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output voltage of the multi-phase LLC power converter. A
primary-side controller measures primary-side currents, cal-
culates an 1nitial switch-controlled capacitor (SCC) conduc-
tion phase angle for each of the LLC phases, and operates an
SCC switch 1n accordance with an SCC conduction phase
angle to adjust the capacitance of the resonant capacitor of
an LLC phase to cause each of the LLC phases to have equal
resonant frequencies.
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Q00

SWITCHING AN INPUT POWER AT A SWITCHING FREQUENCY BY
502 A SWITCHING STAGE 130 OF EACH OF A PLURALITY OF LLC

PHASNES 1062, 184, 106 TO APPLY A SWITCHED POWER TO A
RESONANT TANK 132 HAVING A RESONANT INDUCTOR Ly, A
RESONANT CAPACITOR Cr, AND A PARALLEL INDUCTANCE Lp.

VARYING THE SWITCHING FREQUENCY £, TO CONTROL AN
204 OUTPUT VOLTAGE OF THE MULTI-PHASE LLC POWER
CONVERTER 100,

DETERMINING RESONANT FREQUENCIES OF EACH OF THE LLC
506 PHASES 102, 104, 106,

_ CALCULATING A SWITCH-CONTROLLED CAPACITOR (8CC)
2081 CONDUCTION PHASE ANGLE «, @, a; FOR EACH OF THE LLC
PHASES 102, 104, 106 TO CAUSE EACH OF THE LLC PHASES 162,
104, 106 TO HAVE EQUAL RESONANT FREQUENCIES,

A ADJUSTING A CAPACITANCE OF THE RESONANT CAPACITOR Cr
210 OF AT LEAST ONE OF THE LLC PHASES 162, 104, 106 BY
OPERATING ONE OR MORE SCC SWITCHES SCt 1, SC2 1, 8C1 2,
SC2 2,SC1 3, 8C2 3IN ACCORDANCE WITH AN ASSOCIATED
ONE OF THE SCC CONDUCTION PHASE ANGLES «; a, a,.

DRIVING ONE OR MORE OF THE SCC SWITCHES 8C1 1,
£ 10A SC2 1,8Ct 2,8C2 2,8C1 3,8C2 3TO A CONDUCTIVE
STATE FOR A PERIOD OF TIME SYMMETRICAL ABOUT A
ZERQ-CROSSING OF A PRIMARY-SIDE CURRENT I, IN THE
CORRESPONDING ONE OF THE LLC PHASES 162, 104, 106,

CONTINUED ON FIG. 158
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FROM FIG. 13A

MEASURING A PRIMARY-SIDE CURRENT I, IN THE RESONANT

TANK 132 OF EACH OF THE LLC PHASES 182, 104, 106

ADJUSTING THE SCC CONDUCTION PHASE ANGLE ¢, «, o, FOR
514 | ONE OF THE LLC PHASES 102, 104, 106 HAVING A PRIMARY-SIDE
CURRENT §, THAT IS DIFFERENT FROM A PRIMARY-SIDE
CURRENT I, . OF ANOTHER ONE OF THE LLC PHASES 102, 104,
106,

ADJUSTING THE SCC CONDUCTION PHASE ANGLE FOR

914A 1 THE ONE OF THE LLC PHASES 182, 104, 106 IN RESPONSE
TO THE PRIMARY-SIDE CURRENT I, . OF THE ONE OF THE

LLC PHASES 1682, 104, 106 BEING DIFFERENT FROM THE

PRIMARY-SIDE CURRENT I, . OF ANOTHER ONE OF THE
LLC PHASES 102, 104, 106 FOR A TIME EXCEEDING A FIRST
TIMING THRESHOLD N1

ADJUSTING THE SCC CONDUCTION PHASE ANGLE o, a, o,
514B| OF THE ONE OF THE ONE OF THE LLC PHASES 1062, 104, 106
IN A FIRST DIRECTION AND ADJUSTING THE SCC

CONDUCTION PHASE ANGLE «, @, a, OF THE OTHER ONE

OF THE LLC PHASES 102, 184, 186 IN A SECOND DIRECTION

OPPOSITE OF THE FIRST DIRECTION IN RESPONSE TO THE
PRIMARY-SIDE CURRENT I, . OF THE ONE OF THE LLC

PHASES 102, 104, 106 BEING DIFFERENT FROM THE

PRIMARY-SIDE CURRENT 182, 164, 106 OF THE DIFFERENT

ONE OF THE LLC PHASES FOR A TIME EXCEEDING A
SECOND TIMING THRESHOLD N2

ENABLING A NUMBER OF LLC PHASES 102, 104, 186 OF THE LLC
216 | POWER CONVERTER 100 LESS THAN ALL OF THE LLC PHASES

102, 104, 106
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METHOD AND SYSTEM FOR BALANCING
MULITI-PHASE LLC POWER CONVERTER
WITH SWITCH-CONTROLLED
CAPACITORS

CROSS REFERENCE TO RELATED
APPLICATIONS

This U.S. National Stage Patent Application claims the
benefit of PCT International Patent Application Serial No.
PCT/US2020/014937 filed Jan. 24, 2020 entitled
“METHOD AND SYSTEM FOR BALANCING MULTI-
PHASE LLC POWER CONVERTER WITH SWITCH-
CONTROLLED CAPACITORS” which claims the benefit
of U.S. Provisional Patent Application No. 62/796,547, filed
Jan. 24, 2019, and U.S. Provisional Patent Application No.
62/796,555, filed Jan. 24, 2019, the contents of which are

incorporated herein by reference 1n their entirety.

FIELD

The present disclosure relates generally to multi-phase
inductor-inductor-capacitor (LLC) type power converters,
and more specifically to LLC power converters for use as a

low-voltage DC-DC converter (LDC) 1n an electric vehicle
(EV).

BACKGROUND

With advancements of power conversion technology and
power electronics devices, high efliciency and high power
density become a major challenge for front-end DC/DC
converters. LLC resonant converter has been widely
accepted 1n recent years by providing both high efliciency
and high power density for numerous applications, such as,
servers, flat panel TVs, and LED lighting. However, LLC
converters can experience problems producing high output
currents. One source of difliculty 1s high conduction loss
caused by high root mean square (RMS) current on the
secondary side. Furthermore, fringe and approximate eflects
of transformers may become severe in high current appli-
cations.

To operate an LLC converter 1n high-power high-current
applications, 1interleaving techniques can be used. With
interleaving, total output current can be split between two or
more diflerent interleaved LLC phases, each operating at the
same switching frequency and out of phase with one another
to reduce current ripple. Thus, the I°’R loss will be reduced
to I°R/N, where N is the number of the interleaved phases.
However, when interleaved, LLLC converter will work at the
same switching frequency. Due to component tolerances,
voltage gains of different LLC phases are different at the
same switching frequency, which can cause current unbal-
ance 1n an interleaved multi-phase LLC converter.

SUMMARY

The present disclosure provides a multi-phase LLC power
converter comprising a plurality of LLC phases, with each
of the LLC phases including a resonant tank and a switching
stage. The resonant tank includes a resonant inductor, a
resonant capacitor, and a parallel inductance. The switching,
stage 1s configured to switch an input power at an operating
frequency to apply a switched power to the resonant tank,
the switched power approximating an alternating current
(AC) wavelorm having a switching frequency. A secondary-
side controller 1s configured to vary the switching frequency
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2

to control an output voltage of the multi-phase LLC power
converter. A primary-side controller 1s configured to calcu-
late an 1nitial switch-controlled capacitor (SCC) conduction
phase angle for each of the LLC phases to cause each of the
LLC phases to have equal resonant frequencies; and to
operate an SCC switch in accordance with an associated one
of the SCC conduction phase angles to adjust the capaci-
tance of the resonant capacitor of at least one of the plurality
of LLC phases.

The present disclosure also provides a method of operat-
ing a multi-phase LLC power converter comprising: switch-
ing an input power at a switching frequency by a switching
stage of each of a plurality of LLC phases to apply a
switched power to a resonant tank having a resonant induc-
tor, a resonant capacitor, and a parallel inductance, the
switched power approximating an alternating current (AC)
wavelorm having a switching frequency; varying the switch-
ing frequency to control an output voltage of the multi-phase
LLC power converter; calculating a switch-controlled
capacitor (SCC) conduction phase angle for each of the LLC
phases to cause each of the LLC phases to have equal
resonant frequencies; and adjusting a capacitance of the
resonant capacitor of at least one of the plurality of LLC

phases by operating an SCC switch 1n accordance with an
associated one of the SCC conduction phase angles.

BRIEF DESCRIPTION OF THE DRAWINGS

Further details, features and advantages of designs of the
invention result from the following description of embodi-
ment examples 1n reference to the associated drawings.

FIG. 1 1s a schematic block diagram of a power distribu-
tion system of a motor vehicle;

FIG. 2 1s a schematic diagram of a multi-phase LLC
power converter in accordance with some embodiments of
the present disclosure;

FIG. 3 1s a schematic diagram of a single-phase LLC
power converter in accordance with some embodiments of
the present disclosure;

FIG. 4 1s an enlarged portion of FIG. 3;

FIG. 5 1s a graph showing plots of voltages and currents
in an LLC power converter over a common time scale 1n
accordance with some embodiments of the present disclo-
SUre;

FIG. 6 15 a schematic and block diagram of a multi-phase
LLC power converter in accordance with some embodi-
ments of the present disclosure;

FIG. 7 1s a graph showing plots of voltage gain vs.
switching frequency of an LLC power converter in accor-
dance with some embodiments of the present disclosure;

FIG. 8 1s a graph showing plots of output current vs.
switching frequency of an LLC power converter in accor-
dance with some embodiments of the present disclosure;

FIG. 9 1s a graph showing plots of output current vs. SCC
conduction phase angle of an LLC power converter in
accordance with some embodiments of the present disclo-
SUre;

FIG. 10 1s a graph showing plots of efliciency vs. output
current of a multi1 phase LLC power converter 1n accordance
with some embodiments of the present disclosure;

FIG. 11A 1s a graph showing plots of various parameters
of a single-phase LLC power converter 1n accordance with
some embodiments of the present disclosure;

FIG. 11B 1s a graph showing plots of various parameters
of a two-phase LLC power converter in accordance with
some embodiments of the present disclosure;
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FIG. 12A 1s a graph showing plots of primary-side cur-
rents 1n a three-phase LLC power converter operating in a

non-interleaving mode 1n accordance with the present dis-
closure;

FIG. 12B 1s a graph showing plots of primary-side cur-
rents 1n a three-phase LLC power converter operating 1n an
interleaving mode 1n accordance with the present disclosure;

FIGS. 13A-13B show a tlow chart of steps 1n a method of
operating a multi1 phase LLC power converter 1n accordance
with some embodiments of the present disclosure; and

FIG. 14 shows a flow chart of steps 1n a method of
computing adjusted SCC conduction phase angles 1n accor-
dance with some embodiments of the present disclosure.

DETAILED DESCRIPTION

Referring to the drawings, the present invention will be
described 1n detail 1n view of following embodiments.

FIG. 1 shows a schematic block diagram of a power
distribution system 10 of a motor vehicle 12 having a
plurality of wheels 14. The power distribution system 10
includes a high-voltage (HV) bus 20 connected to a HV
battery 22 for supplying power to a motor 24, which 1s
configured to drive one or more of the wheels 14. The HV
bus 20 may have a nominal voltage that 1s 250 VDC-430
VDC, although other voltages may be used. The motor 24 1s
supplied with power via a traction converter 26, such as a
variable-frequency alternating current (AC) drnive, and a
high-voltage DC-DC converter 28. The high-voltage DC-
DC converter 28 supplies the traction converter 26 with
filtered and/or regulated DC power having a voltage that
may be greater than, less than, or equal to the DC voltage of
the HV bus 20. A low-voltage DC-DC converter (LDC) 30
1s connected to the HV bus 20 and 1s configured to supply
low-voltage (LV) power to one or more LV loads 32 viaa LV
bus 34. The LDC 30 may be rated for 1-3 kW, although the
power rating may be higher or lower. The LV loads 32 may
include, for example, lighting devices, audio devices, etc.
The LDC 30 may be configured to supply the low-voltage
loads 32 with DC power having a voltage of, for example,
9-16 VDC, although other voltages may be used. An aux-
iliary LV battery 36 1s connected to the LV bus 34. The
auxiliary LV battery 36 may be a lead-acid battery, such as
those used i1n conventional vehicle power systems. The
auxiliary LV battery 36 may supply the LV loads 32 with
power when the LDC 30 1s unavailable. Alternatively or
additionally, the auxiliary LV battery 36 may provide
supplemental power to the LV loads 32 1n excess of the
output of the LDC 30. For example, the auxiliary LV battery
36 may supply a large inrush current to a starter motor that
exceeds the output of the LDC 30. The auxiliary LV battery
36 may stabilize and/or regulate the voltage on the LV bus
34. An onboard charger 40 and/or an off-board charger 42
supply HV power to the HV bus 20 for charging the HV
battery 22.

FIG. 2 1s a schematic diagram of a multi-phase LLC
power converter 100 1n accordance with some embodiments
of the present disclosure. The multi-phase LLC power
converter 100 shown 1n FIG. 2 includes three single-phase
LLC power converters 102, 104, 106, also called LLC
phases, each connected 1n parallel with one another, and
which share a common design. The multi-phase LLC power
converter 100 may have a different number of single-phase
LLC phases 102, 104, 106, and the number of LLC phases
102, 104, 106 may depend on design requirements of the
multi-phase LLC power converter 100. Each of the single-
phase LLC phases 102, 104, 106 defines an mput bus 110_,
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110_ for recerving an iput power having a DC voltage. The
input busses 110_, 110_ ot each ot the LLC phases 102, 104,

106 are connected in parallel with one another and to a DC
voltage supply 112, such as a battery, having an input
voltage V. . An input capacitor 114, such as a noise filter,
having a capacitance C,, 1s connected 1n parallel with the DC

voltage supply 112. Each of the LLC phases 102, 104, 106
defines an output bus 120, , 120_ having a positive terminal
120, and a negative terminal 120_ for conducting an output
power having a DC output voltage V_ to a load 122. The
output busses 120_, 120_ of each of the LLC phases 102,
104, 106 are connected i parallel with one another and to
the load 122.

In some embodiments, the multi-phase LLC power con-
verter 100 may be used as a low-voltage DC-DC converter

(LDC) configured to supply an output voltage of 9.0 to 16.0
VDC from an mput having a voltage of 250-430 VDC. In

some embodiments, the multi-phase LLC power converter
100 may have a peak efliciency of at least 96.7%. In some
embodiments, the multi-phase LLC power converter 100
may have a full-load efliciency of at least 96.2%. In some
embodiments, the multi-phase LLC power converter 100
may have a power density of at least about 3 kKW/L.

FIG. 3 1s a schematic diagram of an example first LLC
phase 102 in accordance with some embodiments of the
present disclosure. The example first LLC phase 102 shown
in FIG. 3 may have a construction similar or identical to any
one of the LLC phases 102, 104, 106 of the multi-phase LLC
power converter 100, which may be 1dentical to one another,
with the exception of differences resulting from manufac-
turing tolerances.

The example first LLC phase 102 shown i FIG. 3
includes a switching stage 130, a resonant tank 132, a set of
transformers Tx1, Tx2, and a rectification stage 134. The
switching stage 130 includes four high-speed switches Q1,
Q2, Q3, Q4, with each of the high-speed switches being a
Gallium Nitride (GaN) high-electron-mobility transistor
(HEMT) configured to switch the input power to generate a
switched power upon a switched power bus 140_, 140_, the
switched power having an approximately sinusoidal (i.e.
AC) wavetorm defining a switching frequency t_ , which
may also be called an AC frequency or an AC switching
frequency. In some embodiments, the switching frequency
exceeds 300 kHz. In some embodiments, the switching
frequency 1 may be varied between 260 and 400 kHz. In
some other embodiments, the switching frequency {_  may
be varied between 260 and 380 kHz. In some embodiments,
the high-speed switches Q1, 2, Q3, Q4, may be switched
at an operating frequency range ol between 260 and 380
kHz.

Each of the four high-speed switches Q1, Q2, Q3, Q4 1s
configured to switch current from a corresponding one of a
positive conductor 110, or a negative conductor 110_ of the
iput bus 110_, 110_ to a corresponding one o