 16 is illustrated in FIG. 19. This operating parameter
controller 3 is configured to generate the first operating point
signal OP, that represents the average inductor current such
that the input voltage V, is regulated and the average
inductor 112, current has the waveform of a rectified
sinusoidal signal. The first parameter signal S, is a signal
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Sy that represents the input voltage V. The setpoint
signal Sgz;, is a signal S, 7y that represents a desired
voltage level of the input voltage V. The operating param-
eter controller 3 shown in FIG. 19 is based on the operating
parameter controller shown in FIG. 15 and includes the
calculator 311 that calculates the difference between the
setpoint signal Sg., and the operating parameter signal
Szze 0 order to generate the error signal S, . A filter 312
filters the error signal Sgzz. Like in the example shown in
FIG. 15, the filter 312 may have one of a proportional (P)
characteristic, a proportional-integrative (PI) characteristic,
a proportional-integrative, derivative (PID) characteristic, or
the like. A multiplier 314 multiplies a filter output signal
S312 with a signal S, that represents a signal waveform
of the output voltage V., in order to generate the first
operating point signal OP,, which represents the desired
average current level of the inductor current I12. This
operating point signal OP, varies as the output voltage V5,7
(which is defined by the grid voltage V) varies. That is, in
this example, the operating point signal OP, has the wave-
form of a rectified sinusoidal signal, wherein an amplitude
is defined by the filter output signal S312 in order to regulate
the input voltage V. According to one example, the signal
Syour 18 proportional to the output voltage V ;. Accord-
ing to another example, the signal S, is a normalized
signal that represents the waveform of the output voltage
Voo but has a predefined amplitude. According to one
example, the signal S, is obtained by measuring the
output voltage VOUT and by dividing the obtained signal by
the voltage level of the input voltage V.

Referring to the explanation of FIG. 9, in a buck con-
verter, which may be used in the converter stage shown in
FIG. 16, the operating point is defined by the average
inductor current 112, the input voltage V., and the
output voltage V5, Thus, in the power converter circuit
shown in FIG. 16, the control circuit, additionally to the
current measurement circuit S, and the input voltage
signals S, may receive an output voltage signal Sy
representing the output voltage V ,, - in order to detect the
operating point.

FIG. 20 shows a power converter circuit with a converter
stage 1 and a control circuit 2 controlling operation of the
converter stage 1 according to another example. In this
example, the power converter circuit further includes a
rectifier circuit 9 connected between a power source and the
input 1., 15, of the converter stage 1 and the further
power converter 8 connected between the output 1,.7,
1,0 of the converter stage 1 and a load Z. According to
one example, the power source PS provides an alternating
voltage V , - with a sinusoidal waveform. The rectifier circuit
9 is configured to rectify the received alternating voltage
V,c such that the input voltage V,,, received by the con-
verter stage 1 has the waveform of a rectified sinusoidal
signal. Further, the control circuit 2 is configured to control
operation of the converter stage 1 such that the output
voltage V 5,715 a regulated DC voltage. Examples of signal
waveforms of the alternating voltage V . received by the
rectifier circuit 9, the input voltage V,, received by the
converter stage 1 and the output voltage V5, provided by
the converter stage 1 are shown in FIGS. 21A, 21B and 21C,
respectively. According to one example, the converter stage
1 has a boost converter topology as shown in FIG. 10 and the
control circuit 2 is configured to control operation of the
converter stage 1 such that a signal waveform of the input
current I, of the converter stage 1 is in phase with the input
voltage V. This is equivalent to controlling operation of
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the converter stage 1 such that the average inductor current
12 5 is in phase with the input voltage V.

An operating parameter controller that is configured to
suitably generate the first operating point signal OP; such
that the average inductor current 112, is in phase with the
input voltage V,,; as shown in FIG. 22. This operating
parameter controller 3 is based on the operating parameter
controller shown in FIG. 19 and is different from this
operating parameter controller in that the regulated operat-
ing parameter is the output voltage V.1 so that the oper-
ating parameter signal S;.;, 18 a signal S;,,, - that repre-
sents the output voltage V., Consequently, the setpoint
signal S, 18 a signal S o op,that represents the desired
voltage level of the output voltage V., Further, the
multiplier 314 receives a signal S, representing the input
voltage V ,, besides the filter output signal S312 in order to
generate the first operating point signal OP,.

Referring to the explanation provided in connection with
FIG. 10, in a boost converter, which may be used in the
converter stage shown in FIG. 20, the operating point is
defined by the average inductor current 112 ., the input
voltage V,y, and the output voltage V- Thus, in the
power converter circuit shown in FIG. 20, the control circuit,
additionally to the current measurement circuit S;;, and the
output voltage signals S, may receive an input voltage
signal S, representing the input voltage V,,, in order to
detect the operating point.

In the power converter circuit shown in FIG. 16 the output
voltage V- has the waveform of a rectified sinusoidal
signal, and in the power converter circuit shown in FIG. 20
the input voltage V,, has the waveform of a rectified
sinusoidal signal. In both power converter circuits, the
average inductor current 112 ,,,; is regulated such that it has
the waveform of a rectified sinusoidal signal that is essen-
tially in phase with the input voltage V, or the output
voltage V. In these power converter circuits, the oper-
ating point periodically varies due to the varying input
voltage V ,; or output voltage V 5,7~ The instantaneous input
power and output power varies in accordance with a sine
square signal in these power converter circuits.

FIG. 23A illustrates the optimum switching frequency
f5,,, Obtained by testing a power converter circuit of the
type shown in FIG. 16 over one period of the rectified
sinusoidal output voltage V 5 FIG. 23A shows the opti-
mum switching frequencies f;,, that were obtained by
testing the power converter circuit at three different average
output powers P1, P2, and P3. The “average output power”
is the output power averaged over one period of the output
voltage V. In the examples shown in FIG. 23A, a first
output power P1 is greater than a second output power P2,
and the second output power P2 is greater than a third output
power P3, that is, P1>P2>P3. In FIG. 23A, a curve labeled
with OFM@P1 denotes the optimum switching frequency at
the first output power P1, the curve labeled with OFM@P2
shows the optimum switching frequency at the second
output power P2, and the curve labeled with OFM@P3
denotes the optimum switching frequency at the third output
power P3. As can be seen from FIG. 23A, in each case, the
switching frequency varies over one period of the output
voltage, wherein a maximum switching frequency increases
as the output power decreases. That is, the maximum switch-
ing frequency at the third output power P3 is higher than a
maximum switching frequency at the second output power
P2, and the maximum switching frequency at the second
output power P2 is greater than the maximum switching
frequency at the first output power P1.
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Referring to the above, each optimum switching fre-
quency obtained at one operating point is associated with a
first threshold S, and a second threshold S;. The first and
second thresholds associated with the curves of the optimum
switching frequencies shown in FIG. 23A are illustrated in
FIGS. 23B, 23C and 23D. F1G. 23B shows the first threshold
and the second threshold obtained by testing the power
converter circuit at the first output power P1, FIG. 23C
shows the first threshold and the second threshold obtained
by testing the power converter circuit at the second power
P2, and FIG. 23D shows the first threshold and the second
threshold obtained by testing the power converter circuit at
the third power P3. In each of FIGS. 23B, 23C and 23D, the
curve labeled with S,,, OFM illustrates the first threshold
over one period of the output voltage, and the curve labeled
with S;, OFM illustrates the second threshold over one
period of the output voltage. Referring to FIGS. 23B, 23C
and 23D, dependent on the instantaneous output power of
the power converter circuit, the second threshold S; can be
negative. A negative second threshold S; and an associated
positive first threshold S, is equivalent to that the inductor
current 112 reverses its direction during one switching
period. This may be associated with a zero voltage switching
(ZVS). That is, towards the end of the switching period, the
inductor current may discharge the parasitic capacitance (see
FIG. 1) of the electronic switch 11 so that a voltage across
the electronic switch 11 is essentially zero when the elec-
tronic switch 11 switches on at the beginning of the next
switching period (drive period).

For comparison reasons, the power converter circuit
underlying the curves shown in FIGS. 23A to 23D was also
operated at a fixed switching frequency, so that only the duty
cycle was varied. The curve that illustrates the switching
frequency used in this scenario is labeled with PWM in FIG.
23A. When operating the power converter circuit at the fixed
switching frequency the maximum inductor current and the
minimum inductor current in each drive circle was detected.
These maximum and minimum current correspond to the
first and second threshold in a power converter circuit
operated at the optimum switching frequency. These maxi-
mum and minimum inductor currents at the different oper-
ating points of the power converter circuit are also illustrated
in FIGS. 23B, 23C and 23D. In each of these Figures, curves
labeled with S, PWM illustrate the maximum inductor
currents, and curves labeled with S;, PWM illustrate the
minimum inductor currents. As can be seen from FIGS. 23B,
23C and 23D, this maximum and minimum inductor cur-
rents observed at the fixed switching frequency deviate from
the maximum and minimum inductor currents (which are
given by the first and second thresholds S, S;) in a power
converter circuit operated at the optimum switching fre-
quency.

It can be shown that operating the power converter circuit
at the optimum switching frequency results in lower power
losses. This is illustrated in FIG. 23E. FIG. 23E illustrates
the power losses that were measured over one period of the
output voltage at the three different output powers P1, P2,
and P3. In FIG. 23E, a curve labeled with OFM@P1
illustrates the power losses measured when operating the
power converter circuit at the first output power P1 and
when operating the power converter circuit at the optimum
switching frequency. A curve labeled with PWMR@P1
illustrates the power losses that were measured when oper-
ating the power converter circuit at the fixed switching
frequency. As can be seen from FIG. 23E, operating the
power converter circuit at the optimum switching frequency
results in lower power losses. The same applies when
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operating the power converter circuit at the second output
power P2 and the third output power P3.

FIG. 23F illustrates different types of losses that may
occur in operation of the power converter circuit. These
losses include conductional losses, switching losses, losses
in a core of the inductor, DC current losses in the inductor
and high frequency (HF) current losses in the inductor, and
other types of losses that are summarized by auxiliary losses
in FIG. 23F. FIG. 23F compares the losses occurring in a
power converter circuit operated at a fixed switching fre-
quency (the diagram labeled with PWM in FIG. 23F) and
losses occurring in the power converter circuit when oper-
ated at the optimum switching frequency (the diagram
labeled with OFM in FIG. 23F). The diagrams shown in
FIG. 23F show the power losses that were observed in the
two different operation scenarios (fixed frequency and opti-
mum frequency) at the same output power. As can be seen
from FIG. 23F particularly the switching losses decrease
when operating the power converter circuit at the optimum
switching frequency instead of the fixed switching fre-
quency.

FIG. 24 shows one example of a first power converter that
includes two converter stages 1;, 1, each having a buck
topology. These two converter stages 1,, 1, may be used in
a power converter circuit of the type shown in FIG. 16
instead of one converter stage 1 and the unfolding circuit 6.
Each of these converter stages 1,, 1, includes an electronic
switch 11,, 11,, an active rectifier element 13, 13, and an
inductor 12,, 12,. Inputs 1, |, Lan 1 1o 2 v 2 OF
these converter stages are connected in parallel so that each
converter stage receives the input voltage V. Further,
second output nodes 1,75 1, logre 2 of the two converter
stages 1,, 1, are connected with each other and connected to
the second input nodes 1, ;, 1,y ». An output of the
arrangement with the two converter stages 1,, 1, is formed
by the first output node 1,4, , of the first converter stage
1, and the first output node 1,5, , of the second converter
stage 12, wherein the power grid PG may be connected to
this output.

Each of the two converter stages 1,, 1, is controlled by a
respective control circuit 2,, 2,. The power converter further
includes an activation/deactivation circuit 2, configured to
activate and deactivate the control circuits 2,, 2, dependent
on an output voltage signal Sy, that indicates if the output
voltage V 5., which essentially equals the grid voltage V , -,
has a positive halfwave or a negative halfwave. During the
positive halfwave, the activation/deactivation circuit 2, acti-
vates the control circuit 2, of the first converter stage 1, and
deactivates the control circuit 2, of the second converter
stage 1,. During the negative halfwave, the activation/
deactivation circuit 2,, activates the control circuit 2, of the
second converter stage 1, and deactivates the control circuit
2, of the first converter stage 1,. The control circuit that is
activated operates the corresponding converter stage as
explained before. The control circuit that is deactivated
permanently switches on the rectifier element 13, 13, of the
corresponding converter stage.

In the hysteresis controller 5, which controls operation of
the electronic switch 11 based on the first and second
threshold S,;. S; received from the operating point controller
4 and the current measurement signal S, ,, there may be
delays between time instances when the current measure-
ment signal S;,, reaches one of the first and second thresh-
olds and time instances when the drive signal Sz, changes
its signal level to switch on or off the electronic switch 11.
This is illustrated in FIG. 25 that shows signal waveforms of
the current measurement signal S;,, the corresponding
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inductor current 112, and the drive signal S, In FIG. 25,
AT1 denotes a first delay time between a time instance t1
when the current measurement signal S, , reaches the first
threshold S, and a time instance when a signal level of the
drive signal S,,;,-changes from the on-level to the off-level,
and AT2 denotes a second delay time between a time
instance t2 when the current measurement signal S;,
reaches the second threshold S, and a time instance when a
signal level of the drive signal S,r;- changes from the
off-level to the on-level. The second delay time AT2 may
include a delay time resulting from the first delay element
55, shown in FIG. 14, if there is such delay element, and
further includes propagation delays. During these delay
times AT1, AT2 the inductor current increases above the
maximum current level 112, associated with the first thresh-
old S, and falls below the minimum current level 112,
associated with the second threshold S;. This may result in
an average inductor current 112 ,,,; that deviates from the
desired average inductor current.

According to one example, the operating point controller
4 is configured to compensate for these delay times such that
the first threshold S,, is associated with a current level that
1s lower than the current level at which it is desired to switch
off the electronic switch 11 and such that the second thresh-
old S, is associated with a current level that is higher than
the current level at which it is desired to switch on the
electronic switch 11.

Referring to FIG. 14, the hysteresis controller may
include a first delay element 55, that delays switching on the
first electronic switch 11 by the drive signal S, after
switching off the second switching element 131 in the
rectifier element by the drive signal S,;,5, and a second
delay element 55, that delays switching on the second
electronic switch 131 after switching off the first electronic
switch 11. According to one example, at least one of these
delay elements 55,, 55, receives a respective delay adjust-
ment signal Spz;;, Sper. that adjusts the delay time.
According to one example (shown in dashed lines in Figure)
the least one of these delay adjustment signals Spz715 Spzra
is provided by the operating point controller 4 dependent on
the operating point. In this example, testing or simulating the
power converter circuit does not only include varying the
switching frequency f; at one operating point, but also
includes varying the at least one delay times. During those
delay times, a voltage across the electronic switch that is to
be switched on next may decrease to zero, so that the delay
time may help to switch on the electronic switch under ZVS
(zero voltage switching) conditions. According to one
example, the at least one delay element that has its delay
time adjusted by the operating point controller 4 is the
second delay element 55,, which delays switching on the
second electronic switch after switching off the first elec-
tronic switch.

Referring to the above, the first and second threshold
associated with each operating point may be chosen such
that power losses are minimized. This may include testing or
simulating the power converter circuit at the different oper-
ating points and finding the first threshold and the second
threshold (by varying the switching frequency) at which the
lowest power losses occur. According to one example, one
or more additional constraints may be taken into account in
testing or simulating the power converter circuit. According
to one example, an additional constraint is that the switching
frequency does not exceed a predefined frequency threshold.
In this example, during test or simulation the switching
frequency is restricted to a certain frequency range, that is,
the switching frequency is only varied within the predefined
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frequency range. In this case, first and second thresholds
associated with one operating point may represent a local
minimum of the power losses, but not an absolute minimum
of the power losses at the respective operating point. Refer-
ring to the above, implementing the converter stage 1 with
a buck topology as shown in FIG. 9 or a boost topology as
shown in FIG. 10 are only examples. Further examples are
explained with reference to FIGS. 26 to 28 below.

FIG. 26 shows one example of a converter stage 1 with a
flyback converter topology (flyback topology). In this topol-
ogy, the inductor 12 is a transformer with a primary winding
12, and a secondary winding 12 that are inductively
coupled. The primary winding 12, is connected in series
with the electronic switch 11, wherein this series circuit is
connected between the first input node 1,,, and the second
input node 1,,, of the converter stage. A series circuit with
the secondary winding 12 and the rectifier element 13 is
connected in parallel with the capacitor 14 wherein the
capacitor 14 is connected between the first output node
1,7, and the second output node 1,,,1. The output voltage
Vour 18 available across the capacitor 14. The rectifier
element 13 is drawn as a passive rectifier element but may
be implemented as an active rectifier element as well. The
primary winding 12, and the secondary winding 12¢ have
opposite winding senses. A winding ratio between the num-
ber of turns of the primary winding 12, and the number of
turns of the secondary winding 12 is given by n:1, that is,
the number of turns of the primary winding 12 is n times the
number of turns of the secondary winding 12 .

In the flyback converter topology, during the on-period, a
current 112, flows through the primary winding 12, while
the current through the secondary winding 12 is zero.
During the off-time, the current through the primary winding
12, is zero and a current flows through the secondary
winding 12. This is illustrated in FIG. 27 that shows signal
waveforms of the primary current 112, and the secondary
current 1125 during one drive cycle. The current 112,
through the primary winding 12, increases during the on-
time, and the current through the secondary winding 12
decreases during the off-time. A slope of the current 112,
through the primary winding 12, during the on-period is
given by the input voltage V,, divided by the inductance L
of the primary winding 12,. During the off-period, a slope
of the current 112 through the secondary winding 125 is
given by n'V /L., where n defines the winding ratio.

When the converter stage 1 includes a flyback converter
as shown in FIG. 26, the current measurement signal S;,,
received by the hysteresis controller 5 (not shown in FIG.
26) includes two sub-signals, a first sub-signal that repre-
sents the current [12, through the primary winding 12, and
a second sub-signal that represents the current through the
secondary winding 125. The hysteresis controller 5§ (not
shown in FIG. 26) compares the first sub-signal with the first
threshold S, and switches the electronic switch 11 off when
the first sub-signal reaches the first threshold S, and com-
pares the second sub-signal with the second threshold Sr.
and switches the electronic switch 11 on when the second
sub-signal reaches the second threshold §;.

FIG. 28 shows one example of a converter stage with an
inverting buck-boost topology. In this topology, a series
circuit with the electronic switch 11 and the inductor 12 is
connected between the input nodes 1,,, 1,,,. and a series
circuit with the rectifier element 13 and the capacitor 14 is
connected in parallel with the inductor 12, wherein a polarity
of the rectifier element is changed as compared to the buck
topology, for example.
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The power converter circuit shown in FIG. 1 includes one
converter stage 1. This, however, is only an example.
According to another example, which is schematically illus-
trated in FIG. 29, the power converter circuit includes
several converter stages 1, 1,, 1,, connected in parallel.
“Connected in parallel” means that these converter stages
have a common input 1,,,, 1,,, and receive the same input
voltage V ,; and have a common output 1,7, 1 5,5 Where
they are connected to a common capacitor 14. Each of these
converter stages 1;, 1;,, 1N may be implemented in accor-
dance with one of the topologies explained herein before
Each of these converter stages 1,, 1, 1,, receives a respec-
tive drive signal S,zp |, Spry i Spry A- According to one
example, the drive signals Sp.p ;, Sprp 40 Spap 4 are
identical so that one control circuit may be used to generate
these drive signals Spp 7, Sprp 1 Spry n According to
another example, the drive signals S,z,- ;, Sprr 1 Sprr &
have the same duty cycle but there is a time shift between the
individual drive signals Sz, » Spry 1 Spry 101 Order to
operate the individual converter stages 1,, 1,, I, in an
interleaved fashion. In case, one drive signal is generated by
one control circuit and the drive signals S,z 1 Spry
S,xr w are generated based on the one drive signal by phase
shift operations, wherein one of the converter stages 1,, 1,,,
1,, may receive the one drive signal.

What is claimed is:

1. A power converter circuit, comprising;

at least one converter stage comprising an input config-

ured to receive an input power, an output configured to
supply an output power, a first electronic switch, and a
first inductor coupled to the first electronic switch; and

a control circuit comprising:

a hysteresis controller configured to drive the first
electronic switch based on a current measurement
signal representing a current through the inductor, a
first threshold signal, and a second threshold signal,
wherein driving the first electronic switch comprises
at least one of switching off the first electronic switch
a first delay time after detecting that the current
measurement signal reaches the first threshold sig-
nal, and switching on the first electronic switch a
second delay time after detecting that the current
measurement signal reaches the second threshold
signal; and

an operating point controller configured to detect an
operating point of the at least one converter stage,
and generate the first threshold signal and the second
threshold signal based on the detected operating
point.

2. The power converter circuit of claim 1, wherein the
control circuit further comprises:

an operating parameter controller configured to receive at

least a first operating parameter signal representing a
first operating parameter of the converter stage and a
first setpoint signal associated with the first operating
parameter, and to generate a first operating point signal
based on the first operating parameter signal and the
first setpoint signal,

wherein the operating point controller is configured to

detect the operating point based on the first operating

parameter signal.

3. The power converter circuit of claim 1, wherein the
operating point controller comprises a look-up table that
provides the first threshold signal and the second threshold
signal.
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4. The power converter circuit of claim 1, wherein the at
least one converter stage has a topology selected from the
group consisting of:

a buck topology;

a boost topology;

a flyback topology; and

an inverting buck-boost topology.

5. The power converter circuit of claim 1, further com-
prising:

a power converter having an output coupled to the input

of the converter stage.

6. The power converter circuit of claim 1, further com-
prising:

a power converter having an input coupled to the output

of the converter stage.

7. The power converter circuit of claim 1, wherein the
hysteresis controller is configured to switch off the first
electronic switch when the current measurement signal
reaches a first threshold represented by the first threshold
signal, and switch on the first electronic switch when the
current measurement signal reaches a second threshold
represented by the second threshold signal.

8. The power converter circuit of claim 1, wherein the at
least one converter stage comprises a second electronic
switch, and wherein the hysteresis controller is configured to
drive the second electronic switch based on the current
measurement signal, the first threshold signal, and the sec-
ond threshold signal.

9. The power converter circuit of claim 2, wherein the first
operating parameter is one of an input voltage at the input or
an output voltage at the output of the converter stage.

10. The power converter circuit of claim 2, wherein the
operating point controller is configured to detect the oper-
ating point based on at least one further operating parameter
signal.

11. The power converter circuit of claim 8. wherein the
second electronic switch is connected in parallel with a
passive rectifier element.

12. The power converter circuit of claim 10, wherein the
at least one further operating parameter signal represents one
of an input voltage and an output voltage of the converter
stage.

13. The power converter circuit of claim 10, wherein the
at least one further operating parameter signal comprises a
second operating parameter signal representing an input
voltage of the converter stage, and a third operating param-
eter signal representing an output voltage of the converter
stage.

14. A method, comprising:

detecting an operating point of at least one converter stage

including a first electronic switch and an inductor
coupled to the first electronic switch in a power con-
verter circuit;

selecting a first threshold and a second threshold based on

the detected operating point; and

driving the first electronic switch based on the first

threshold and the second threshold and a current mea-
surement signal representing a current through the
inductor, wherein driving the first electronic switch
comprises at least one of switching off the first elec-
tronic switch a first delay time after detecting that the
current measurement signal reaches the first threshold,
and switching on the first electronic switch a second
delay time after detecting that the current measurement
signal reaches the second threshold.
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15. The method of claim 14, further comprising:

generating a first operating point signal based on a first

setpoint signal and a first operating parameter signal
representing a first operating parameter,

wherein the operating point is detected based on the first

operating parameter signal.

16. The method of claim 14, wherein detecting the oper-
ating point comprises detecting the operating point based on
at least one further operating parameter.

17. The method of claim 14, wherein the at least one
converter stage comprises a topology selected from the
group consisting of:

a buck topology;

a boost topology;

a flyback topology; and

an inverting buck-boost topology.

18. The method of claim 14, wherein driving the first
electronic switch comprises:

switching off the first electronic switch when the current

measurement signal reaches the first threshold; and
switching on the first electronic switch when the current
measurement signal reaches the second threshold.

19. The method of claim 14, further comprising:

selecting the at least one of the first delay time and the

second delay time based on the detected operating
point.

20. The method of claim 15, wherein the first operating
parameter is one of an input voltage at the input or an output
voltage at an output of the converter stage.

21. The method of claim 16, wherein the at least one
further operating parameter is one of an input voltage or an
output voltage of the converter stage.

22. The method of claim 16, wherein the at least one
further operating parameter comprises a second operating
parameter representing an input voltage of the converter
stage, and a third operating parameter representing an output
voltage of the converter stage.

23. A method, comprising:

finding an optimum switching frequency of an electronic

switch in a power converter stage of a power converter
circuit at each of a plurality of different operating
points;

sensing a current through an inductor connected in series

with the electronic switch;

in each operating point, at the optimum switching fre-

quency, detecting a maximum current through the
inductor and a minimum current through the inductor
based upon the sensed current; and

generate a first threshold value based on the detected

maximum current and a second threshold value based
on the detected minimum current, and associate the first
and second threshold values with the operating point
corresponding to the optimum switching frequency.

24. The method of claim 23, wherein finding the optimum
switching frequency comprises finding the optimum switch-
ing frequency such that power losses at the optimum switch-
ing frequency have a minimum.

25. The method of claim 23, wherein finding the optimum
switching frequency comprises varying the switching fre-
quency in a predefined frequency range.

26. The method of claim 23, wherein finding the optimum
switching frequency comprises testing the power converter
circuit.

27. The method of claim 23, wherein finding the optimum
switching frequency comprises simulating the power con-
verter circuit.
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28. A power converter circuit, comprising:
a converter stage comprising an input configured to
receive an input power, an output configured to supply
an output power, a first electronic switch, a first induc-
tor coupled to the first electronic switch, and a second 5
electronic switch; and
a control circuit comprising:
an operating point controller configured to detect an
operating point of the converter stage, and to gen-
erate a first threshold signal and a second threshold 10
signal based on the detected operating point; and
a hysteresis controller configured to drive the first
electronic switch based on a current measurement
signal representing a current through the inductor,
the first threshold signal, and the second threshold 15
signal, and to drive the second electronic switch
based on the current measurement signal, the first
threshold signal, and the second threshold signal,
wherein driving the second electronic switch comprises
waiting a variable delay time between switching off’ 20
the first electronic switch and switching on the
second electronic switch, and wherein the variable
delay time is based on a delay time adjustment signal
that is provided by the operating point controller and
that depends on the detected operating point. 25
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