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1
INTERLEAVED RESONANT CONVERTER

FIELD

This invention relates to the field of power converters.
More particularly, this invention relates to resonant power
converters and interleaved resonant power converters, and
methods and circuits for their control.

BACKGROUND

With increasing power consumption of electronic devices
there is a requirement for greater efficiency over the entire
load range of power converters. While higher capacity
power converters are desired, improving the light load
efficiency is important because the light-load condition may
constitute a substantial portion of the of the total converter
usage time. However, the pursuit of higher power capacity
is usually the priority in power supply design and conse-
quently light load efficiency is sacrificed for higher power
performance.

The LLC resonant converter provides the highest effi-
ciency for front-end DC/DC conversion, and it is becoming
the predominant topology in many applications. To increase
the power capacity of an LLC resonant converter, or to
mitigate the current stress of the output capacitor, interleav-
ing is used to parallel two or more LLC power stages [1-5].
It is expected that each LL.C power stage is optimized for
lower power, and a high overall output power is achieved by
the total output of several LLC power stages.

Load sharing is the key problem for interleaved LLC
topologies. This is because the LLC converter is frequency-
controlled, and when interleaved, all the LLC stages must
operate at the same switching frequency for current ripple
cancellation. However, at the same switching frequency,
individual LLC stages may have different output powers due
to component tolerances of the resonant tank circuits of each
stage. This results in current imbalance between stages, such
that the interleaved LLC converter does not operate prop-
erly.

Previous work on multiphase LL.Cs provided several
load-sharing solutions but all have limitations. For example,
the load sharing method in [1] solves the load sharing
problem by tracking the switching frequency point at which
current balance is achieved between the two non-identical
LLC stages. However, since the switching frequency
becomes the control variable of the load sharing loop, the
freedom for voltage regulation is lost. Therefore, an addi-
tional Buck stage is needed to control the output voltage,
which degrades the efficiency. Also, this method is unsuit-
able for more than two paralleled LLC stages, because three
or more non-identical LL.C stages are unlikely to reach the
same output gain at the same switching frequency.

The series-input structure in [2] automatically achieves
load sharing because the phase with higher output current
causes the input voltage to drop, and in turn reduces the
output current to the balanced point. However in this struc-
ture, the input voltage is divided by the two phases, so for
half the input voltage, the primary current will double, split
by two phases; and in each phase, the primary current
remains approximately the same as the single-phase LLC.
Therefore, the load capacity is still limited by the resonant
tank design trade-offs. Further, phase shedding in this con-
figuration is difficult because when one phase shuts down,
the input voltage of the other phase will double, exceeding
the design limit.
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The topology in [3] automatically achieves load sharing
because the resonant tanks of all phases are tied together,
and the current circulates among all the phases. However,
phase shedding is difficult because if any phase is shut down,
it is still connected in the network, obstructing the operation
of other phases.

SUMMARY

Provided herein are full-wave and half-wave switch-
controlled capacitor resonant converters. As described
herein, one or more than one switch-controlled capacitor
(SCC) is used to control the resonant frequency of the
converter, as an alternative or a supplement to the switching
frequency modulation method.

Also provided herein are interleaved resonant converters,
having two or more converter phases, wherein the resonant
converter phases include full-wave or half-wave switch-
controlled capacitors. In embodiments described herein,
switch-controlled capacitors are used to overcome load
sharing problems associated with prior interleaved resonant
converters. The methods and circuits provided herein enable
interleaving of any number of resonant converter phases to
expand power capacity of the power converter, and enable
phase shedding to improve light load efficiency of the power
converter.

Provided herein are constant switching frequency
embodiments with full-wave SCC control (fSCC), which
may be favourable in applications such as high-level system
integration. Also provided are synchronized variable switch-
ing frequency embodiments with half-wave SCC control
(hSCC). Such embodiments reduce the component count
and simplify the driving circuit, relative to embodiments
with full-wave SCC control.

Synchronized variable switching frequency fSCC and
hSCC interleaved embodiments with a simplified master
phase further reduce the component count. For example, in
some embodiments, the switch-controlled capacitor may be
omitted in a simplified master resonant converter phase.

Provided herein is a resonant converter, comprising: an
input for receiving an input DC voltage; at least one switch-
controlled capacitor; a resonant tank circuit including at
least one inductor and at least one capacitor; and an output
for outputting an output DC voltage; wherein the at least one
switch-controlled capacitor controls a resonant frequency of
the resonant tank circuit.

In one embodiment, the resonant converter is a LLC
resonant converter. In another embodiment, the switching
frequency is constant. In another embodiment, the at least
one switch-controlled capacitor is controlled by a feedback
loop of a controller of the resonant converter.

In another embodiment, the switching frequency is vari-
able. In another embodiment, the switching frequency is
controlled by a feedback loop of a controller of the resonant
converter; and the at least one switch-controlled capacitor is
controlled by a controller of the resonant converter.

In embodiments provided herein, the at least one switch-
controlled capacitor may be a full-wave switch-controlled
capacitor or a half-wave switch-controlled capacitor.

Also provided herein is an interleaved resonant converter,
comprising: two or more resonant converter phases, wherein
each phase comprises: an input for receiving an input DC
voltage; at least one switch-controlled capacitor; a resonant
tank circuit including at least one inductor and at least one
capacitor; and an output for outputting an output DC volt-
age; wherein the at least one switch-controlled capacitor
controls a resonant frequency of the tank circuit; wherein the
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two or more phases are connected together such that inputs
of the resonant converters are connected in parallel and
outputs of the resonant converters are connected in parallel.

In one embodiment, the two or more resonant converter
phases are LLC resonant converters. In another embodi-
ment, the two or more resonant converter phases operate at
substantially identical and substantially constant switching
frequency; and resonant frequencies of the two or more
resonant converter phases are controlled by switch-con-
trolled capacitors.

In another embodiment, switching frequencies of the two
or more resonant converter phases are substantially the
same; wherein the switching frequencies are controlled; and
resonant frequencies of the two or more resonant converter
phases are controlled by switch-controlled capacitors. In one
embodiment, the switching frequencies are controlled by a
voltage feedback loop of a controller of the interleaved
resonant converter. In another embodiment, the switch-
controlled capacitors are controlled by a load-sharing feed-
back loop of a controller of the interleaved resonant con-
verter.

In another embodiment, an interleaved resonant converter
includes a master resonant converter phase, wherein the
master resonant converter phase lacks a switch-controlled
capacitor.

Also provided herein is a method of operating a resonant
converter, comprising: controlling a resonant frequency of a
resonant tank circuit of the resonant converter using at least
one switch-controlled capacitor; and controlling a switching
frequency of the resonant converter.

In one embodiment, the method comprises operating a
LLC resonant converter.

In another embodiment, the method comprises operating
the resonant converter at a substantially constant switching
frequency. The method may comprise controlling the
switch-controlled capacitor using a feedback loop of a
controller of the resonant converter.

In another embodiment, the method comprises operating
the resonant converter at a variable switching frequency. The
method may comprise controlling the switching frequency
using a feedback loop of a controller of the resonant con-
verter. The method may comprise controlling the switch-
controlled capacitor using a controller of the resonant con-
verter.

In various embodiments, the method comprises using a
full-wave switch-controlled capacitor or a half-wave switch-
controlled capacitor.

Also provided is a method of operating an interleaved
resonant converter including two or more resonant converter
phases, wherein the two or more phases are connected
together such that inputs of the resonant converters are
connected in parallel and outputs of the resonant converters
are connected in parallel, comprising: controlling each reso-
nant converter phase according to a method as described
herein.

In another embodiment the method comprises operating
the two or more resonant converter phases at a substantially
identical and substantially constant switching frequency;
and controlling resonant frequencies of the two or more
resonant converter phases using switch-controlled capaci-
tors. In one embodiment, controlling resonant frequencies of
the two or more resonant converter phases provides output
voltage regulation. In another embodiment, controlling reso-
nant frequencies of the two or more resonant converter
phases provides load sharing.

In another embodiment the method comprises controlling
switching frequencies of the two or more resonant converter
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4

phases to be substantially the same; and controlling resonant
frequencies of the two or more resonant converter phases
using switch-controlled capacitors. The method may include
controlling switching frequencies using a voltage feedback
loop of a controller of the interleaved resonant converter.
The method may include controlling switch-controlled
capacitors using a load-sharing feedback loop of a controller
of the interleaved resonant converter.

In various embodiments the method includes operating a
master resonant converter phase without a switch-controlled
capacitor.

In another embodiment the method includes using switch-
controlled capacitors of the resonant converter phases to
control the resonant frequencies according to the current of
the master resonant converter phase.

BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments of the invention are described below, by
way of example, with reference to the accompanying draw-
ings, wherein:

FIG. 1(a) is a schematic diagram of a full-wave switch-
controlled capacitor (fSCC) according to one embodiment;

FIG. 1(b) is a schematic diagram of a half-wave switch-
controlled capacitor (hSCC) according to one embodiment;

FIG. 2(a) is a plot of the waveforms of the embodiment
of FIG. 1(a);

FIG. 2(b) is a plot of the waveforms of the hSCC
embodiment of FIG. 1(5);

FIG. 3(a) is a schematic diagram of an fSCC-LLC reso-
nant converter according to one embodiment;

FIG. 3(b) is a schematic diagram of an hSCC-LLC
resonant converter according to one embodiment;

FIG. 4 is a plot showing gain as a function of normalized
resonant frequency for various values of inductance ratio K
of a LLC resonant tank circuit, in constant switching fre-
quency scheme;

FIG. 5 is a plot showing gain as a function of normalized
resonant frequency for various values of inductance L, of a
LLC resonant tank circuit, in constant switching frequency
scheme;

FIG. 6 is a plot of equivalent resonant capacitance as a
function of the fSCC control angle;

FIG. 7 is a gain plot of constant switching frequency
fSCC-LLC as a function of the fSCC control angle;

FIG. 8(a) is a schematic of a two-phase interleaved
fSCC-LLC resonant converter according to an embodiment
as tested in Example 1;

FIG. 8(b) is a schematic of a two-phase interleaved
hSCC-LLC resonant converter according to one embodi-
ment;

FIG. 8(c) is a schematic of a variable switching frequency
fSCC-LLC with simplified master phase according to one
embodiment;

FIG. 8(d) is a schematic of a variable switching frequency
hSCC-LLC with simplified master phase according to one
embodiment;

FIG. 9 is a plot showing performance of the {SCC-LLC
embodiment of FIG. 8(a) at an output current of 20 A and a
control angle of 131°;

FIG. 10 is a plot showing performance of the {fSCC-LLC
embodiment of FIG. 8(a) at an output current of 10 A and a
control angle of 136°;

FIG. 11 shows waveforms of a 600 W single-phase LL.C
converter, with identical output capacitance used in the
embodiment of FIG. 8(a), wherein the output voltage ripple
is 500 mV at full load current of 50 A;
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FIG. 12 shows the effectiveness of current ripple cancel-
lation and load sharing for the two phase embodiment of
FIG. 8(a) at full load current of 50 A, wherein the output
voltage ripple is 180 mV;

FIG. 13 shows the effectiveness of current ripple cancel-
lation and load sharing for the two phase embodiment of
FIG. 8(b) at full load current of 50 A, wherein the output
voltage ripple is 210 mV;

FIG. 14 is an efficiency curve for the two-phase embodi-
ment of FIG. 8(a) without phase shedding; and

FIG. 15(a) is an N-phase interleaved SCC-series resonant
converter with a series capacitor in the resonant tank,
according to one embodiment;

FIG. 15(b) is an N-phase interleaved SCC-series resonant
converter with no series capacitor in the resonant tank,
according to one embodiment;

FIG. 15(c) is an N-phase interleaved SCC-LCC resonant
converter with a series capacitor in the resonant tank,
according to one embodiment;

FIG. 15(d) is an N-phase interleaved SCC-LCC resonant
converter with no series capacitor in the resonant tank,
according to one embodiment;

FIG. 15(e) is an N-phase interleaved SCC-parallel reso-
nant converter with a series capacitor in the parallel branch,
according to one embodiment; and

FIG. 15(f) is an N-phase interleaved SCC-parallel reso-
nant converter with no series capacitor in the parallel branch,
according to one embodiment.

DETAILED DESCRIPTION OF EMBODIMENTS

Provided herein are full-wave and half-wave switch-
controlled capacitor (SCC) resonant converters. In embodi-
ments described herein, one or more full-wave or half-wave
switch-controlled capacitor is used to control the resonant
frequency of the converter, as an alternative or a supplement
to the switching frequency modulation method.

Also provided herein are interleaved SCC resonant con-
verters having two or more resonant converter phases. The
interleaved resonant converter phases may employ full-
wave or half-wave switch-controlled capacitors. As
described herein, switch-controlled capacitors are used to
overcome load sharing problems associated with prior inter-
leaved resonant converters. The methods and circuits pro-
vided herein enable interleaving of any number of resonant
converter phases to expand power capacity of the power
converter, and enable phase shedding to improve light load
efficiency of the power converter. Embodiments include
substantially constant switching frequency embodiments
with, for example, full-wave SCC control (fSCC), which
may be favourable in applications such as high-level system
integration, and synchronized variable switching frequency
embodiments with, for example, half-wave SCC control
(hSCC). Such embodiments reduce component count and
simplify the driving circuit, relative to embodiments with
full-wave SCC control. Synchronized variable switching
frequency fSCC and hSCC embodiments with a simplified
master phase further reduce the component count.

Methods and circuits using full-wave and half-wave
switch-controlled capacitors described herein may be
applied to various resonant power converter topologies, such
as, but not limited to, series resonant converters, parallel
resonant converters, LL.C resonant converters, and LCC
resonant converters. As noted above, the LLC resonant
converter provides high efficiency for front-end DC/DC
conversion, and is becoming the predominant topology in
many applications. Therefore, LLLC embodiments will be
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described herein. However, it is to be understood that the
methods and circuits may be adapted to other resonant
converter topologies.

To improve the efficiency and the load capacity of reso-
nant converters, interleaving of multiple phases (i.e., two or
more phases) may be used. Interleaving provides desirable
features including the following:

1. The load capacity of a resonant converter is limited by
trade-offs of the resonant tank design. Higher load capacity
can be achieved at the expense of increased circulating
energy and/or increased component stress. Interleaving
solves this problem by adding parallel phases to multiply the
load capacity, while each phase remains an optimized
design.

2. In high-current applications, the transformer becomes a
major source of power loss because of the eddy current and
the associated effects (AC loss) and the copper resistance of
the transformer windings (DC loss). By splitting the current
with multiple phases, both AC and DC losses can be
mitigated.

3. In some resonant topologies, such as LL.C and series
resonant converters, the discontinuous nature of the output
current imposes high RMS current on the output capacitors.
Interleaving parallel phases cancels the current ripple and
therefore reduces the required capacitor size and lowers the
power loss on the equivalent series resistance (ESR).

4. Phase shedding may be used to improve light-load
efficiency and obtain a relatively flat load-efficiency curve.

Interleaved resonant converters provided herein over-
come the aforementioned load sharing problem while main-
taining the benefits of interleaving. As described herein, the
power capacity may be expanded by paralleling multiple
phases, and light-load efficiency may be improved by phase
shedding, i.e., by shutting down one or more power stages
during light load conditions. As such, interleaved resonant
converter embodiments as described herein represent a
substantial improvement over currently known designs.

An interleaved LLC resonant converter as described
herein includes at least one switch-controlled capacitor
(SCC) in each phase, which is used to regulate each LL.C
phase. In one embodiment, full-wave SCCs (fSCCs) com-
pensate for gain differences among phases caused by com-
ponent tolerances, and also regulate the output voltage. Each
LLC phase uses its resonant frequency as a control variable,
instead of the switching frequency. As a result, regulation is
done in individual phases when the switching frequencies of
all phases are substantially constant and substantially iden-
tical. This advantageously provides a simple interleaving
structure, and enables implementation of load sharing and
phase shedding. The overall load capacity may be expanded
by paralleling an arbitrary number of phases. The fixed
switching frequency is favourable for higher level integra-
tion.

In some embodiments one or more half-wave SCC
(hSCC) or fSCC may be used in each LLC phase as an
independent variable for load sharing control. As noted
above, all LLC stages are synchronized at the same switch-
ing frequency, whereas the switching frequency is used as a
variable to regulate the output voltage. The hSCC or fSCC
compensates for gain differences among phases caused by
component tolerances.

In some embodiments the fSCC or hSCC may be omitted
in a master phase by setting the output current of other
phases according to the master phase.

As noted above, methods and circuits described herein,
including fSCC and hSCC with either substantially constant
or variable switching frequency, and with or without a






