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(57) ABSTRACT

A switching cell includes: a half-bridge circuit including a
first electronic switch and a second electronic switch con-
nected in series between a first input terminal and a second
input terminal of an electronic converter, wherein a first
capacitor is connected in parallel to the first electronic
switch and a second capacitor is connected in parallel to the
second electronic switch; a first inductor connected between
a first output terminal of the electronic converter and an
intermediate point between the first electronic switch and the
second electronic switch; a second inductor and a first
capacitor connected in series between a first terminal of the
first inductor and the intermediate point; a switching circuit
connected between the first terminal of the first inductor and
a second output terminal of the electronic converter; and a
third capacitance connected between the first terminal of the
first inductor and the second input terminal.
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ELECTRONIC CONVERTER AND RELATED
CONTROL METHOD, CONTROL CIRCUIT
AND COMPUTER-PROGRAM

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims priority to Italian Patent
Application No. 102017000092532, filed on Aug. 9, 2017,
which application is hereby incorporated herein by refer-
ence.

TECHNICAL FIELD

[0002] The embodiments of the present description relate
generally to electronic converters, and in particular embodi-
ments to a related control method, control circuit, and
computer-program for controlling electronic converters.

BACKGROUND

[0003] Voltage converters of a non-insulated step-down
type are widely used, for example, in the power-manage-
ment field. The ease of use, simplicity, and excellent versa-
tility in the various conditions of input and output voltage
render the topology of a buck type one of the most widely
used for this type of conversion.

[0004] FIG. 1 shows the circuit diagram of a typical buck
converter 1.
[0005] In particular, a buck converter 1 includes two input

terminals 10a and 105 for receiving a voltage Vin and two
output terminals 12a and 125 for supplying a voltage Vout,
where the output voltage is equal to or lower than the input
voltage Vin.

[0006] In particular, typically, the buck converter 1
includes an electronic switch Q1 and an inductor L., which
are connected (for example, directly) in series between the
positive input terminal 10a and the positive output terminal
12a. Instead, the negative output terminal 125 is connected
(for example, directly) to the negative input terminal, which
typically represents a ground GND. Finally, a second elec-
tronic switch Q2 is connected (for example, directly)
between the negative terminal 105 (or else, the negative
terminal 125) and the intermediate point between the elec-
tronic switch Q1 and the inductor L. The (high-side) switch
Q1 and the (low-side) switch Q2 hence represent a half-
bridge connected (for example, directly) between the termi-
nals 10a and 105, where the inductor L is connected (for
example, directly) between the intermediate point of the
half-bridge and the output terminal 12a.

[0007] Frequently, the switches Q1 and/or Q2 are transis-
tors, for example field-effect transistors (FETs), for instance,
n-channel MOSFETs. In this case, each switch Q1/Q2 hence
has associated, i.e., connected in parallel, a diode D1/D2,
which typically represents the body diode of the transistor,
and a capacitance C1/C2, which typically represents the
parasitic output capacitance of the transistor. Frequently, the
second electronic switch Q2 is also implemented just with
the diode D2, where the anode is connected to the terminal
124 and the cathode is connected to the switch Q1.

[0008] In the example considered, to stabilize the output
voltage Vout, the converter 1 typically includes a capacitor
C connected (for example, directly) between the output
terminals 12a and 126.

[0009] In this context, FIGS. 2a to 2f shows some wave-
forms of the signals of such an electronic converter, where:
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[0010] FIG. 2a shows the signal DRV1 for switching the
electronic switch Q1;

[0011] FIG. 25 shows the signal DRV2 for switching the
second electronic switch Q2;

[0012] FIG. 2¢ shows the current 1Q1 that traverses the
electronic switch Q1;

[0013] FIG. 2d shows the voltage VS at the intermediate
point between the electronic switch Q1 and the inductor LL
(i.e., the voltage at the second switch Q2);

[0014] FIG. 2e shows the current IL that traverses the
inductor L; and

[0015] FIG. 2f shows the electrical losses PQ1 at the
switch Q1.
[0016] In particular, when the electronic switch Q1 is

closed at an instant t1 (ON state), the current IL in the
inductor L grows linearly. The electronic switch Q2 is at the
same time opened (with the diode D2 reverse biased).
Instead, when the electronic switch Q1 is opened after an
interval TON1 at an instant t2 (OFF state), the electronic
switch Q2 is closed (with the diode D2 forward biased), and
the current IL drops linearly. Finally, the switch Q1 is closed
again after an interval TOFF1. In the example considered,
the switch Q2 (or a similar diode) is hence closed when the
switch Q1 is open, and vice versa.

[0017] The current IL can thus be used for charging the
capacitor C, which supplies the voltage Vout at the terminals
12a and 125.

[0018] In general, the electronic converter 1 hence
includes a control circuit 14 that drives switching of the
switch Q1, and possibly of the switch Q2, for repeating the
intervals TON1 and TOFF1 periodically.

[0019] An extremely large number of driving schemes are
known for the switch Q1, and possibly for the switch Q2.
These solutions have in common the possibility of regulat-
ing the output voltage Vout by regulating the duration of the
interval TON1 and/or the interval TOFF1.

[0020] For instance, in many applications, the control
circuit 14 generates a driving signal DRV1 for the switch Q1
(and possibly a driving signal DRV2 for the switch Q2),
where the driving signal DRV1 is a PWM (Pulse-Width
Modulation) signal; i.e., the duration of the switching inter-
val TSW1=TON1+TOFF1 is constant, but the working cycle
TON1/TSW1 may be variable. In this case, the control
circuit 14 typically implements a PI (Proportional-Integral)
or PID (Proportional-Integral-Derivative) regulator config-
ured for varying the working cycle of the signal DRV1 in
such a way as to obtain a required output voltage Vout. In
this case, the various operating modes of the converter
(Continuous-Conduction Mode, CCM; Discontinuous-Con-
duction Mode, DCM; Transition Mode, TM) are well known
in the technical field.

[0021] Consequently, in the operation described previ-
ously, the switch Q1 and the switch Q2 are driven with
inverted signals.

[0022] However, this presents the drawback that the
switch Q1 is closed at the instant t1 when the voltage VS at
the intermediate point is zero, i.e., the voltage at the switch
Q1 corresponds to the input voltage Vin, thus causing
electrical losses.

[0023] Furthermore, as illustrated in FIG. 2¢, a nonzero
current may be imposed on the switch Q1 at the instant t1
due to the flow of current that traverses the inductor IL,
when the converter operates in CCM. In fact, also by
opening the switch Q2, the diode D2 remains forward
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biased. To prevent this problem, the electronic converter 1
can hence be driven in DCM or TM, where switching of the
switch Q1 occurs at the instant t1 when the current IL. is zero.
[0024] However, also in this case, a current peak may
present at the instant t1, since there may be required a given
recovery time until the diode D2 is completely opened.
However, in the meantime, the diode D2 represents a
short-circuit, and the closed switch Q1 is connected directly
to the input voltage Vin. These losses hence also depend
upon the input voltage Vin.

[0025] Finally, the inductor L. and the parasitic capacitance
C1/C2 can cause additional oscillations that generate further
losses.

[0026] Since these losses present at each switching of the
switch Q1, the losses also increase as the frequency of
switching of the switches increases.

[0027] However, power distribution is continuously
evolving from various points of view, such as power density,
efficiency, and cost of the solution. For instance, to meet the
increasingly stringent requirements of power density it is
necessary to reduce the size of the magnetic components,
and to do this it is necessary to increase the operating
frequency of the system. However, as explained previously,
as the operating frequency increases, also the switching
losses increase linearly. To satisfy these increasingly strin-
gent requirements of high efficiency, there have hence been
developed switching elements that present an increasingly
high performance in terms of switching speed and figure of
merit (resistance RDSon of the switch Q1 in the closed
condition multiplied by the charge Qg required as long as the
switch Q1 is closed).

[0028] The availability of MOSFETs with higher switch-
ing speed hence makes it possible to increase the switching
frequency to reduce the magnetic components (inductances)
and thus increase the power density of the conversion
systems. However, the use of faster transistors requires the
development of more costly technologies with a major
impact on the cost of the final converter solution.

[0029] Another way to reduce or even eliminate altogether
the switching losses is to get the MOSFETs to function in
ZVS (Zero-Voltage Switching) conditions. For instance,
with reference to a buck converter, there the document U.S.
Pat. No. 8,115,460 may be cited, the contents of which are
incorporated herein by way of reference.

[0030] For instance, FIG. 3 shows the circuit diagram of
such a converter of a buck type commonly referred to as
“ZVS buck converter”. In particular, the ZVS buck con-
verter is constituted by the classic half-bridge Q1/Q2 of a
buck converter, the inductance L, and in addition a switch
QC connected in parallel to the inductor L.

[0031] FIGS. 4a to 4f once again show the signals DRV1/
DRV2, the current IQ1, the voltage VS, the current IL., and
the electrical losses at the switch Q, and FIG. 4g shows the
additional driving signal DRVQC for the switch QC.
[0032] In particular, to get the converter to function in
ZVS mode it is necessary to drive it as if it were working in
DCM. Furthermore, the voltage VS at the switch Q2 should
reach the input voltage Vin; i.e., the capacitance C2 asso-
ciated to the switch Q2 should be charged prior to the instant
t1. In particular, to charge the aforesaid output capacitance
C2 of the MOSFET bridge, a negative current IL. is required
from the output to the intermediate point of the half-bridge.
[0033] For instance, typically, a current sensor monitors
the current that traverses the switch Q2 (or alternatively the
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inductor L) and provides the indication that the current IL.
has reached a given threshold value at an instant t3. Con-
sequently, at the instant t3, the switch Q2 is opened, and the
switch QC is closed. In this way, the current in the induc-
tance L remains substantially constant at the predefined
value and is ready to charge the intermediate node of the
half-bridge for the next high-side switching-on.

[0034] In particular, at the instant t4, the switch QC is
opened, and the negative current supplied by the inductor LL
is now used for charging the capacitance C2. Consequently,
by choosing the correct threshold value for the instant t3,
switching of the switch Q1 at the instant t1 can occur at zero
current and zero voltage.

[0035] Even though this solution uses just one inductor L,
two power MOSFETs Q1 and Q2, and one parallel MOS-
FET QC of small dimensions, it presents various disadvan-
tages.

[0036] For instance, one of the most evident disadvantages
is that, since it practically operates in DCM, the current
ripple in the inductance L is practically twice the load
current. This disadvantage leads to using this converter for
currents that are not very high and to using different output
filter capacitances C for filtering the high current ripple at
high load that flows in the inductor L.

[0037] Another disadvantage of the topology is that the
switching frequency markedly depends upon the output
current lout supplied through the terminals 12a and 1254, and
more precisely is inversely proportional to the current
required. This behaviour may prove problematical for
proper compensation of the system.

[0038] A further disadvantage is that the system cannot
absorb current from the load (the so-called sink mode) if not
for very limited values.

SUMMARY

[0039] In view of the foregoing, an object of various
embodiments of the present disclosure is to provide solu-
tions capable of driving the switches in ZVS conditions even
with different load conditions.

[0040] According to one or more embodiments, one or
more of the above objects are achieved by an electronic
converter. The embodiments moreover concern a corre-
sponding control method, a control circuit, as well as a
computer-program product, which can be loaded into the
memory of at least one computer and includes parts of
software code that are able to execute the steps of the
method when the product is run on at least one computer. As
used herein, reference to such a computer-program product
is understood as being equivalent to reference to a computer-
readable medium containing instructions for controlling the
computer system in order to co-ordinate implementation of
the method according to the invention. Reference to “at least
one computer” is evidently understood as highlighting the
possibility of the present invention being implemented in a
modular and/or distributed form.

[0041] As mentioned previously, various embodiments of
the present disclosure regard an electronic converter.
[0042] In various embodiments, the electronic converter
includes a first (positive) input terminal and a second
(negative) input terminal for receiving an input voltage. The
electronic converter further includes a first (positive) output
terminal and a second (negative) output terminal for sup-
plying a (regulated) output voltage or current.
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[0043] In various embodiments, the converter includes at
least one switching cell configured for supplying a current.
For instance, in various embodiments, this current can
charge a capacitor connected between the first and second
output terminals.

[0044] In particular, in various embodiments, the switch-
ing cell includes a half-bridge made up of a first electronic
switch and a second electronic switch, which are connected
(for example, directly) in series between the first and second
input terminals, where a first capacitor is connected in
parallel to the first electronic switch and a second capacitor
is connected in parallel to the second electronic switch. In
various embodiments, a first diode and a second diode are
connected, respectively, in parallel to the first and second
electronic switches. For instance, the first and second elec-
tronic switches may be field-effect transistors, such as MOS-
FETs, where the first and second capacitors include, respec-
tively, the output capacitance of the first electronic switch
and the output capacitance of the second electronic switch,
and the first and second diodes corresponds, respectively, to
the body diode of the first electronic switch and to the body
diode of the second electronic switch.

[0045] In various embodiments, the switching cell further
includes a first inductor, including a first terminal connected
at the intermediate point between the first and second
electronic switches, and a second terminal connected (for
example, directly) to the first output terminal.

[0046] In various embodiments, a control circuit, such as
a microprocessor programmed via software code, drives the
first and second electronic switches as a function of the
output voltage and/or output current.

[0047] In various embodiments, the switching cell further
includes: a second inductor and a first capacitor, which are
connected (for example, directly) in series between the first
terminal of the first inductor and the intermediate point
between the first and second electronic switches; switching
circuit connected (for example, directly) between the first
terminal of the first inductor and the second output terminal;
and a third capacitance connected between the first terminal
of the first inductor and the second input terminal or the
second output terminal.

[0048] Consequently, in general, the second output termi-
nal is not necessarily directly connected to the second input
terminal, and the output can be referenced to a second
ground. For this reason, the third capacitance may be
connected to the second input terminal or to the second
output terminal, which, however, could also be connected
directly to the second input terminal in such a way as to
operate with a common ground.

[0049] In various embodiments, the control circuit
includes a driver circuit, for example in the form of a
software module, configured for driving the switching cir-
cuit in such a way that:

[0050] when the driver circuit is deactivated, the driver
circuit drives the switching circuit in such a way as to close
the switching circuit (by connecting the first terminal of the
first inductor to the second output terminal); and

[0051] when the driver circuit is activated, the driver
circuit drives switching circuit in such a way as to:

[0052] a) open the switching circuit when the current
that traverses the switching circuit becomes positive
(following upon activation),
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[0053] D) once the switching circuit have been opened,
close the switching circuit when the voltage across the
switching circuit reaches zero; and

[0054] c) keep the switching circuit closed until a new
activation of the driver circuit is detected.

[0055] Consequently, the driver circuit and the switching
circuit implement a latched rectifier that allows passage of
just one positive voltage pulse for each activation.

[0056] For instance, in various embodiments, the switch-
ing circuit includes a third electronic switch connected
between the first terminal of the first inductor and the second
input terminal or (alternatively) the second output terminal.
Also in this case, a third diode may be connected in parallel
to the third electronic switch. For instance, the third elec-
tronic switch may be a field-effect transistor, such as a
MOSFET, where the third diode may correspond to the body
diode of the third electronic switch.

[0057] In various embodiments, the control circuit can
hence drive the first and second electronic switches with the
following operating intervals, which are repeated periodi-
cally with a switching period:

[0058] a first interval, in which the first switch is closed
and the second switch is open;

[0059] a subsequent, second, interval, in which the first
switch is open and the second switch is open;

[0060] a subsequent, third, interval, in which the first
switch is open and the second switch is closed; and
[0061] a subsequent, fourth, interval, in which the first
switch is open and the second switch is open.

[0062] For instance, in various embodiments, the duration
of'the first interval is constant and longer than the resonance
period of the resonant circuit made up of the first inductor,
the second inductor, and the third capacitance, and the
control circuit can vary the duration of the switching period
to regulate the output voltage or current.

[0063] In various embodiments, the duration of the fourth
interval is constant and corresponds to a quarter of the
resonance period of the resonant circuit made up of the
second inductor, the first capacitor, and the second capacitor,
and the duration of the second interval is preferably con-
stant.

[0064] In various embodiments, the control circuit can
thus activate the driver circuit with a first delay with respect
to the start of the first interval, and/or deactivate the driver
circuit with a second delay with respect to the end of the first
interval, thus enabling a single oscillation of the additional
resonant circuit during the first interval.

[0065] In various embodiments, the electronic converter
may also include a plurality of switching cells. In this case,
the control circuit may also vary the duration of the first
delay of at least one switching cell as a function of the
current supplied by the first inductor of the switching cell
with respect to the average current supplied by all the first
inductors of the plurality of switching cells.

[0066] Consequently, in various embodiments, the control
circuit performs the following operations:

[0067] a) closing the first switch (with the second switch
open);

[0068] b) opening the first switch after a first interval;
[0069] c) closing the second switch after a second interval

(with the first switch open);
[0070] d) opening the second switch after a third interval;
and
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[0071] e) returning to step a) after a fourth interval, thus
repeating the sequence periodically.

[0072] In various embodiments, the control circuit opens
the switching circuit between steps a) and b) when the
current that traverses the switching circuit becomes positive
(possibly introducing a delay as described previously). Fur-
thermore, once the switching circuit have been opened, the
control circuit closes the switching circuit when the voltage
across the switching circuit reaches zero.

BRIEF DESCRIPTION OF THE DRAWINGS

[0073] The embodiments of the present disclosure will
now be described with reference to the annexed drawings,
which are provided purely by way of non-limiting example
and in which:

[0074] FIG. 1 shows the circuit diagram of a typical buck
converter
[0075] FIGS. 2a to 2f and FIGS. 4a to 4g show various

waveforms of signals of an electronic converter;

[0076] FIG. 3 shows a circuit diagram of a zero-voltage
switching buck converter;

[0077] FIG. 5 shows a first embodiment of an electronic
converter according to the present disclosure;

[0078] FIGS. 6a to 6¢, 7a to 7g, 8a to 8g, and 9 illustrate
details of operation of the electronic converter of FIG. 5;
[0079] FIG. 10 shows a second embodiment of an elec-
tronic converter according to the present disclosure;
[0080] FIGS. 11 and 12 show an embodiment of a control
unit for the electronic converter of FIG. 5;

[0081] FIG. 13 shows an embodiment of a multi-cell
electronic converter according to the present disclosure; and
[0082] FIGS. 14 to 18 show an embodiment of a control
unit for the electronic converter of FIG. 13.

DETAILED DESCRIPTION OF ILLUSTRATIVE
EMBODIMENTS

[0083] In the ensuing description, various specific details
are illustrated aimed at enabling an in-depth understanding
of the embodiments. The embodiments may be provided
without one or more of the specific details, or with other
methods, components, materials, etc. In other cases, known
structures, materials, or operations are not illustrated or
described in detail so that various aspects of the embodi-
ments will not be obscured.

[0084] Reference to “an embodiment” or “one embodi-
ment” in the framework of the present description is
intended to indicate that a particular configuration, structure,
or characteristic described in relation to the embodiment is
included in at least one embodiment. Hence, phrases such as
“in an embodiment” or “in one embodiment” that may be
present in various points of this description do not neces-
sarily refer to one and the same embodiment. Furthermore,
particular conformations, structures, or characteristics may
be combined in any adequate way in one or more embodi-
ments.

[0085] The references used herein are only provided for
convenience and hence do not define the sphere of protec-
tion or the scope of the embodiments.

[0086] In the ensuing FIGS. 5 to 18, parts, elements, or
components that have already been described with reference
to FIGS. 1 to 4 are designated by the same references used
previously in these figures; the description of the aforesaid
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elements that have been presented previously will not be
repeated in what follows in order not to burden the present
detailed description.

[0087] FIG. 5 shows an embodiment of an electronic
converter 1a according to the present disclosure.

[0088] Also the electronic converter 1a includes a half-
bridge including two electronic switches Q1 and Q2 con-
nected (for example, directly) in series between the positive
input terminal 10a and the negative input terminal 1056. In
particular, in various embodiments, the electronic switches
Q1 and Q2 are FETs, such as MOSFETs, e.g., n-channel
MOSFETs. Consequently, in various embodiments, the
drain terminal of the transistor Q1 is connected (for
example, directly) to the terminal 10a, the source terminal of
the transistor Q1 is connected (for example, directly) to the
drain terminal of the transistor Q2, and the source terminal
of the transistor Q2 is connected (for example, directly) to
the terminal 105. Instead, the gate terminal of the transistors
Q1 and Q2 are driven via respective driving signals DRV1
and DRV2 that are generated via a control circuit 4a. Also
in this case, each switch Q1/Q2 may have associated, i.e.,
connected in parallel, a respective diode D1/D2 and a
respective parasitic capacitance C1/C2.

[0089] Inthe embodiment considered, as in a conventional
buck converter, the converter 1a also includes an inductor L
connected between the intermediate point of the half-bridge
Q1/Q2 and the positive output terminal 124, and a capacitor
C connected (for example, directly) between the output
terminals 12a and 125.

[0090] In general, the terminal 125 may be connected (for
example, directly) to the terminal 105 in such a way as to use
a common ground. Instead, FIG. 6 shows the alternative
solution, in which the terminal 125 represents a second
ground.

[0091] However, in the embodiment considered, whereas
a first terminal of the inductor L. can be connected directly
to the output terminal 12a, the second terminal of the
inductor L is not directly connected to the intermediate point
of the half-bridge Q1/Q2, but a resonant circuit 16 is
connected between the intermediate point of the half-bridge
Q1/Q2 and the second terminal of the inductor L.

[0092] In particular, in various embodiments, the resonant
circuit 16 includes: a capacitor CRES connected (for
example, directly) between the second terminal of the induc-
tor L and the terminal 105 or alternatively the terminal 126
(which may in any case be connected to the terminal 105
when a common ground is used); and an inductor LRES
connected (for example, directly) between the intermediate
point of the half-bridge Q1/Q2 and the second terminal of
the inductor L.

[0093] Consequently, in the embodiment considered, the
electronic converter includes a resonant network represented
by the capacitance CRES and by the inductors LRES and L.
[0094] In various embodiments, a capacitor C_, may be
connected in series to the inductor L., or else the inductor
Lzzs and the capacitor C,, are connected (for example,
directly) between the intermediate point of the half-bridge
Q1/Q2 and the second terminal of the inductor .. The above
capacitance C,,s may be useful for guaranteeing a zero
average current in the branch of the half-bridge and hence
providing the condition necessary for a ZVS operation of
both of the switches Q1 and Q2.

[0095] For instance, in various embodiments, the capaci-
tance C,, is much higher than the resonance capacitance
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Crzs- Likewise, also the output capacitor C has a high value.
For instance, in various embodiments, the capacitance of the
capacitor Czvs is between 100 nF and 500 pF, the capaci-
tance of the capacitor C is between 10 pF and 10 mF and the
capacitance of the capacitor C . is between 10 nF and 1 pF.
In various embodiments, the inductance of the inductor LS
is between 1 nH and 10 pH and the inductance of the
inductor L is between 22 nH and 10 pH.

[0096] Consequently, it may be assumed that the voltage
V .15 across the capacitor C, is practically constant during
operation of the converter la. For the same reason, it is
possible to approximate the resonance period T, of the
resonant network with:
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[0097] In various embodiments, the converter la also
includes a switch Q3 connected (for example, directly)
between the second terminal of the inductor L and the
terminal 125b. For instance, also this switch Q3 may be an
n-channel FET or MOSFET, with associated diode D2 and
capacitance C3.

[0098] Consequently, when the switch Q3 is closed, the
electronic converter 1a is divided into two parts that operate
independently, in particular (assuming a common ground,
but the principle also applies when the grounds 106 and 125
are separate):

[0099] a) the resonant components C1, C2, Lp.s (and
C,y) that are connected to the half-bridge Q1/Q2; and
[0100] b) the resonant components [ and C that are
connected in parallel to the output 12a/125.

[0101] In the embodiment considered, the control circuit
14a includes: a driver circuit 140 configured for generating
the driving signals DRV, and DRV, for driving the switches
Q1 and Q2, as a function of one or more driving signals
DRYV; a driver circuit 142 configured for generating a driving
signal DRV for driving the switch Q3 as a function of an
activation signal START, and a control unit 144 configured
for generating the signals DRV and START, such as a
microprocessor programmed via software code.

[0102] In various embodiments, the driver circuit 140 is
configured for driving the switch Q1 with a constant ON
time T, whereas the OFF time Tz, is variable in such
a way as to obtain a required voltage V.. Basically, with a
constant ON time T, the energy transferred during each
switching cycle will be practically constant, and by reducing
the OFF time T gz, i.e., increasing the switching fre-
quency, more energy can be transferred to the output.
[0103] In various embodiments, the driver circuit 142
drives the switch Q3 in such a way as to implement a
triggered-rectifier circuit. In particular, once the signal
START changes its logic value (e.g., it becomes high), the
driver circuit 142 keeps the switch Q3 closed until the
voltage V5 at the switch Q3 becomes positive. When the
voltage V ,, then again reaches zero, the driver circuit 142
closes the switch Q3, keeping the voltage V 5, at zero, and
the driver circuit 142 keeps the switch Q closed until a new
triggering is activated (e.g., with the next rising edge of the
signal START).

[0104] Consequently, the converter 1a will include various
operating areas. In particular, FIGS. 6a to 6e show the
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various steps of operation of the converter, on the basis of
the state of switching of the switches Q1, Q2, and Q3 as
driven by the control circuit 4a. Instead, FIGS. 7a to 7g
show various waveforms, namely:

[0105] a) the driving signal DRV, for the switch Q1 (e.g.,
the voltage V 5, between the gate terminal and the source
terminal of the transistor Q1);

[0106] b) the driving signal DRV, for the switch Q2 (e.g.,
the voltage V 5, between the gate terminal and the source
terminal of the transistor Q2);

[0107] c) the driving signal DRV, for the switch Q3 (e.g.,
the voltage V¢ between the gate terminal and the source
terminal of the transistor Q3);

[0108] d) the current I, that traverses the inductor L;
[0109] e)the current [ .. that traverses the inductor Lz .¢;
[0110] 1) the voltage V at the intermediate point between

Q1 and Q2 (e.g., the voltage Vs between the drain and
source terminals of the transistor Q2); and

[0111] g) the voltage V,; at the switch Q3 (e.g., the
voltage V¢ between the drain and source terminals of the
transistor Q3).

[0112] In particular (see also FIG. 6a), at an instant t, the
control circuit 14a closes the switch Q2, while the switch Q1
is open. Furthermore, the control circuit 14a keeps the
switch Q3 closed.

[0113] Consequently, during this operating phase F1, the
voltage V and the voltage V ,; are zero (switches Q1 and
Q3 closed). Consequently, the current I, ¢ in the induc-
tance Lo drops substantially linearly as a function of the
voltage Vs on the capacitor C,,, i.e., with a slope equal
t0 Vp/Lrgs (e, (Vzp6~V 05)/Lrgs if the voltage V,, of
the terminal 105 is not 0 V, but is a common-mode voltage
other than 0 V with respect to the voltage V,, to the node
125, which is 0 V). Likewise, the current I, in the inductance
L drops substantially linearly as a function of the output
voltage V., i.e., with a slope equal to V__ /L.

[0114] In the embodiment considered, the control circuit
14a opens the switch Q2 at an instant t; (see FIG. 65), while
the switch Q3 remains closed. In particular, in the embodi-
ment considered, the control circuit 14a opens the switch Q2
at the instant t, after a variable time T,,,. As will be
described hereinafter, the ON time T,,, of the switch Q2
should be sufficiently long in such a way that the current
Lzzs Will be negative and will have an amplitude that is
sufficient for charging the capacitances at the intermediate
node of the half-bridge Q1/Q2 to the voltage V,,,.

[0115] Consequently, during this operating phase F2, the
negative current I,z charges the output capacitances C1
and C2 of the switches Q1 and Q2 until the voltage Vg
reaches the voltage V,, at an instant t,'. In particular, in the
embodiment illustrated in FIG. 6, it is assumed that the
current I, . reaches zero at an instant t, that coincides with
the instant t,".

[0116] Consequently, in the embodiment considered, the
control circuit 14a can close the switch Q1 at the instant t,'
at zero voltage V¢, since the voltage Vs is equal to V.
[0117] However, in general, the current I, ;. is typically
still negative at the instant t,". In this case, the negative
current I - could hence charge the output capacitances C,
and C, beyond the voltage V,,,. However, in this case, once
the voltage V,,, has been reached and as long as the current
1, res 1s negative, the diode D1 is closed and the voltage V¢
is kept at the voltage V,, (neglecting the voltage drop across
the diode D1). Consequently, in this case, the control circuit
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14a can close the switch Q1 even after the instant t,' with
zero voltage, in particular, as long as the current 1, . is
negative or until it reaches zero at the instant t,.

[0118] Furthermore, even though the negative current
1; rzs were insufficient for charging the output capacitance
C, and C, completely, the increase in voltage Vin any case
enables reduction of the electrical losses.

[0119] Consequently, instead of basing switching of the
switch Q1 on the voltage V at the intermediate node of the
half-bridge, the control circuit 14a can close the switch Q1
when the current I, ... reaches zero at the instant t,. In fact,
when the current I, . becomes positive, this current would
discharge the capacitances C, and C, again. In particular, the
current I, ... becomes zero after a time At; (t,-t;) that
substantially corresponds to a quarter of the oscillation
period of the resonant circuit made up of L s, C1, and C2,
ie.

Al = g AT e (CL+C2) (&)
[0120] Consequently, the duration of the operating interval

F2 may be constant; i.e., the control circuit 14a can close the
switch Q1 after the constant time Atl. Alternatively, the
control circuit 14a can also monitor a signal that represents
the current I, 5o during the phase F2.

[0121] This embodiment hence presents the advantage
that switching occurs at zero current and preferably also at
zero voltage.

[0122] Consequently, in the embodiment considered, the
control circuit 14a closes the switch Q1 at the instant t, (see
FIG. 6¢), while the switch Q3 remains closed and the switch
Q2 remains open.

[0123] Consequently, during this operating phase F3, the
switches Q1 and Q3 are closed, and the current I, .. in the
inductance L., grows substantially linearly (as a function
of the difference in voltage between V,, and V ,.o) until, at
an instant t;, the current I, corresponds to the current I;;
i.e., the current that traverses the switch Q3 becomes zero.
In particular, in the embodiment considered, the control
circuit 14a opens the switch Q3 at the instant t;. For
instance, for this purpose, the control circuit 14a can moni-
tor the current that traverses the switch Q3, for example a
current sensor connected in series to the switch Q3.
[0124] Consequently, the instant t; corresponds to the
triggering instant, in which the control circuit 14a opens the
switch Q3. Hence, in the embodiment considered, the switch
Q3 remains open as long as the voltage V ,; on the switch
Q3 is positive, and the switch Q3 is closed when the voltage
V5 drops again to zero.

[0125] In particular, during the subsequent operating
phase F4 (see FIG. 6d), the switch Q3 is opened and the
current I; 5. corresponds initially (at the instant t;) to the
current I;. However, the current charges also the capacitor
Crgs» thus creating a resonance in the voltage V,,5; i.e., on
account of this oscillation, the voltage V5 can also reach
again zero at an instant t,.

[0126] Inthe embodiment considered, the operating phase
F4 terminates when the control circuit 14a opens the switch
Q1 at an instant t, after a constant ON interval T, .
[0127] In general, the switch Q3 may thus be closed at the
instant t, before or after the switch Q1 is opened at an instant

Feb. 14,2019

ts. In particular, FIG. 7 shows the case where t,<ts, and FIG.
8 shows the case where t,>1.

[0128] In general, the switch Q1 should be open at the
instant t; when the current I, , . is positive in such a way as
to discharge the capacitances C, and C,, this generating the
ZVS condition for the switch Q2.

[0129] The choice of the duration Ty, will depend upon
many factors. For instance, in general the amount of charge
that it will be possible to transfer at output presents a limit
determined by the components and by the system quantities.
For instance, it is possible to estimate the time T pzrey
necessary for energizing the inductance as a function of the
current output I, the current ripple Al 5, - in the inductor
L, the resonance inductance [z .¢ used, and the voltage V,,,

AlpippLE €)
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[0130] In various embodiments, the ON time T, of the
switch Q1 should hence be longer than the time T yzrey
necessary for energizing the inductance added to half of the
resonance period, namely,

Tres “)
Tont = Tenercy + >

[0131] Furthermore, the ON time T,,, should also be
chosen to guarantee the ZVS condition of the half-bridge
Q1/Q2 and prevent power from being uselessly dissipated
on recirculation diodes D1/D2 during transition in ZVS.
[0132] For instance, the inventors have noted that it is
normally useful to choose an ON time T, longer than the
resonance time Txz; i.e.,

Ton1>Tres )]

[0133] Consequently, knowing the resonance time Tz,
the ON time T,,, can be pre-calculated.

[0134] As mentioned previously, the instant t, (closing of
the switch Q3) may be before or after opening of the switch
Q1 at the instant t.

[0135] In particular, in the case where the voltage V;
reaches zero (and the switch Q3 is closed) sooner (see FIG.
6e and FIG. 7), the oscillation stops. In any case, the
inductor L and the capacitor C,, are still connected to
the voltage V,,, and the current I, . continues to increase.
Also the inductor L and the capacitor C are again indepen-
dent, and the current I, drops linearly.

[0136] Instead, in the case where the switch Q1 is opened
before (see FIG. 8), the current I,,.¢ is lower than the
current I;, and the capacitor Cy is discharged until the
voltage V ,, reaches zero at the instant t,, thus closing the
switch Q3.

[0137] In any case, by sizing the time T, in an appro-
priate way, the current I, . is positive at the instant ts.
Consequently, the current discharges the capacitances
C1/C2 of the switches Q1/Q2 until the voltage V¢ becomes
zero. At this point, the diode D2 that keeps the voltage V¢
at zero can also intervene (neglecting, in this case, the
voltage drop at the diode D2) until the current I, s becomes
negative. Consequently, the switch Q2 can be closed at zero
voltage (instant t;' at which a new switching cycle starts)
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between the instant at which the voltage V ¢ reaches zero and
the instant at which the current I, .. becomes negative.
[0138] For instance, in various embodiments the time At2
(between t5 and t,) may be constant and pre-determined.
[0139] Consequently, in various embodiments, the time
Tqy of a switching cycle corresponds to the sum of: the
constant time T,,,, during which the switch Q1 is closed; the
constant time At2 until the switch Q2 is closed; the variable
time T,,, during which the switch Q2 is closed; and the
constant time Atl until the switch Q1 is closed.

[0140] As described previously, in various embodiments,
the ON time T, of the switch Q1 of the half-bridge Q1/Q2
is of fixed duration, whereas the ON time of the switch Q3
depends upon the voltage information V,; and upon the
activation signal START. In particular, the driver circuit 142
does not behave like a classic rectifier that opens the switch
Q3 whenever the current becomes positive and switches it
on whenever the voltage V,; would become negative, but
like a latched rectifier, which is activated only once in
response to the activation signal START. In fact, the acti-
vation signal START corresponds not to closing or opening
of the switch Q3, but rather to activation of the rectifier for
opening the switch Q3 when the current becomes positive.
Consequently, the current is not necessarily positive at the
moment of activation. Once the switch Q3 is open, after a
time equal approximately to the resonance time T, (as-
suming Tpp,>Tgzs) the voltage Vi, will reach the ZVS
condition of the switch Q3, which at this point is closed. The
switch Q3 at this point will remain closed until the next
activation the signal START (e.g., until the next rising edge
of the signal START) irrespective of whether its current is
positive or negative.

[0141] In particular, in the case where T,,,>Tzzs, the
transfer of energy in a switching cycle will not depend upon
the duration Ty, but only upon the time T, since the
energy is supplied at output only during the interval between
the instants t; and t,, which substantially corresponds to
Trzs In particular, in the case where the time T, is long
with respect to the time Ty, the driver circuit 142 drives
the switch Q3 in any case, in such a way as to allow passage
only of the first oscillation of the resonant circuit, and
possible subsequent oscillations are suppressed. Otherwise,
a simple diode, instead of the switch Q3, would allow also
passage of the aforesaid subsequent oscillations. Conse-
quently, when T,,>Trz the time T,,, could also be
variable, even though this does not increase the amount of
energy transferred at output.

[0142] Hence, the signal START could activate the recti-
fication implemented with the driver circuit 142 simultane-
ously with switching of the signal DRV, at the instant t,,
since the current that traverses the switch Q3 is still negative
at this instant. As will be described hereinafter, in various
embodiments, the signal START can be activated (rendered
high or low) in any case with a delay (e.g., a programmable
delay) with respect to each closing of the switch Q1 at the
instant t,.

[0143] In general, deactivation of the signal START can
occur at any moment, for example simultaneously with
switching of the signal DRV, at the instant t5. Also in this
case a delay may be introduced.

[0144] In general, the driver circuit 142 may be configured
for setting at high impedance the rectification stage (i.e., for
opening the switch Q3) in particular operating modes, for
example during start of the converter 1a with precharged
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output or switching-off of the converter 1a, or as will be
described hereinafter for implementing the phase of a mul-
tiphase system and operation in pulse-skipping mode to
reduce the consumption levels at low output load.

[0145] In general, for this purpose, an additional signal or
the signal START may be used. For instance, in various
embodiments, when the signal START is driven at a voltage
intermediate between the low logic level and the high logic
level, the control circuit 142 can short the gate terminal and
the source terminal of the switch Q3, in effect switching off
the output stage of the converter.

[0146] FIG. 9 shows a possible embodiment of the driver
circuit 142 that activates rectification in response to the
activation signal START, for example when the signal
START switches from “0” (low) to “1” (high).

[0147] In the embodiment considered, the driver circuit
142 is implemented with a finite-state machine, which starts
from a reset state S1. For instance, the state S1 can be
activated when the signal START has the intermediate level
or is set at high impedance “HIZ”. In addition to or as an
alternative, the state S1 may be activated when an enabling
signal ENABLE is low (or likewise, when a reset signal is
high).

[0148] In particular, in the state S1, the driver circuit 142
keeps the switch Q3 open, for example setting the gate
terminal of the transistor Q3 to ground.

[0149] The driver circuit 142 remains in the state S1, until
a rising edge of the activation signal START is detected (and
the enabling signal ENABLE is high); i.e., the driver circuit
142 leaves the state S1 when the signal START is set at “1”.
[0150] In particular, in this case, the driver circuit 142
moves on to a state S2, which basically represents a wait
state until the current I,; that traverses the switch Q3
becomes positive. Consequently, in the state S2, the driver
circuit 142 closes the switch Q3.

[0151] Once it is detected that the current I 5, that traverses
the switch Q3 has become positive, the driver circuit 142
opens the switch Q3.

[0152] For instance, for this purpose, the driver circuit 142
can use a signal ZCD supplied by a zero-crossing compara-
tor for detecting zero-crossing of the current I,; in the
switch Q3. For instance, the signal ZCD="1" may indicate
that the current coming from the inductor L is higher than
the current in the output inductor; namely, the current 55 in
the switch Q3 becomes positive (i.e., it enters the drain
terminal). Instead of using a current sensor, the zero-cross-
ing comparator may also monitor the voltage V;, since,
owing to the resistance RDSon of the switch Q3, even a
small voltage drop (positive or negative) will be present at
the switch Q3.

[0153] Consequently, once the signal ZCD supplied by the
comparator indicates that the current that traverses the
switch Q3 (or the voltage V ;) has become positive, the
driver circuit 142 moves on to a state S3, where the driver
circuit 142 opens the switch Q3. In various embodiments,
the driver circuit 142 may also activate a watchdog counter;
i.e., the driver circuit 142 moves on to the state S3 even
when the aforesaid watchdog expires.

[0154] The driver circuit 142 then directly goes to a state
S4. In the state S4, the driver circuit 142 monitors the
voltage V,; when the switch Q3 is open. In particular, the
driver circuit 142 remains in the state S4 until the voltage
Vo5 exceeds a given threshold V4, which thus indicates the
fact that the voltage V 5 increases after the instant t;; i.e., the
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driver circuit 142 moves on to a state S5 when the voltage
Vs exceeds the threshold V.

[0155] In the state S5, the driver circuit 142 detects
whether the voltage V,; at the switch Q3 has again reached
zero. For this purpose, the signal ZVD supplied by a
zero-crossing comparator for detecting zero-crossing of the
voltage at the switch Q1 may hence be used. As explained
previously, this comparator may be physically represented
by the ZCD comparator itself since the information is
always the same.

[0156] Consequently, once the signal ZVD supplied by the
comparator indicates that the voltage V5 has become zero,
the driver circuit 142 goes to a state S6, in which it closes
the switch Q3. In various embodiments, the driver circuit
142 may also activate a watchdog counter; i.e., the driver
circuit 142 moves on to the state S6 even when the aforesaid
watchdog expires.

[0157] Consequently, from this moment on, the switch Q3
is again closed, and the driver circuit 142 could return to the
step S2 when a new rising edge of the signal START is
detected.

[0158] In particular, in the embodiment considered, a
check is made to see whether the signal START has again
become “0”. For this purpose, the driver circuit 142 pro-
ceeds to a step S7, where it waits until the signal START is
set at “0”. In this case, the driver circuit 142 goes to a state
S8, which basically represents a wait state until the signal
START is again set at “1”, and the procedure is repeated
starting from the state S2.

[0159] In the embodiment considered, the signal START
can hence be a signal delayed by a time T, ., with respect
to the signal DRV, for the switch Q1. The time T, does
not necessarily have to be greater than zero but may even be
zero. In this case, the signal START will be identical to the
signal DRV . In general, the operating logic of the rectifier
142/Q3 can function also with a signal START inverted.
[0160] Furthermore, in the embodiment considered, the
signal ENABLE represents general enablement of the rec-
tifier, which can be set at high impedance both by the signal
ENABLE and by the signal START. In the embodiment
considered, the condition START=HIZ  and/or
ENABLE=“0" is preferably active in each state and brings
the asynchronous finite-state machine back to the reset state
S1.

[0161] In general, the presence of the signal START and of
the driver circuit 142 is not binding, in so far as generation
of the driving signal DRV for the process of switching-on
and switching-off of the switch Q3 (i.e., the operation
described with reference to the driver circuit 142) may be
implemented also directly within the control circuit 14a, for
example the control unit 144, which is illustrated in FIG. 10.
For instance, the switch Q3 could be driven directly by the
control circuit 14a (by an incorporated driver or a driver
external to the circuit 14a), where the signal START can be
generated also just internally.

[0162] At times it is difficult to implement a precise
ZCD/ZVD in so far as the information present is little on
account of the low ON resistances RDSon of the switch Q3
and/or because the signal measured may be noisy on account
of the oscillations due to parasitic inductances of the circuit.
In this case, the driver circuit 142 may even move directly
from step S1 to step S5 and/or from step S8 to step S5. In
this case, the switch Q3 is hence opened immediately (or
with a short delay) upon arrival of the signal START, for
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example at the instant t,. However, this does not represent
a problem since the switch Q3 has associated the diode D3,
which is closed when the voltage V; is negative. Conse-
quently, it is not necessary to detect the instant t; when the
current that traverses the switch Q3 becomes positive since
the diode D3 already detects the instant t,. Therefore, it is
sufficient to detect via the states S5/S6 only the instant t, at
which the voltage V,; again reaches zero, and simultane-
ously close the switch Q3.

[0163] In general, the switch Q3 and the associated diode
D3 hence represent switching circuit that are driven via the
driver circuit 142 in such a way that:

[0164] when the driver circuit 142 is deactivated
(START="0"), the driver circuit 142 drives the switching
circuit Q3/D3 in such a way as to close the switching circuit
Q3/D3 by setting the voltage V,; to zero; and

[0165] when the driver circuit 142 is activated
(START="1"), the driver circuit 142 drives the switching
circuit Q3/D3 in such a way as to:

[0166] a) open the switching circuit Q3/D3 when the
current that traverses the switching circuit Q3/D3
becomes positive (this condition being detected explic-
itly via the signal ZCD or implicitly via the diode D3);

[0167] D) once the switching circuit Q3/D3 have been
opened, close the switching circuit Q3/D3 when the
voltage across the switching circuit Q3/D3 reaches zero
(this condition being detected via the signal ZVD); and

[0168] c) keep the switching circuit Q3/D3 closed until
a new activation of the driver circuit 142 is detected
(e.g., by detecting that the driver circuit 142 has been
deactivated and reactivated).

[0169] FIG. 11 shows a possible embodiment of the con-
trol unit 144 configured for generating the driving signals
DRYV for the driver circuit 140 and the signal START for the
driver circuit 142.

[0170] For instance, as described previously, the duration
Ty of a switching cycle corresponds to the sum of: the
constant time T, during which the switch Q1 is closed; the
(preferably constant) time At2, until the switch Q2 is closed;
the variable time T ,,, during which the switch Q2 is closed;
and the constant time Atl, until the switch Q1 is closed.
[0171] In particular, the switch Q1 is hence closed for the
duration T, and open for the duration T,z =A2+T 55+
Atl. Instead, the switch Q2 is closed for the duration T,
and open for the duration T ,zz,=A12+4T 55, +Atl.

[0172] Consequently, since the other parameters are con-
stant, the control unit 144 can vary the duration T, in such
a way as to obtain a required output voltage V_ . In the
embodiment considered, the signal DRV supplied to the
driver circuit 140 hence indicates at least the duration T 5.
In general, the signal DRV supplied to the driver circuit 140
could indicate also the times T,,,, Atl, and/or At2. For
instance, in various embodiments, the signal DRV is a
pulsed signal that corresponds to the driving signal DRV,
which hence indicates the times T, and T,zz,. Conse-
quently, knowing the times Atl and At2, the driver circuit
140 can generate also the driving signal DRV,.

[0173] In the embodiment illustrated in FIG. 11, the con-
trol unit 144 implicitly determines the time T,,,. In par-
ticular, in the embodiment considered, the control unit 144
varies the frequency of the signal DRV. However, since the
other times are constant (e.g., the time T, ), the frequency
directly affects the time T,,; for example, the time T,
decreases if the frequency increases.



US 2019/0052165 Al

[0174] Inthe embodiment considered, the frequency of the
signal DRV is generated by the following blocks: a regulator
1440; an adder 1442; and an oscillator with adjustable
frequency 1444.

[0175] In particular, the regulator 1440 is configured (in a
way in itself known) for comparing the output voltage V_,,
and/or the output current i,,, with one or more reference
values REF. For instance, the output signal COMP of the
block 1440 varies until the output voltage V ,,, corresponds
to the reference value REF. Consequently, the regulator 1440
may include a circuit for generation of the regulation error
and the appropriate compensation network of the system. In
an analog embodiment, it may be represented by an error
amplifier with compensation, whereas in a digital embodi-
ment it may be represented by an error amplifier, an ADC,
and a PID (Proportional-Integral-Derivative) filter.

[0176] The presence of an adder node 1442 that generates
a signal CNT is optional and may be useful for adding a d.c.
value to the signal for the subsequent oscillator 1444, in
particular in the case where the reference signal REF can be
variable. For instance, by adding a given offset as a function
of the reference value REF, for example proportional to the
reference value REF (KxREF), a control of a feed-forward
type may be implemented.

[0177] Finally, the oscillator 1444 generates a signal
CKVCO that represents the operating frequency of the
system. Also in this case, a regulation of a feed-forward type
may be performed, for example as a function of the input
voltage V,,,. In particular, the oscillator 1444, which may be
digital or analog according to the implementation, will have
a gain that varies as the voltage V,, varies. In particular, its
gain, understood as the output frequency divided by the
input frequency, will decrease as the voltage V,, increases in
an inversely proportional way. This feed-forward regulation
may hence be useful for keeping the gain of the system
constant as the input voltage V,, varies and hence not
changing the stability of the loop. However, also this regu-
lation is purely optional and may be omitted, for example in
the case where the voltage V,, remains constant.

[0178] In particular, in the embodiment considered, the
time T,,, is constant and the switching frequency f.,=1/
Tgp of the switches Q1 (Tgp=T 0+ opz) and Q2
(Ts=T ono+T orrs) varies. Consequently, in the embodi-
ment considered, the duty cycle DC varies with the follow-
ing relation:

DC=TonTsw (6)

[0179] In addition, the duty cycle may be determined on
the basis of the output voltage V_,,, required and the equiva-
lent input voltage V,, .. which corresponds to the average
input voltage used for charging the inductor L, i.e., the
average value of the voltage V ,; between the instants t, and
1,

Vour (@]
DC=Ton1~ fsw = 57—

in_eq

[0180] Hence, in the case where the voltage V,, .., is
variable, the oscillator/modulator 1444 should have a modu-
lator gain G, inversely proportional to the voltage V,, .,
s0 as to implement the feed-forward function for the voltage
V,,, and in this way keep the system gain substantially

constant.
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[0181] In particular, in this embodiment, the gain of the
modulator will hence depend also upon the control variable
COMP:

G o PC _Tow fsw G @®
MOD = COMP ™~ "COMP  ~ Vip g
[0182] and since the gain of the oscillator 1442 is defined
by
_ _fsw ©
Gveo = Eonp
[0183] Egq. (9) may be combined with Eq. (8), as follows:
_ G (10)
Gveo = Ton -Vin_Eg
[0184] The control variable COMP in steady-state condi-

tions will hence be

Ve 11
comp< Yeur (1D

[0185] Given that very frequently, for reasons of accuracy
of the regulation, an integrator is used in the compensation
of the control loop (in particular, in the regulator 1440), if it
is desired to optimise the response to the reference transition
it is useful to keep the value of the signal COMP as constant
as possible as the reference REF varies so as not to have to
charge or discharge the integrative contribution of the com-
pensation and so as to render the reference transition faster.
To do so, it is possible to use the adder 1442 to introduce an
offset between the signal COMP and the modulator (the
input of which is represented by the oscillator 1444).
[0186] In various embodiments, the above offset is equal
to the ratio between the regulation-reference value and the
gain of the modulator:

Vour (12)

OFFSET =

[0187] Given that in many cases the value of the voltage
Vout coincides with the reference value REF or else is an
amplification thereof (in the case of division of the feedback
from the voltage Vout to the error amplifier), we may write

REF
OFFSET = o = K-REF

[0188] Hence, in the embodiment considered, the fre-
quency of the signal CKVCO generated by the oscillator
1444 corresponds to the switching frequency of the half-
bridge Q1/Q2. Consequently, the control unit 144 includes a
circuit 1446 configured for generating the driving signal
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DRV and the signal START as a function of the signal
CKVCO generated by the oscillator 1444.

[0189] In particular, as illustrated in FIG. 12, in various
embodiments, the circuit 1446 sets, at each clock tick of the
oscillator 1444 (signal CKVCO), the signal DRV at a high
value for a constant duration TON1. Consequently, the
signal DRV substantially corresponds to a PWM signal with
variable duration TSW, where the ON time is equal to the
constant time TON1.

[0190] Inthe embodiment considered, whenever a cycle of
the signal CKVCO is generated, the circuit 1446 also
generates the signal START. In particular, in various
embodiments, the duration of the signal START is equal to
the sum of the time TON1 and of a time TOFF_min that
represents the minimum ON time of the switch Q2. This
time may be useful for limiting the duty cycle of the system
(and hence the minimum switching time TSW_min) below
100% and for enabling refresh of the capacitance CZVS at
each cycle. Furthermore, considering the operation
described with reference to FIG. 9, the next cycle of the
signal CKVCO should not arrive before the signal START
has returned to “0”. There is hence a limitation of maximum
frequency of the system.

[0191] In various embodiments, the signal START may be
delayed with respect to the driving signals DRV by a time
TSTART so as to compensate the delay between the driver
of the rectifier and the delay of the driver of the half-bridge.
[0192] In various embodiments, the control unit 144 may
be configured in such a way that the times TOFF_min and/or
TSTART can be set.

[0193] When the power demand increases, it is possible to
increase the number of cells, as is the case for the number
of phases in classic multiphase buck converters.

[0194] For instance, FIG. 13 shows an embodiment of an
electronic converter 1a, which includes a plurality of cells
18a, 185, . . ., 18N.

[0195] In particular, in the embodiment considered, each
cell 18a, 185, . . ., 18N includes a respective half-bridge
Q1/Q2, a respective resonant circuit 16 (LRES, CZVS,
CRES), a respective inductor L, and a respective switch Q3,
as described with reference to FIG. 5. Consequently, in the
embodiment considered, the outputs of the cells 184, 185, .
.., 18N are connected together to a common terminal 12«
(which hence corresponds to the terminal 12a of FIG. 5). In
general, each cell 18a, 185, . . . , 18N may include a
respective capacitor C or, as illustrated in FIG. 13, a com-
mon capacitor C may be provided connected between the
output terminals 12a and 125, which thus implements the
single capacitors of the various cells 18.

[0196] In the embodiment considered, the control circuit
14a hence again drives switching of the switches Q1, Q2,
and Q3 of each cell 18a, 185, . . ., 18N. For instance, in the
embodiment considered just the control unit 144 is illus-
trated, which generates for each cell 18a, 185, . . . , 18N a
respective signal DRV and START, and a respective driver
circuit 140, as well as a respective driver circuit 142, are
integrated in each cell 18a, 185, . . ., 18N.

[0197] For instance, FIG. 14 shows an example of the
various signals DRV and START for three cells 18a, 185,
and 18c¢, in which each cell is driven via a signal DRV and
a respective signal START, where at each cycle of the signal
CKVCO the signals DRV and START for the next cell are
generated. Consequently, also in this case, the transfer of
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energy at output may be increased by increasing the fre-
quency of the signal CKVCO.

[0198] In general, the control unit 144 can thus implement
also in this case the control structure referred to previously.
[0199] However, the inventor has noted that to set in
parallel N cells it would be expedient to equalize the currents
of'each cell 18a, 185, . . ., 18N in order to prevent problems
of reliability of the system. In fact, on account of the
possible mismatch between the N cells in parallel, there may
arise an unbalancing of the currents between the cells.
[0200] For instance, as illustrated in FIG. 15, if the reso-
nance of the circuit is different between the cells 18a and
185 it is possible to have a respective duration Ta and Tb of
the pulse in the voltage VQ3 (between the instants t3 and t4)
but the peak of the voltage VQ3 is the same. In this case, the
average value Vin_eq of the cells will be different, and hence
by putting them in parallel there will be different currents in
the cells.

[0201] The cell 186 will hence have a lower regulation-
voltage value Vin_eq than the cell 18a and hence will tend
to carry less current.

[0202] In buck controllers with constant time TON, the
current sharing between the phases is typically managed via
variation of time TON of the individual phases according to
the current-sharing error. With the converter 1a according to
the present disclosure, current sharing cannot be managed
via the time TON of the individual driving signals DRV
since, as described previously, the time TON does not
necessarily affect energy transfer. Consequently, another
way of compensating the energy difference is required.
[0203] However, the instant t3 when the switch Q3 is
opened (and hence the amplitude of the current ILRES at the
instant t3) for a cell 18 can be modified with the respective
signal START that goes from the control unit 144 to the
rectifier/driver circuit 142 of the respective cell 18. In
particular, as explained previously, the signal START may
have a time TSTART for compensating the delays involved.
For instance, in various embodiments, the control unit 144
may have programmed a respective default value. By
increasing the time TSTART of a cell, it is possible to
postpone the instant t3 at which the switch Q3 is opened,
thus increasing the amplitude of the pulse in the voltage
vVQ3.

[0204] Consequently, the control unit 144 (which imple-
ments current-sharing management in the embodiment con-
sidered) can measure the difference between the current of
the individual cell and the average current of all the cells.
Then, if the error is positive (current in the cell lower than
the average), the control unit 14 can increase the time
TSTART of the respective cell 18. Instead, if the current
error is negative (current in the cell higher than the average),
the control unit 14 can reduce the time TSTART of the
respective cell 18, for example until a minimum value set by
the system is reached.

[0205] By so doing, the cell 18 that supplies less current
IL to the capacitor C will have the highest energization of the
resonance inductance LRES and will thus have a peak value
higher than the voltage VQ3, whilst the time of the pulse of
the voltage VQ3 will be practically constant and given
always by the resonance of the cell.

[0206] FIG. 16 represents an example of the result of the
correction via the current sharing using the time TSTART.
[0207] In this way, the equalization of the currents IL
supplied by the various cells 18 is implemented not by
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varying the duration TON1 of the various cells (which are
fixed) as occurs in a traditional multiphase buck converter,
but by energizing the resonance inductance LRES more than
required, thus increasing the peak of the pulse of the voltage
vVQ3.
[0208] FIG. 17 shows a possible embodiment of a block
within the control unit 144 responsible for generation of the
signal START of a respective cell 18, in particular of the
time TSTART.
[0209] In particular, in the embodiment considered, an
adder node 1448 calculates the difference between the
average of the currents of the cells IAVG and the current [L.n
of the cell n. The result of this operation IERR is supplied
to a PI (proportional-integrative) regulator, which may have
two generic filter coefficients KP and KI (higher than or
equal to 0) for the P and I components, respectively.
[0210] The output of the regulator 1450 hence represents
the control variable A of current sharing. In particular, in the
embodiment considered, this value A is added in a block
1452 to the default value TSTART in order to calculate the
variable delay TSTARTn that should be applied to the
respective signal STARTn of the cell n. The signal STARTn
will thus be more delayed than the default signal START
(with TSTART) if the average of the currents of the cells
IAVG is higher than the current ILn of the cell n.
[0211] FIG. 18 shows a possible embodiment of the con-
trol unit 144 configured for driving a plurality of cells 18.
[0212] In particular, as described previously, the control
unit 144 includes the blocks 1440, 1442, 1444 for generation
of the signal CKVCO.
[0213] Furthermore, the control unit 144 includes the
block 1446 that generates the signals DRV and START for
the cells 18a, 185, . . ., 18N as a function of the time TON1
and of a respective delay TSTARTa, . . . , TSTARTN.
[0214] Finally, the control unit 144 includes a block 1454
that includes, for each cell, the regulation scheme illustrated
in FIG. 17; i.e., the block 1454 is configured for generating
for each cell a respective delay TSTARTa, . . ., TSTARTN
as a function of a minimum value TSTART, of the average
of the currents of the cells IAVG, and of the current ILn of
the respective cell 18qa, 185, . . . , 18N. Consequently, the
delays TSTARTa, . . ., TSTARTN can be supplied to the
block 1446, which applies the delays TSTARTa, . . . ,
TSTARTN to the various signals STARTa, . . ., STARTN.
[0215] Of course, without prejudice to the principle of the
invention, the details of construction and the embodiments
may vary widely with respect to what has been described
and illustrated herein purely by way of example, without
thereby departing from the scope of the present invention.
What is claimed is:
1. An electronic converter, comprising:
a first input terminal and a second input terminal for
receiving an input voltage;
a first output terminal and a second output terminal for
supplying an output voltage or an output current; and
a switching cell configured for supplying a current, the
switching cell comprising:

a half-bridge circuit comprising a first electronic switch
and a second electronic switch connected in series
between the first input terminal and the second input
terminal, wherein a first capacitor is connected in
parallel to the first electronic switch and a second
capacitor is connected in parallel to the second
electronic switch;
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a first inductor comprising a first terminal connected at
an intermediate point between the first electronic
switch and the second electronic switch, and a sec-
ond terminal connected to the first output terminal;

a control circuit configured for driving the first elec-
tronic switch and the second electronic switch as a
function of the output voltage and/or the output
current;

a second inductor and a first capacitor connected in
series between the first terminal of the first inductor
and the intermediate point between the first elec-
tronic switch and the second electronic switch;

a switching circuit connected between the first terminal
of the first inductor and the second output terminal;
and

athird capacitance connected between the first terminal
of the first inductor and the second input terminal or
the second output terminal.

2. The electronic converter according to claim 1, wherein
the control circuit comprises a driver circuit configured for
driving the switching circuit, wherein driving the switching
circuit comprises:

when the driver circuit is deactivated, closing the switch-

ing circuit; and

when the driver circuit is activated, opening the switching

circuit when a voltage at the first terminal of the first
inductor is greater than a voltage at the second output
terminal, closing the switching circuit when a voltage
across the switching circuit reaches zero, and keeping
the switching circuit closed until a new activation of the
driver circuit is detected.

3. The electronic converter according to claim 1, wherein
the switching circuit comprises a third electronic switch
connected between the first terminal of the first inductor and
the second output terminal.

4. The electronic converter according to claim 3, wherein
a first diode, a second diode, and a third diode are connected,
respectively, in parallel to the first electronic switch, the
second electronic switch, and the third electronic switch.

5. The electronic converter according to claim 4, wherein
the first electronic switch, the second electronic switch, and
the third electronic switch are field-effect transistors,
wherein the first capacitor and the second capacitor com-
prise, respectively, an output capacitance of the first elec-
tronic switch and an output capacitance of the second
electronic switch, and wherein the first diode, the second
diode, and the third diode correspond, respectively, to a body
diode of the first electronic switch, a body diode of the
second electronic switch, and a body diode of the third
electronic switch.

6. The electronic converter according to claim 2, wherein
the control circuit is configured to drive the first electronic
switch and the second electronic switch, wherein driving the
first electronic switch and the second electronic switch
comprises repeated periodically with a switching period:

closing the first electronic switch and opening the second

electronic switch during a first interval;

opening the first electronic switch and opening the second

electronic switch during a second interval subsequent

to the first interval;

opening the first electronic switch and closing the second

electronic switch during a third interval subsequent to

the second interval; and



US 2019/0052165 Al

opening the first electronic switch and opening the second
electronic switch during a fourth interval subsequent to
the third interval.
7. The electronic converter according to claim 6, wherein
a duration of the first interval is constant and longer than a
resonance period of a resonant circuit formed by the first
inductor, the second inductor, and the third capacitance, and
wherein the control circuit is configured for varying a
duration of the switching period as a function of the output
voltage and/or the output current.
8. The electronic converter according to claim 6, wherein
a duration of the fourth interval is constant and corresponds
to a quarter of a resonance period of a resonant circuit
formed by the second inductor, the first capacitor, and the
second capacitor, and wherein a duration of the second
interval is constant.
9. The electronic converter according to claim 6, wherein
the control circuit is configured to activate the driver circuit
with a first delay with respect to a start of the first interval,
and/or deactivate the driver circuit with a second delay with
respect to an end of the first interval.
10. The electronic converter according to claim 9, further
comprising a plurality of switching cells, wherein the con-
trol circuit is configured to vary a duration of the first delay
of at least one switching cells as a function of a current
supplied by the first inductor of the at least one switching
cell with respect to an average current supplied by the first
inductors of the plurality of switching cells.
11. A method for controlling an electronic converter, the
method comprising:
a) closing a first electronic switch of a half-bridge circuit
of an electronic converter during a first interval, the
half-bridge circuit comprising the first electronic
switch and a second electronic switch connected in
series between a first input terminal of the electronic
converter and a second input terminal of the electronic
converter, wherein a first capacitor is connected in
parallel to the first electronic switch and a second
capacitor is connected in parallel to the second elec-
tronic switch, and wherein the electronic converter
further comprises a switching circuit connected
between a first terminal of a first inductor and an output
terminal of the electronic converter;
b) opening the first electronic switch after the first inter-
val;
¢) closing the second electronic switch after a second
interval subsequent to the first interval;
d) opening the second electronic switch after a third
interval subsequent to the second interval; and
e) returning to step a) after a fourth interval subsequent to
the third interval, wherein between steps a) and b), the
method further comprises:
opening the switching circuit when a voltage at the first
terminal of the first inductor is greater than a voltage
at the second output terminal; and

once the switching circuit has been opened, closing the
switching circuit when a voltage across the switching
circuit reaches zero.

12. The method according to claim 11, further comprising
keeping the switching circuit closed until a new activation of
a driver circuit is detected.

13. The method according to claim 11, further compris-
ing:
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opening the second electronic switch during the first

interval,

opening the first electronic switch and opening the second

electronic switch during the second interval;

opening the first electronic switch and closing the second

electronic switch during the third interval; and

opening the first electronic switch and opening the second
electronic switch during the fourth interval.

14. The method according to claim 11, wherein a duration
of the first interval is constant and longer than a resonance
period of a resonant circuit comprising a first inductor
comprising a first terminal connected at an intermediate
point between the first electronic switch and the second
electronic switch, and a second terminal connected to an
output terminal of the electronic converter.

15. The method according to claim 14, wherein a duration
of'the fourth interval is constant and corresponds to a quarter
of'a resonance period of a resonant circuit formed by the first
capacitor, the second capacitor, and a second inductor con-
nected in series between the first terminal of the first
inductor and the intermediate point between the first elec-
tronic switch and the second electronic switch.

16. The method according to claim 15, wherein a duration
of the second interval is constant.

17. A device comprising:

a processor; and

a non-transitory computer-readable storage medium stor-

ing a program to be executed by the processor, the

program including instructions for:
a) closing a first electronic switch of a half-bridge
circuit of an electronic converter during a first inter-
val, the half-bridge circuit comprising the first elec-
tronic switch and a second electronic switch con-
nected in series between a first input terminal of the
electronic converter and a second input terminal of
the electronic converter, wherein a first capacitor is
connected in parallel to the first electronic switch and
a second capacitor is connected in parallel to the
second electronic switch, and wherein the electronic
converter further comprises a switching circuit con-
nected between a first terminal of a first inductor and
an output terminal of the electronic converter;
b) opening the first electronic switch after the first
interval;
¢) closing the second electronic switch after a second
interval subsequent to the first interval;
d) opening the second electronic switch after a third
interval subsequent to the second interval; and
e) returning to step a) after a fourth interval subsequent
to the third interval, wherein between steps a) and b),
the program includes instructions for:
opening the switching circuit when a voltage at the
first terminal of the first inductor is greater than a
voltage at the second output terminal; and

once the switching circuit has been opened, closing
the switching circuit when a voltage across the
switching circuit reaches zero.

18. The device according to claim 17, wherein the pro-
gram further includes instructions for keeping the switching
circuit closed until a new activation of a driver circuit is
detected.

19. The device according to claim 17, wherein the pro-
gram further includes instructions for:
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opening the second electronic switch during the first

interval,

opening the first electronic switch and opening the second

electronic switch during the second interval;

opening the first electronic switch and closing the second

electronic switch during the third interval; and
opening the first electronic switch and opening the second
electronic switch during the fourth interval.

20. The device according to claim 17, wherein a duration
of the first interval is constant and longer than a resonance
period of a resonant circuit comprising a first inductor
comprising a first terminal connected at an intermediate
point between the first electronic switch and the second
electronic switch, and a second terminal connected to an
output terminal of the electronic converter.
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