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INTEGRATED AUXILIARY POWER SUPPLY WITH STABLE OUTPUT AT HIGH-LINE
AND LIGHT-LOAD CONDITIONS

BACKGROUND OF THE INVENTION

1. Field of the Invention
[0001] The present invention relates to electrical power converters. More specifically, the

present invention relates to AC-DC converters with integrated auxiliary power supplies.

2. Description of the Related Art

[0002] Power density and cost are critical factors in the design of power supplies, particularly
in view of increased energy demands. Power-supply design has focused on providing increased
power in smaller packages and at reduced cost. Many known power supplies include a main
power supply and an auxiliary power supply, in which the auxiliary power supply takes up a
significant volume in the known power supplies. Extensive research has been done to eliminate
the auxiliary power supply by utilizing magnetics of the main power supply, i.e., by
implementing an integrated auxiliary power supply. However, integrated auxiliary power
supplies typically provide deteriorated performance at high-line and light-load conditions,
which has limited the widespread implementation of integrated solutions.

[0003] In known front-end AC-DC power supplies, a boost inductor can be used in place of a
separate auxiliary transformer. Switching voltages on the boost inductor can be reflected to a
low-voltage side of the power supply by wrapping several windings around the boost inductor.
The reflected voltages can be rectified to generate different voltages to operate the power
supply.

[0004] This approach of wrapping several windings around the boost inductor to provide
power to the auxiliary power supply can fail in a condition of high-line input and light load on a
main output of the power supply. The rectified voltages from the auxiliary power supply
collapse, i.e., drop to a very low value (for example, substantially zero), as the boost inductor
current becomes discontinuous, i.e., the inductor current becomes zero for a portion of the
switching cycle. The duty cycle of the boost converter is very small because very little power is
required to maintain a main DC bus at a predetermined voltage. Therefore, the switching

voltages appear across the boost inductor for a very small duration of a pulse width modulation
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(PWM) period. The remaining duration of the PWM period includes a resonance between
junction capacitor(s) and the boost inductor, which delivers substantially zero power. The
converter can also enter burst mode when the main output is very close to no-load conditions.
Accordingly, when no power flows from the input side to the secondary side of the auxiliary
transformer, the output voltage of the auxiliary power supply can collapse (i.e., decrease to a
very low level) because there is no continuous power flow to maintain the auxiliary output
voltage at the desired voltage level.

[0005] Fig. 1 shows a circuit diagram 100 of a known unidirectional power factor correction
(PFC) boost converter 110 with an integrated auxiliary power supply 120. The unidirectional
PFC boost converter 110 includes a boost stage with a boost inductor L and a switch S1. The
control terminal of the switch S1 receives a control signal from an external controller or the like.
The unidirectional PFC boost converter 110 further includes a diode D3 to provide unidirectional
current flow between the AC voltage Vac rect to the DC voltage Voc. That is, by including a diode
Dz in the unidirectional PFC boost converter 110, current can only flow from the AC side to the
DC side, i.e., from the AC voltage Vac rect to the DC voltage Voc. The unidirectional PFC boost
converter 110 also includes a capacitor Cpc across the DC voltage Vpe. The capacitor Cpc
operates as a buffer for power flow by filtering a second order harmonic generated by
instantaneous power transmission to the DC voltage Vpc. In addition, the capacitor Cpc filters
ripple currents in the unidirectional PFC boost converter 110 and can provide energy to the
unidirectional PFC boost converter 110 during a hold-up time.

[0006] The integrated auxiliary power supply 120 includes inductor Laux. The inductor Lay is
coupled to the boost inductor L to define a transformer. The integrated auxiliary power supply
further includes diodes D1 and D3, rectifying capacitors Crec1 and Crec2, and a standby capacitor
Cstoy. The diodes Dy and D; rectify the voltage provided by the secondary winding Laux, and the
standby capacitor Csiny is a bulk capacitor that provides filtering and helps maintain a stable
output voltage at the DC voltage Vpc. A voltage Vsiwy across the standby capacitor Csty is
dependent upon a load connected to the unidirectional PFC boost converter 110. The output
load of the auxiliary power supply 120 can be connected across the rectified voltage provided

from the secondary winding Laux.
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[0007] Fig. 2 shows voltage waveform V| and current waveform I, of the boost inductor L and
voltage waveforms Viec1 and Vieex of the rectifying capacitors Crec1 and Crecz shown in Fig. 1 at
high-line input and light load for two switching cycles. An example of a high-line input is
greater than about 220 V, and an example of light load is less than about 10% of a rated load.
When current I, through the boost inductor L is positive, a reflected voltage is induced on the
inductor Lau, and power flows to the output of the auxiliary power supply 120 from the input
line (AC voltage Vac rect). When the current I through the boost inductor L reaches zero at
time T2, junction capacitances (for example, the junction capacitance between the drain and
source of the switch S1) begin resonating with the boost inductor L, and diodes D1 and D2 are
reverse biased. The power flow to the output of the auxiliary power supply 120 from the input
line (AC voltage Vac recr) is stopped for the duration from time T2 to time T3, and the load is
supplied entirely by the rectifying capacitors Crec1 and Crec2 and the standby capacitor Cstby.
Accordingly, the standby voltage Vb falls substantially, especially when a relatively high load is

connected to the auxiliary supply.

SUMMARY OF THE INVENTION
[0008] Preferred embodiments of the present invention provide power converters with
integrated auxiliary power supplies that can maintain a stable auxiliary output voltage at high-
line, i.e., high input voltage, and light-load, i.e., low output power, conditions by allowing bi-
directional current flow and that can achieve a reduction of size compared to power converters
that include a separate auxiliary power supply.
[0009] A converter according to a preferred embodiment of the present invention includes a
first inductor, a first power switch connected to the first inductor, and an auxiliary power
supply coupled to the first inductor to provide an auxiliary voltage from bi-directional current
flow in the first inductor. In response to negative current flowing in the first inductor, a duty
cycle of the first power switch is increased.
[0010] The converter can further include an output capacitor, and the negative current may
be provided by the output capacitor. The converter can further include no discrete diodes

between the first inductor and the output capacitor.
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[0011] The negative current can flow in the first inductor under high-line and light-load
conditions. The auxiliary power supply can include a second inductor coupled to the first
inductor to provide the auxiliary voltage, and the auxiliary power supply can include a third
inductor coupled to the first inductor to provide a second auxiliary voltage.

[0012] The converter can further include a second power switch connected in series with the
first power switch. A first node between the first and the second power switches can be
connected to the first inductor, and the converter can define a totem-pole power-factor-
correction (PFC) boost converter. The converter can further include first and second
synchronous rectifiers connected in series with each other and connected in parallel with the
first and the second power switches. The first and the second synchronous rectifiers can be
field-effect transistors. The output capacitor can be connected in parallel with the first and the
second synchronous rectifiers. The first and the second power switches can be GaN high-
electron-mobility transistors, silicon carbide metal-oxide-semiconductor field-effect transistors,
or insulated-gate bipolar transistors with anti-parallel diodes.

[0013] The converter can further include a synchronous rectifier connected between the first
inductor and an output terminal of the converter, and the converter can define a synchronous
boost converter.

[0014] The converter can further include a synchronous rectifier. The first power switch can
be connected between a first input terminal of the converter and the first inductor, the
synchronous rectifier can be connected between a second input terminal of the converter and a
node between the first power switch and the first inductor, and the converter can define a
synchronous buck converter.

[0015] The auxiliary power supply can include a second inductor coupled to the first inductor,
a first capacitor and a second capacitor that can be connected in series with each other such
that a node between the first and the second capacitors can be connected to a first terminal of
the second inductor, and a first diode and a second diode that can be connected in series with
each other such that a node between the first and second diodes can be connected to a second
terminal of the second inductor. The first and second capacitors can be collectively connected

in parallel with the first and second diodes.
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[0016] A totem-pole power-factor-correction (PFC) boost converter according to a preferred
embodiment of the present invention includes a first phase including a first boost inductor, a
second phase including a second boost inductor, and an auxiliary power supply coupled to the
first boost inductor. The first phase is operated as a boost converter to provide a DC output
voltage, and the second phase is operated as a buck converter to provide a circulating current
to the first boost inductor.

[0017] The second phase can be operated as the buck converter to provide the circulating
current to the first boost inductor only under light-load conditions.

[0018] The first phase can include first and second boost switches connected in series, a first
node between the first and the second boost switches can be connected to the first boost
inductor, the second phase can include third and fourth boost switches connected in series, and
a second node between the third and the fourth boost switches can be connected to the
second boost inductor. The totem-pole PFC boost converter can further include first and
second synchronous rectifiers that can be connected in series with each other, can be
connected in parallel with the first and the second boost switches, and can be connected in
parallel with the third and the fourth boost switches. The first and the second synchronous
rectifiers can be field-effect transistors. An output capacitor can be connected in parallel with
the first and the second synchronous rectifiers.

[0019] The first, the second, the third, and the fourth boost switches can be GaN high-
electron-mobility transistors, silicon carbide metal-oxide-semiconductor field-effect transistors,
and insulated-gate bipolar transistors with anti-parallel diodes.

[0020] The auxiliary power supply can include a third inductor coupled to the first boost
inductor, a first capacitor and a second capacitor that can be connected in series with each
other such that a node between the first and the second rectifying capacitors can be connected
to a first terminal of the third inductor, a first diode and a second diode that can be connected
in series with each other such that a node between the first and the second diodes can be
connected to a second terminal of the third inductor, and a standby capacitor that can be
connected in parallel with the first and the second capacitors. The first and second capacitors

can be collectively connected in parallel with the first and second diodes.



WO 2023/014763 PCT/US2022/039240

[0021] The above and other features, elements, steps, configurations, characteristics, and
advantages of the present invention will become more apparent from the following detailed
description of preferred embodiments of the present invention with reference to the attached

drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0022] Fig. 1 shows a known unidirectional power factor correction (PFC) boost converter
with an integrated auxiliary power supply.

[0023] Fig. 2 shows voltage and current waveforms for two switching cycles of the known
unidirectional PFC boost converter shown in Fig. 1.

[0024] Fig. 3 shows a totem-pole PFC boost converter that can be operated in fixed-frequency
mode.

[0025] Fig. 4 shows voltage and current waveforms for two switching cycles of the totem-pole
PFC boost converter shown in Fig. 3.

[0026] Fig. 5 shows a two-phase interleaved totem-pole PFC boost converter.

[0027] Fig. 6 shows inductor switching timing and voltage and current waveforms of two
switching cycles of the two-phase interleaved totem-pole PFC boost converter shown in Fig. 5.
[0028] Fig. 7 shows a synchronous boost converter in which a diode is replaced by an active
switch.

[0029] Fig. 8 shows a synchronous buck converter.

[0030] Fig. 9 shows voltage and current waveforms for two switching cycles of the

synchronous buck converter shown in Fig. 8.

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS
[0031] Preferred embodiments of the present invention include converters each including an
inductor, a power switch connected to the inductor to control current in the inductor, and an
auxiliary power supply coupled to the inductor. The converter can be any suitable converter,
including, for example, a totem-pole PFC boost converter, an interleaved totem-pole PFC boost
converter, a synchronous boost converter, and a synchronous buck converter as discussed

below. The auxiliary power supply can be any suitable power supply that can be coupled to the
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inductor. Under certain operating conditions, e.g., high-line and light-load conditions, in which
the duty cycle of the power switch is small, the converter can be operated to allow negative
current to flow through the inductor to ensure a stable auxiliary output voltage. The converter
can include an output capacitor that provides the negative current to the inductor. To ensure
that the negative current can flow from the capacitor to the inductor, no separate discrete
diodes are included between the capacitor and the inductor. Instead of diodes, synchronous
rectifiers can be used to allow the negative current to flow into the inductor. To compensate
for the negative current provided by the output capacitor, the duty cycle of the power switch
can be increased, which increases the power-delivery duration. The duty cycle can be increased
in the switching cycle after the switching cycle that includes the negative current. In some
applications, the duty cycle can be increased in more than one switching cycle to compensate
for the negative current. The magnitude of the negative current depends on the load and the
efficiency of the converter. When the AC input voltage of the converter approaches zero, the
power switch cannot be kept on for a long time because doing so can cause a negative-current
spike. How much the duty cycle is increased can be determined in any suitable manner. For
example, a look-up table can be used that provides how much the duty cycle is to be increased
based on, for example, the magnitude of the negative current and the AC input voltage, or a
predetermined algorithm or model with respect to the magnitude of the negative current can
be used to calculate how much the duty cycle should be increased.

[0032] Fig. 3 shows a totem-pole PFC boost converter 210 according to a first preferred
embodiment of the present invention. The totem-pole PFC boost converter 210 includes an AC
voltage Vac as an input voltage connected to inductor L (also referred to as the boost inductor),
an integrated auxiliary power supply 120 coupled to the inductor L, two series-connected boost
switches Q1 and Qy, which can also be referred to as power switches, connected to the inductor
L, two series-connected synchronous rectifiers Qz and Q4 connected in parallel with the boost
switches Qi and Qy, and an output capacitor Cpc connected in parallel with the synchronous
rectifiers Qs and Qa. The output capacitor Cpc can be connected to a load, shown as DC voltage

Ve as the output voltage. A first node between the boost switches Qi and Qy is connected to a
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first terminal of the AC voltage Vac via the inductor L, and a second node between the
synchronous rectifiers Qz and Qa is connected to a second terminal of the AC voltage Vac.
[0033] The boost switches Q1 and Qy of the totem-pole PFC boost converter 210 can be
gallium nitride (GaN) transistors, for example, GaN high-electron-mobility transistors (HEMTSs)
that do not provide any or provide very little reverse recovery loss, or can be other suitable
devices, including, for example, silicon carbide metal-oxide-semiconductor field-effect
transistors (MOSFETs) and insulated-gate bipolar transistors (IGBTs) with antiparallel connected
diodes. The synchronous rectifiers Qz and Q4 can be MOSFETSs, silicon carbide MOSFETs, or
other suitable devices. The boost switches Qi and Qy can be switched at a higher frequency
than the synchronous rectifiers Qs and Qa. During the positive AC cycle of the AC voltage Vac,
the synchronous rectifier Qz is turned on, the synchronous rectifier Qa is turned off, and the
boost switches Qi1 and Qu are complementarily turned on and off to alternatively boost the
inductor L and charge the output capacitor Cpc. During the positive AC cycle of the AC voltage
Vac, the boost switch Qs is turned off and the boost switch Q is turned on to boost the inductor
L, and the boost switch Qs is turned on and the boost switch Qg is turned off to charge the
capacitor Cpc. During the negative AC cycle of the AC voltage Vac, the synchronous rectifier Qq is
turned on, the synchronous rectifier Qs is turned off, and the boost switches Qi and Q; are
complementarily turned on and off to alternatively boost the inductor L and charge the output
capacitor Cpc. During the negative AC cycle of the AC voltage Vac, the boost switch Q is turned
on and the boost switch Q3 is turned off to boost the inductor L, and the boost switch Q; is
turned off and the boost switch Q; is turned on to charge the capacitor Cpc.

[0034] The integrated auxiliary power supply 120 includes inductor Laux, diodes D1 and Dy,
rectifying capacitors Crec1 and Crec2, and standby capacitor Csiwy. The inductor Laux is coupled to
the boost inductor L, and the inductor Laux defines a secondary winding. The rectifying
capacitors Crec1 and Crec2 are connected in series, and a node between the rectifying capacitors
Crec1 and Crec2 is connected to a first terminal of inductor Lau . Diode D is connected between
the inductor Layx and the rectifying capacitor Crec1 such that positive voltage (i.e., the voltage
Vin) applied across inductor L charges the rectifying capacitor Crec1. Diode D3 is connected

between the inductor Laux and the rectifying capacitor Crec2 such that negative voltage (i.e., the
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voltage Vin-Vout) applied across the boost inductor L charges the rectifying capacitor Creca. The
diodes D; and D3 rectify the voltage across the secondary winding (i.e., the inductor Laux). The
standby capacitor Csiny is connected in parallel with the rectifying capacitors Crec1 and Crecz, and
an output of the integrated auxiliary power supply 120 can be connected across the standby
capacitor Cstpy.

[0035] Fig. 4 shows voltage waveform V| and current waveforms |, of boost inductor L and
voltage waveforms Viec1 and Viecx of rectifying capacitors Crec1 and Crec2 shown in Fig. 3 at high-
line input and light load for two switching cycles. An example of a high-line input is greater than
about 220V, and an example of light load is less than about 10% of a rated power.

[0036] In contrast to the known unidirectional PFC boost converter 110 shown in Fig. 1, the
totem-pole PFC boost converter 210 includes synchronous rectifiers Qz and Qa in place of diode
Ds. By including synchronous rectifiers Qs and Qq instead of diode D3, current flow through the
boost inductor L does not stop upon reaching zero, but instead continues flowing in the
opposite direction towards the AC voltage Vac, as shown at time T2 in Fig. 4. That is, current can
flow bidirectionally in the boost inductor L.

[0037] With the totem-pole PFC boost converter 210 shown in Fig. 3, a reflected voltage is
provided across inductor Layx over an entire switching cycle, unlike the unidirectional PFC boost
converter 110 shown in Fig. 1. Thus, the totem-pole PFC boost converter 210 can provide a
sustained power flow between the AC voltage Vac and the auxiliary output for the entirety of
each switching cycle of the totem-pole PFC boost converter 210.

[0038] The totem-pole PFC boost converter 210 shown in Fig. 3 can provide a longer duty
cycle from time TO to time T1 than a duty cycle of the PFC boost converter 110 shown in Fig. 1
to compensate for the negative current that flows from the DC bulk capacitor. Thus, with the
totem-pole PFC boost converter 210 shown in Fig. 3, the integrated auxiliary power supply 120
can operate properly at high line and light output conditions.

[0039] According to the operation of the totem-pole PFC boost converter 210 shown in Fig. 3,
the inductor current I, can flow in both directions to provide a switching voltage across the

boost inductor L for the entire duration of the pulse width modulation (PWM) period. Thus, the
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totem-pole PFC boost converter 210 shown in Fig. 3 provides a bi-directional current flow that
enhances the performance of the integrated auxiliary power supply 120.

[0040] Since the boost switch Q1 remains on when the inductor current |, reaches zero, the
capacitor Cpc begins charging the inductor L with negative current through the boost switch Qa.
However, the average current of each switching cycle is the component that results in power
transfer from the AC side to the DC side of the totem-pole PFC boost converter 210. In other
words, whether conduction of the boost switch Q1 stops when the inductor current I, reaches
zero or continues, the net average current of the switching cycle remains the same. Therefore,
by allowing negative current to flow through the boost switch Q1, more positive current is
required in the charging period, when the boost switch Qz is on and the boost switch Q; is off,
to maintain the average current at the same level as in the case when the boost switch Q1
ceases conduction when I, reaches zero (similar to the unidirectional PFC boost converter 110
shown in Fig. 1 stopping conduction due to the diode D3). Thus, the totem-pole PFC boost
converter 210 provides longer duty cycles when compared with the PFC boost converter 110,
which means that very narrow pulses are also avoided. Narrow pulses can interrupt power
delivery to the voltage Vsiwy as soon as a volt-sec balance of the inductor L is completed, after
which no power is transferred to the voltage Vsiby due to resonance between the inductor L and
any parasitic capacitances, for example, junction capacitor(s), where energy is only exchanged
between the reactive elements (inductors and capacitors).

[0041] Fig. 5 shows a two-phase interleaved totem-pole converter 330 according to a second
preferred embodiment of the present invention. The two-phase interleaved totem-pole
converter 330 shown in Fig. 5 can provide increased auxiliary output power compared with the
PFC boost converter 110 shown in Fig. 1, but with much less ripple in the input current and
without the need of much negative current in the boost inductor, in contrast to the totem-pole
PFC boost converter 210 shown in Fig. 3.

[0042] The two-phase totem-pole PFC boost converter 330 includes an AC voltage Vac as an
input voltage connected to a first phase with a first inductor L; (also referred to as the first
boost inductor) and connected to a second phase with second inductor L, (also referred to as

the second boost inductor), an integrated auxiliary power supply 120 coupled to the first
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inductor Lj, two series-connected synchronous rectifiers Qs and Qg connected to the first and
second phases, and an output capacitor Cpc connected in parallel with the synchronous
rectifiers Qs and Qg. The first phase also includes two series-connected boost switches Qi and
Qy connected to the first inductor L1, and the second phase also includes two series-connected
boost switches Qs and Qa4 connected to the second inductor L. The two series-connected
synchronous rectifiers Qs and Qg are connected in parallel with the boost switches Qi and Qa
and in parallel with the boost switches Qs and Qa. The output capacitor Cpc can be connected to
a load, shown as DC voltage Vpc as the output voltage. A first node between the boost switches
Qi and Qy is connected to a first terminal of the AC voltage Vac via the first inductor Ly, a
second node between the boost switches Qz and Qg is connected to the first terminal of the AC
voltage Vac via the second inductor Ly, and a third node between the synchronous rectifiers Qs
and Qg is connected to a second terminal of the AC voltage Vac.

[0043] The boost switches Q1, Qz, Qs, and Q4 of the totem-pole PFC boost converter 20 can be
gallium nitride (GaN) transistors, for example, GaN high-electron-mobility transistors (HEMTSs)
or can be other suitable devices, including, for example, silicon carbide metal-oxide-
semiconductor field-effect transistors (MOSFETs) and insulated-gate bipolar transistors (IGBTs)
with anti-parallel connected diodes. The synchronous rectifiers Qs and Q¢ can be MOSFETSs,
silicon carbide MOSFETs, or other suitable devices. The boost switches Q1, Q, Qs, and Q4 can be
switched at a higher frequency than the synchronous rectifiers Qs and Qg. The boost switches
Qi, Qz, Qz, and Q4 and the synchronous rectifiers Qs and Qg can be operated in a similar manner
as discussed above, but the switching of the first and second phases can be out of phase with
each other. For example, the switching of boost switches Qi and Q; and the switching of boost
switches Qs and Qa4 can be out phase by 180° with each other.

[0044] The integrated auxiliary power supply 120 used in the two-phase interleaved totem-
pole converter 330 of Fig. 5 can be the same as the integrated auxiliary power supply 120
discussed above with respect to Fig. 3.

[0045] Each phase of the two-phase interleaved totem-pole converter 330 can be operated as
a boost converter or a buck converter. At light load (for example, less than about 10% of a

rated load), the first phase that is coupled to the integrated auxiliary power supply 120 can be
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operated as a boost converter. Therefore, the second phase can be operated as a buck
converter to provide a circulating current to the boost inductor L; of the first phase operating as
a boost converter. Fig. 5 shows an example of the two-phase interleaved totem-pole PFC
converter 330 operating when a positive phase is provided by the AC voltage Vac. During the
positive phase of the AC voltage Vac, inductor L; operates as a main boost inductor and supplies
current to DC voltage Ve plus the circulating current. Accordingly, more current flows through
the inductor L;, which prevents the inductor current from becoming discontinuous. Therefore,
power flow between the AC voltage Vac and the auxiliary output is not interrupted. During a
negative phase of the AC voltage Vac, the current directions and voltage polarities described
above are reversed. That is, the operation of the two-phase interleaved totem-pole PFC boost
converter 330 during the negative phase is symmetric to the operation during the positive
phase.

[0046] The buck operation of the two-phase interleaved totem-pole PFC converter 330 has a
complementary duty cycle with respect to the boost operation to maintain the same input and
output voltage levels. The main switch in the boost phase is the opposite of the main switch in
the buck phase. For example, if the switch Qa is the main switch in the boost phase, then the
switch Qs is the main switch in the buck phase. Accordingly, switches Qi to Qa can receive the
same control signals as a typical 2-phase interleaved totem-pole PFC. To transition one phase
from the boost operation to buck operation, the one of the switches Qi to Qa4 that operates as a
free-wheeling switch is disabled for a predetermined number of switching cycles to build up the
negative current in the inductor L, and then this switch can be re-activated to reduce
conduction losses.

[0047] Asdiscussed above, Fig. 5 shows an example of the two-phase interleaved totem-pole
PFC converter 330 operating when a positive phase is provided by the AC voltage Vac.
Accordingly, the current I3 through the inductor L; is the boost current, while the current I1»
through the inductor L; is the circulating current generated by the other phase of the AC
voltage Vac. The switches Qs and Qa of the second phase reverse their roles, and switch Qs
operates as the main switch and switch Qa4 operates as a free-wheeling switch. Fig. 5 shows the

directions of the currents i1, li2, and liv during the positive phase of the AC voltage Vac. By
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applying Kirchhoff’s Current Law at node A, the boost current I;1 of the inductor L; is the sum of
the current Iy from the AC voltage Vac and the circulating current 2. Thus, instead of the
current I3 being half of the current Iy, the current 11 is now the sum of the currents iy and I12.
[0048] Fig. 6 shows inductor switching timing and voltage and inductor current waveforms of
two switching cycles of the two-phase interleaved totem-pole PFC boost converter 330 shown
in Fig. 5. Assuming the direction of the inductor current in the inductor I11 is positive, the
current flow described above for the two-phase interleaved totem-pole PFC boost converter
330 is illustrated in Fig. 6. The current level in the inductor I,1, which operates as the boost
inductor, can be increased, which extends the power delivery duration from the AC voltage Vac
to the auxiliary output and reduces a dependence on auxiliary capacitors, including standby
capacitor Csiby and rectifying capacitors Crec1 and Crecz. By interleaving the two phases, the ripple
of the input current can be reduced, and the frequency can be doubled, as shown in Fig. 6, and
thus the ripple component in the input current is more easily filtered. During a negative phase
of the AC voltage Vac, the current directions and voltage polarities described above are
reversed. That is, the operation of the two-phase interleaved totem-pole PFC boost converter
330 during the negative phase is symmetric to the operation during the positive phase.

[0049] Fig. 7 shows a synchronous boost converter 430 according to a third preferred
embodiment of the present invention, in which diode D3 of Fig. 1 is replaced by synchronous
rectifier Q2, which is connected between the inductor L and an output terminal and the
capacitor Cpc. The inductor L is connected between a first terminal of the input voltage Vin and
the synchronous rectifier Q2. The boost switch Q1, which can also be referred to as a power
switch, is connected to the inductor L and a second terminal of the input voltage. In particular,
when reverse recovery losses are not a design concern, the synchronous rectifier Q2 can be
used instead of a diode . The synchronous rectifier Q2 can provide negative current flow
through the inductor L. The integrated auxiliary power supply 120 is coupled to the inductor L in
a similar manner as discussed above with respect to the first and second preferred
embodiments of the present invention. Accordingly, the integrated auxiliary power supply 120
described above can provide a reliable auxiliary output during all input voltage and load

conditions, including high-line and light-load conditions.
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[0050] Inautomotive and industrial applications, a single-stage non-isolated synchronous
buck converter, an example of which is shown Fig. 8 as the fourth preferred embodiment of the
present invention, can be used. The integrated auxiliary power supply 120 can be used with
negative current flow in a similar manner as the first, second, third preferred embodiments of
the present invention described above. The synchronous buck converter 530 includes a buck
switch Q1, which can also be referred to as a power switch, connected between a first terminal
of the input voltage Vin and the inductor L and includes a synchronous rectifier Q2 connected
between a second terminal of the input voltage and a node between the buck switch Q1 and
the inductor L. The inductor L is also connected to an output terminal and to the capacitor Cpc.
The integrated auxiliary power supply 120 is coupled to the inductor L in a similar manner as
discussed above with respect to the first, second, and third preferred embodiments of the
present invention. When current in the inductor L becomes discontinuous for the majority of a
PWM cycle, the synchronous rectifier Q2 of Fig. 8 can conduct negative current, which allows
the integrated auxiliary power supply 120 to provide a stable auxiliary output voltage.

[0051] The synchronous boost converter 430 shown in Fig. 7 can also be implemented as an
interleaved totem-pole PFC boost converter, for example, as described above with respect to
Fig. 5.

[0052] Fig. 9 shows voltage and current waveforms for two switching cycles of the
synchronous buck converter 530 shown in Fig. 8. Similar to the totem-pole PFC boost converter
210, the two-phase interleaved totem-pole converter 330, and the synchronous boost
converter 430 described above, at time T2, the switch Q2 of the synchronous buck converter
530 remains on to provide negative current flow. In the case of buck operation, the inductor L
of the synchronous buck converter 530 is always connected to the DC voltage Vpc, unlike boost
operation where the inductor L is always connected to the input voltage Vin. Accordingly, when
switch Q2 is on and the inductor L is detached from the input voltage Vi, the output capacitor
Coc of the synchronous buck converter 530 provides power to the bias output. Therefore, the
capacitor Cpc is sized to provide sufficient power to the auxiliary output voltage when the

synchronous rectifier Q2 is on and the inductor L is detached from the input voltage V.
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[0053] The synchronous boost converter 430 shown in Fig. 9 can also be implemented as an
interleaved totem-pole PFC boost converter, for example, as described above with respect to
Fig. 5.

[0054] Although the integrated auxiliary power supply 120 is described with respect to a
single secondary inductor Laux, the integrated auxiliary power supply 120 may include one or
more additional secondary inductors coupled to the boost inductor L, and the one or more
additional secondary inductors may provide voltages that are different from a voltage provided
by the secondary inductor (Laux).

[0055] For example, the overall power supply can include two stages. A first stage can
provide AC-DC conversion with power factor correction, in which the input voltage can be
boosted to about 400 V. A second stage can provide DC-DC conversion, for example, by an LLC
converter, which can provide a regulated output voltage of about 12 V.

[0056] It should be understood that the foregoing description is only illustrative of the
present invention. Various alternatives and modifications can be devised by those skilled in the
art without departing from the present invention. Accordingly, the present invention is
intended to embrace all such alternatives, modifications, and variances that fall within the

scope of the appended claims.
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WHAT IS CLAIMED IS:

1. A converter comprising:

a first inductor;

a first power switch connected to the first inductor; and

an auxiliary power supply coupled to the first inductor to provide an auxiliary voltage
from bi-directional current flow in the first inductor; wherein

in response to negative current flowing in the first inductor, a duty cycle of the first

power switch is increased.

2. The converter of claim 1, further comprising an output capacitor, wherein

the negative current is provided by the output capacitor.

3. The converter of claim 2, wherein there are no discrete diodes between the first

inductor and the output capacitor.

4. The converter of one of claims 1-3, wherein the negative current flows in the first

inductor under high-line and light-load conditions.

5. The converter of one of claims 1-4, wherein:

the auxiliary power supply includes a second inductor coupled to the first inductor to
provide the auxiliary voltage, and

the auxiliary power supply includes a third inductor coupled to the first inductor to

provide a second auxiliary voltage.

6. The converter of one of claims 1-5, further comprising:

a second power switch connected in series with the first power switch; wherein

a first node between the first and the second power switches is connected to the first
inductor; and

the converter defines a totem-pole power-factor-correction (PFC) boost converter.

16
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7. The converter of claim 6, further comprising first and second synchronous rectifiers
connected in series with each other and connected in parallel with the first and the second

power switches.

8. The converter of claim 7, wherein the first and the second synchronous rectifiers are

field-effect transistors.

9. The converter of claim 7 or 8, wherein the output capacitor is connected in parallel

with the first and the second synchronous rectifiers.

10. The converter of one of claims 69, wherein the first and the second power
switches are GaN high-electron-mobility transistors, silicon carbide metal-oxide-semiconductor

field-effect transistors, or insulated-gate bipolar transistors with anti-parallel diodes.

11. The converter of one of claims 1-5, further comprising a synchronous rectifier
connected between the first inductor and an output terminal of the converter; wherein

the converter defines a synchronous boost converter.

12. The converter of one of claims 1-5, further comprising a synchronous rectifier;
wherein

the first power switch is connected between a first input terminal of the converter and
the first inductor;

the synchronous rectifier is connected between a second input terminal of the
converter and a node between the first power switch and the first inductor; and

the converter defines a synchronous buck converter.

13. The converter of one of claims 1-12, wherein:

the auxiliary power supply includes:

17
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a second inductor coupled to the first inductor;

a first capacitor and a second capacitor connected in series with each other such
that a node between the first and the second capacitors is connected to a first terminal
of the second inductor; and

a first diode and a second diode connected in series with each other such that a
node between the first and second diodes is connected to a second terminal of the
second inductor; and
the first and second capacitors are collectively connected in parallel with the first and

second diodes.

14. A totem-pole power-factor-correction (PFC) boost converter comprising:

a first phase including a first boost inductor;

a second phase including a second boost inductor; and

an auxiliary power supply coupled to the first boost inductor; wherein

the first phase is operated as a boost converter to provide a DC output voltage; and

the second phase is operated as a buck converter to provide a circulating current to the

first boost inductor.

15. The totem-pole PFC boost converter of claim 14, wherein the second phase is
operated as the buck converter to provide the circulating current to the first boost inductor

only under light-load conditions.

16. The totem-pole PFC boost converter of claim 14 or 15, wherein

the first phase includes first and second boost switches connected in series;

a first node between the first and the second boost switches is connected to the first
boost inductor;

the second phase includes third and fourth boost switches connected in series;

a second node between the third and the fourth boost switches is connected to the

second boost inductor.
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17. The totem-pole PFC boost converter of claim 16, further comprising first and second
synchronous rectifiers connected in series with each other, connected in parallel with the first
and the second boost switches, and connected in parallel with the third and the fourth boost

switches.

18. The totem-pole PFC boost converter of claim 17, wherein the first and the second

synchronous rectifiers are field-effect transistors.

19. The totem-pole PFC boost converter of claim 17 or 18, further comprising an output

capacitor connected in parallel with the first and the second synchronous rectifiers.

20. The totem-pole PFC boost converter of one of claims 16-19, wherein the first, the
second, the third, and the fourth boost switches are GaN high-electron-mobility transistors,
silicon carbide metal-oxide-semiconductor field-effect transistors, and insulated-gate bipolar

transistors with anti-parallel diodes.

21. The totem-pole PFC boost converter of one of claims 14-20, wherein:
the auxiliary power supply includes:

a third inductor coupled to the first boost inductor;

a first capacitor and a second capacitor connected in series with each other such
that a node between the first and the second rectifying capacitors is connected to a first
terminal of the third inductor;

a first diode and a second diode connected in series with each other such that a
node between the first and the second diodes is connected to a second terminal of the
third inductor; and

a standby capacitor connected in parallel with the first and the second

capacitors; and
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the first and second capacitors are collectively connected in parallel with the first and

second diodes.
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