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Abstract—This paper presents a “reverse-feeding” hold-up
time strategy to improve the performance of two-stage grid-
interface power factor correction (PFC) circuit with a rectifier-
coupled boost inductor. During the hold-up time, instead of
delivering the energy only through the dc-dc converter (e.g., a
LLC converter, or a phase-shift full-bridge (PSFB) converter), the
energy stored in the energy-buffer capacitor is also transferred
through an extra-winding on the boost inductor to the secondary
side. This additional energy transfer path regulates the output
voltage during the hold-up time and offers extra flexibility to
optimize the system performance during normal operation and
hold-up time. With this configuration, the dc-dc converter can
be designed as a almost fixed ratio dc transformer. The “reverse-
feeding” strategy can extend the HUT by 25%, reduce the energy-
buffer capacitor size by 25%, improve the system peak efficiency
(96.5%) and enhance the power density. The effectiveness of the
proposed method is verified by a PFC prototype with 100V-
240V,,,s ac input and 800W, 12V/66.7A dc output.

Index Terms—High efficiency, high power density, hold-up time
(HUT), phase-shift-full-bridge converter, power factor correction
(PFC) converter

I. INTRODUCTION

Grid-interface ac-dc power supplies typically consist of a
power factor correction (PFC) stage and a dc-dc stage, as
illustrated in Fig. 1(a). They need to meet the grid-interface
and efficiency requirements [1]-[3]. The PFC stage is usually
implemented as a boost converter [4]-[6]. The dc-dc stage is
usually implemented as a LLC converter or phase-shift-full-
bridge converter which can offer high performance across wide
operation range [7]-[14]. Ac-dc converters also need to meet
the hold-up time (HUT) requirement [11]-[15] to avoid abrupt
shut-down and maintain the operation of equipment for a few
milliseconds (a few line cycles) if ac line is lost. Fig. 1(b)
illustrates the operation principles and key waveforms of
typical grid-interface ac-dc power supply. In normal operation
when ac line is ON and high efficiency is required, the boost
PFC converter provides constant bus voltage (Vp_gey) and
the dc-dc converter regulates the output voltage (Vo). In
conventional designs, the boost PFC does not operate during
the hold-up time (HUT) when the ac line is OFF. The dc-
dc converter keeps functioning to transfer the energy stored
in the energy-buffer capacitor (C'g) to the output port. Thus,
the HUT is determined by the energy-buffer capacitor and the
regulation range of the dc-dc converter.

There are two ways to extend the HUT. One way is to
increase the size of the energy-buffer capacitor. By decreasing

+ |® +
PFc | Cel Co| =[5
VAC@ Stage T Ve T Vo8
- dc/dc -
1 Stage
= g v
(@)
A AC Line Lost
—_—
Vac -
Vs
VB-Reg dc/de St_age
(PFC Stage Operation
Regulation Voltage) Slope:1/Cg Range
Vo
N Normal Mode g Hold-up Time g time

(b)

Fig. 1. Typical grid-interface ac-dc power supply. (a) Block diagram. (b)
Operation modes and key waveforms.

the slope of bus voltage drop, the dc-dc converter can be de-
signed with narrower input voltage range which usually results
in higher efficiency. However, since the size of capacitor in-
creases as its capacitance increases, this approach reduces the
system power density. The other way is to extend the operation
range of the dc-dc converter [11]-[14]. Wider operation range
of the dc-dc converter allows the utilization of smaller energy-
buffer capacitor. There is a strong design tradeoff between
the operation range of the dc-dc converter and the size of
the energy-buffer capacitor. Usually, the operation range is
restricted to 80% to 90% of Vp_gey [15]. For example, if
the dc-dc converter is designed for wide-operation range, its
transformer turns-ratio is usually low, so that it can cover the
HUT with small energy-buffer capacitor. However, in normal
operation, the effective duty ratio of the dc-dc is small, the
efficiency may drop due to the significant circulating current,
magnetic core loss, and other losses.

To break the above mentioned tradeoff boundaries, many
hold-up time extension strategies have been proposed. Most



methods usually only focus on the dc-dc converter [11]-[14].
In [11], [12], the transformer turns ratio can be adjusted by
including more semiconductor devices. In normal operation,
higher transformer turns ratio enabled higher efficiency. Dur-
ing the HUT, lower transformer turns-ratio is used. In [13],
the duty ratio loss is controlled by additional semiconductor
devices. By nearly eliminating duty-cycle loss during the HUT,
the operation range of the dc-dc converter is extended. In [14],
a hybrid PWM-PFM control strategy is used with additional
inductors and capacitors. By adopting PFM control during the
HUT, it can extend its operation range and regulate the output
voltage without abrupt voltage gain variation.

In [15], an additional boost converter is added between
two split buffer capacitors. In normal operation, the boost
converter is turned off and the two buffer capacitors function
together. During the HUT, the two split capacitors are used
as the input capacitor and the output capacitor of the boost
converter to extract more energy from the buffer capacitor.
Thus, it can extend the HUT and offer high efficiency and
good voltage regulation performance in HUT transient oper-
ation. However, one additional diode is needed between two
split buffer capacitors, introducing additional conduction loss
during the normal operation. Moreover, the hard switching
operation of the additional boost converter brings additional
thermal constraints.

This paper proposes a “reverse-feeding” strategy for two-
stage ac-dc PFC converters to achieve both high efficiency in
normal operation and extended HUT. In the “reverse-feeding”
strategy, an additional winding is added on the boost inductor
to create an additional energy transfer path from the energy-
buffer capacitor to the rectifier. Both the dc-dc converter and
the boost converter can be used to regulate the output voltage
during the HUT. Thus, the dc-dc converter does not need to
be designed for the full operation range and can be optimized
to achieve higher efficiency during normal operation. The
boost converter with a rectifier-coupled boost inductor can be
designed to extend the HUT and optimize the peak system
efficiency. Moreover, the boost converter does not require
additional heat sink due to its soft switching operation.

II. “REVERSE-FEEDING” HUT STRATEGY
A. Key Concepts

In a conventional two-stage PFC design, the boost converter
is usually deactivated during the HUT (Fig. 2(a)). The dc-dc
converter solely regulates the output voltage. As illustrated
in Fig. 2(b), by adding one additional winding on the boost
inductor, the boost converter can create an additional energy
transfer path from the energy-buffer capacitor to the output.
This energy transfer path creates additional design flexibility
for the dc-dc converter. The topology in Fig. 2(b) comprises
a half-bridge (HB) structure composed of two boost switches
(Qs and @ B), one boost inductor (L z), and a series connected
capacitor (Cj,,). By coupling the boost inductor to the rectifier
side with an additional winding (Np), the boost converter
of the PFC can be used as a half-bridge converter (forward,
flyback, resonant, or dual-active bridge converter) during the
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Fig. 2. Power flow of the ac-dc PFC circuit. (a) Power flow in a conventional
two-stage PFC. (b) Power flow in the PFC with “reverse-feeding”.
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Fig. 3. Embodiments of the reverse-feeding HUT strategy. (a) Converter with
a LC filter. (b) Converter with C filter. (c) Bridgeless boost converter. Blue
and purple arrows indicate forward feeding and reverse feeding, respectively.

HUT to reduce the design challenge of the dc-dc converter.
The dc-dc converter only needs to operate within a narrow
input voltage range, leading to higher peak energy efficiency
in normal operation. The half-bridge converter can extend
the HUT, which can be converted to reduced energy-buffer
capacitor size leading to higher system power density.

B. Embodiments of the Reverse-Feeding HUT Strategy

The proposed reverse-feeding HUT strategy can be imple-
mented with a variety of topologies, as illustrated in Fig. 3.
For converters with a LC filter structure (such as a PSFB
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Fig. 4. Operation principles of the PFC in normal mode with AC-line ON.

converter or asymmetric half-bridge (AHB) converter), the
additional rectifier can be connected to L filter and share the
LC filter. Various types of rectifiers (such as a single ended,
double ended, voltage multiplier, zeta, buck, boost) can be
applied to the reverse-feeding strategy. For converters with
a C filter (such as a LLC resonant converter or dual-active
bridge converter), the additional rectifier can be connected to
the output directly [16]. As illustrated in Fig. 3(c), the reverse-
feeding strategy enables the bridgeless boost converter to be
used as a full bridge converter during the HUT.

III. “REVERSE-FEEDING” DESIGN EXAMPLE

In this paper, the reverse-feeding HUT strategy is applied
to a 100V-240V/,.,,,s ac input and 800W, 12V/66.7A dc output
two-stage PFC design with a boost converter and a phase-shift-
full-bridge (PSFB) converter. By adding an extra winding and
a single-ended rectifier, the boost converter operate as a half-
bridge (HB) forward converter during the HUT.

A. Operation Principles

1) Normal Operation: In normal operation, the PFC with
reverse-feeding operates as a regular two-stage PFC with the
additional rectifier side switches (Qr and @ 4) kept OFF , as
illustrated in Fig. 4. The boost PFC converter regulates the
intermediate bus voltage (Vp), i.e., the input voltage of the
dc-dc converter (using a PSFB converter as an example). The
PSFB converter regulates the output voltage (Vo). A PSFB
converter operating with almost zero phase-shift, i.e., 50%
effective duty ratio (Dcy ), can achieve higher efficiency than
a PSFB converter designed for wide input voltage range. The
operation principles of the PFC in the normal operation is
exactly the same as in a traditional two-stage PFC converter
except for the voltage stress of Qr and @ 4:
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Fig. 5. Operation principles of the PFC during HUT. (a) Operational
schematic diagram. (b) Operational waveforms.
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where np.q is the transformer turns-ratio of the boost in-
ductor, npspp is the transformer turns-ratio of the PSFB
transformer, and v4c—mq, 1S the maximum ac line voltage.

2) HUT Operation: Several assumptions are made to sim-
plify the analysis: 1) the input capacitor (C;,,) is large enough
to be considered as a constant voltage source, i.e., DgVp;
2) the dead times between (g and (O, @p1 and @ po, and
Qp3 and Qp4 are small enough to be ignored; 3) the output



inductor (L) is large enough to be considered as a constant
current source, i.e., (Ip); 4) all parasitic components except
for those specified in Fig. 5(a) are ignored; 5) np,q is lower
than npgrp; and 6) the synchronous rectifier switches (Qsg1,
Qsr2, and Q) function as ideal diodes. Fig. 5 shows the
operational principles of the proposed topology during the
HUT. @4 is kept ON and one switching frequency is divided
into six modes and each mode is explained as follows:

Mode 1 (M) [to-t1]: At time tg, Qs and Qg are turned
on. Since ngyg is lower than npgrp, the power is transferred
to the output through the boost converter and the coupled
inductor (function as a half-bridge forward converter). The
current flowing through the primary side of the PSFB converter
is small magnetizing current (¢, 5s). Therefore, i py,4, 125, and
URec Can be expressed as follows:

Io

irwa(t) =1irB(t) + (t —to), 3)
NFwd
1—-Dg)V;
ir(t) =irp(to) + (Lﬂ(t —to), 4
B
VRee(t) = %7 (5)
NFwd

where Dg is the duty ratio of the switches Qg and Q.

Mode 2 (M>) [t1-t2]: At time t1, Qp1 and Q) p4 are turned
off, and @) po and @ p3 are turned on. The magnetizing current
(tzm) of the PSFB converter is reset and the power is still
transferred by the HB forward converter.

Mode 3 (M3) [ta-t3]: At time to, Qs and Qg are turned
off. The HB forward converter operates in free-wheeling and
the PSFB converter delivers power to the output through @ ps,

Qp3, and QsRr2. iFwd, 1LB> PPris 1Lm, and VRec are:

irwa(t) =irB(t), (6)
DgV;
irp(t) =irp(t2) — SBB (t —t2), @)
I,
ipri(t) =irar(ta) — ﬂPSOFB (t —t2), ¥
. ) \%:]
ZLM@):luw@ﬂ-Z&(t—tﬂ» ©)
veelt) = —2— (10)
NPSFB

Mode 4 (My) [t3-t4]: At time t3, (Qpo and @ p3 are turned
off, and @ p1 and @) p4 are turned on. Since the HB forward
converter is still in the free-wheeling state, the PSFB converter
delivers energy to the output through @Qp1, Qp4, and Qsgi.
1Pri> LLm, and VRe. are:

I,
ipri(t) = ipa(ts) + nP:FB (t —t3), (11)
V;
ipn(t) = ipa(ts) + i(t —13), (12)
URec<t) = VB (13)

)
nNpSrFB

Mode 5 (Ms3) [ta-ts]: At time t4, Qp1 and Q) py are turned
off, and Q) p2 and @) p3 are turned on. In this operation, the HB
forward converter and the PSFB converter operate as described
in Mode 3 (M 3).

Mode 6 (Mg) [t5-tg]: At time t5, Qp2 and Q) p3 are turned
off and Qp; and @ p4 are turned on. In this operation, the
HB forward converter and the PSFB converter operate like in
Mode 4 (M4). At time tg, when @) p is turned off, the power
is starting to be transferred by the HB forward converter.

This operation mechanism is just one example implementa-
tion of the “reverse-feeding” concept. The operation frequency
of the PSFB converter and the HB forward converter can
be freely adjusted and jointly optimized. More sophisticated
power delivery strategies can be added. Similar concepts can
be applied to other dc-dc topologies (e.g., LLC, dual-active
bridge, and series resonant).

B. Advantages of the Reverse-Feeding Strategies

1) Voltage Conversion Ratio: In the normal operation,
the PFC with reverse-feeding strategy has the same voltage
conversion ratio and function with the PFC with conventional
designs. During the HUT, the output voltage is only regulated
by the PSFB converter in conventional designs. The voltage
conversion ratio (Mgony) 1S:

Vo X npsrap
Ve

where D,y is the effective duty-ratio of the PSFB converter.

Meanwhile, in the PFC with the proposed strategy, both the

HB forward converter and the PSFB converter regulate the

output voltage during the HUT. Thus, the voltage conversion

ratio (Mp,,) is the weighted average of the voltage gains of

the two converters. From (5), (10), and (13), Mp,, can be
expressed as follows:

= Mcony = 2Dcyyg, Deyy < 0.5. (14)

2D.f¢, Depy <0.5

Mpro = (1 - Dg)(14aDg), Doy =05 |’

15)
where « is npSFB/and.

Fig. 6 shows the voltage conversion ratio of the conventional
PSFB converter and the reverse-feeding strategy during the
HUT. When D,y is smaller than 0.5, since the PFC with
reverse-feeding operates like a conventional PSFB converter,
its voltage conversion ratio is the same as the conventional
one. When D,y is 0.5, the conventional PSFB converter
reaches its maximum voltage conversion ratio. On the other
hand, in the reverse-feeding strategy, the HB forward converter
can offer additional voltage gain, and larger « leads to much
higher voltage conversion ratio than the conventional one. For
this reason, the reverse-feeding strategy enables the PSFB
to be designed with higher transformer turns-ratio than the
conventional PSFB converter. The higher effective voltage
conversion ratio enabled by the reverse-feeding strategy also
enables larger voltage drop in the energy-buffer capacitor, thus
extending the HUT and improving the power density of the
converter (by using smaller energy-buffer capacitors).
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Fig. 6. Comparison of voltage conversion ratio between the conventional
PSFB converter and the PFC with reverse-feeding. Due to additional voltage
gain of the HB forward converter (HBF), the PFC with the proposed strategy
can achieve higher voltage conversion ratio than a conventional design, and
thus extend the HUT and reduce the buffer capacitor size.

2) Boost PFC converter: The boost PFC converter with
the reverse-feeding strategy operates like a conventional boost
PFC converter in normal mode. Thus, it has the same char-
acteristics, such as voltage gain, voltage stress, and current
stress, as the conventional one. For this reason, the boost PFC
converter can be designed following the conventional method
[17], [18] except for the rectifier-coupled boost inductor.
Table I shows the designed parameters of boost PFC converter
in the conventional and proposed strategies. For @Qg, both
converters use a GaN FET in TO-220 package. The input filter
capacitor (Cj,,) is selected as 1uF to meet the electromagnetic
interference (EMI) requirements. The buffer capacitor (C'p)
of the boost PFC converter is selected as 810uF to support
30ms HUT. Thus, if the bus voltage is regulated as 400V in
the normal operation, the minimum bus voltage (Vs:y,) during
HUT is 315V. The winding area of the rectifier-coupled boost
inductor should increase as much as a winding area for an
additional winding (Np). To use the same magnetic core, the
rectifier-coupled boost inductor applies slightly thinner wire
than the conventional one to N4, which results in slightly
larger conduction loss compared to the conventional one.

3) PSFB converter: In the conventional design, since the
PSFB converter should solely regulate the output voltage
during the HUT, the conventional PSFB converter should be
designed with 315V-400V input voltage range. On the other
hand, during the HUT, the HB forward converter can provide
additional high voltage gain. Therefore, the PSFB converter in
the reverse-feeding strategy can be better optimized in normal
operation range. The normal operation range just includes the
ripple voltage of Vg (AVp) so the minimum input voltage of
the PSFB converter is V3-0.5A Vg in normal mode. AVg can
be expressed as follows:

_ Po
27 fLineCBVB—Reg

AVp (16)

where P is the output power, fr;,. is the ac line frequency,
and Vp_Re,4 is the regulated PFC output voltage.

In this paper, considering AV and some design margin,
we assumed that the PSFB converter in the proposed strategy
is designed with 380V-400V input voltage range. Similar
concept is applicable to other two-stage PFC designs with
different design constraints. Table II compares the designed
parameters of the PSFB converter in the conventional and
proposed strategies. From (14) and (15), by reducing the
input voltage range of the PSFB converter, the reverse-feeding
strategy enables the PSFB converter to have higher transformer
turns-ratio than the conventional one, which results in the
following advantages while it functioning as a dc transformer:

e Reduced primary side conduction loss. The primary side
current (¢ p,.;) reflected from the secondary side has the same
forms in (8) and (11). Therefore, the increased transformer
turns-ratio (npsrp) can reduce the primary side current,
reducing the conduction losses on the primary side. In
principle, a higher turns-ratio transformer operating with
higher duty ratio offers higher performance than a lower
turns-ratio transformer operating with lower duty ratio.

e Reduced output inductor core loss. The delta flux density
of the output inductor core (ABy,) is:

AB,, = Yol = Desr)
AcN, Lof S

where A, is the effective cross section area of the core,
Ny, is the number of output inductor turns, and fg is the
switching frequency. Assuming that the PSFB converter in
a reverse-feeding design and in a conventional design use
minimized Ny, and maximized wire thickness to carry high
output current, the core loss difference is only determined
by D.sr. Due to the increased transformer turns-ratio, the
PSFB converter with the reverse-feeding strategy operates
with much larger effective duty ratio in the normal operation
compared to a conventional design. Therefore, the increased
transformer turns-ratio can reduce the output inductor core
loss (or reduce the inductor size).

A7)

e Reduced snubber loss. The PSFB converter usually adopts
a RCD clamped snubber circuit to clamp the secondary
voltage stress. Since higher transformer turns-ratio reduces
voltage stress of the secondary switch (=2Vp/npsrp), the
snubber loss in a conventional PSFB converter is reduced.

o Better device rating. Since the PSFB converter operates in
a narrower operation range, the switch voltage ratings and
current ratings can be better optimized.

In summary, the “reverse-feeding” strategy uses the boost
PFC converter to process energy during the HUT to create
additional design flexibility for the dc-dc converter, and allows
the ac-dc system to be better optimized for higher efficiency
and power density. In a specific “boost+PSFB” two stage
design, the “reverse-feeding” strategy reduces the primary
conduction loss, output inductor core loss, and snubber loss
in the normal operation when high efficiency is required.



C. Design Considerations of HB Forward Converter

The HB forward converter reuses the components of the
boost PFC converter. Thus, the HB forward converter should
be designed using the optimally designed parameters of the
boost PFC converter shown in Table I to achieve high per-
formance in normal operation. As a result, design parameters
of the HB forward converter are only the additional winding
(Np) and the switching frequency (fs_pwq) during HUT.
Those parameters should be designed under following criteria
to achieve high normal operation efficiency and extended
HUT: (1) Minimized impact on the boost PFC converter; (2)
Maximizing the HUT.

1) Voltage Stress of the Rectifier Switches: As illustrated in
Fig. 6, the HB forward converter can offer higher additional
voltage gain as np,q decreases, which can extend the HUT.
However, since np,,q is related to the voltage stress of the
secondary semiconductor devices, the additional voltage stress
on the rectifier side should be considered. The switch stress
on the rectifier side during the HUT is:

1— Dg)V, V
Vosrt = Vosre = ( Vs + 2
NFwd NPSFB
DgVp n Vi
NFwd

@4 is kept ON during HUT and does not block voltage.
The voltage stress of rectifier switches are determined by the
maximum voltage stress during normal and HUT operations.

(18)

19)

b
nNpSFB

2) Current Stress on the Primary Side: In order to reuse
the switches designed for the boost PFC converter, the HB
forward converter should have lower maximum current stress
than the boost PFC converter. The peak current stress of Qg
and @ p of the HB forward converter are:

. Dslp  Ds(1—Ds)Vp
—peak — P 20
*QE-~peak NFwd 2LB fs—Fuwd 20)
; _iro—Dslo  Ds(1—-Ds)Vp 2
@8 —peak NFwd 2L fs—Fwd

3) Rectifier-coupled Boost Inductor: In normal operation,
the rectifier-coupled boost inductor operates as a traditional
boost inductor. Thus, it should be designed considering large
offset current under the minimum ac input condition, i.e.,
V2P5/v A¢—min. During the HUT, the rectifier-coupled boost
inductor operates as a transformer for the HB forward con-
verter and the offset current of the HB forward converter is
(DsIo)/npor, which is much smaller than v/2Po/vAc— min.
Thus, the rectifier-coupled boost inductor does not require
additional core section area compared to conventional boost
inductor. However, due to the additional winding, the window
area should slightly increase, or thinner windings (N 4) should
be used. In general, since the boost converter only operate for
a very short amount of time (a few line cycles), the current
density of Np can be much higher than what is usually
required for a forward converter. Therefore, the additional

TABLE I
DESIGNED PARAMETERS OF THE BOOST PFC CONVERTER

List Conventional Reverse-Feeding
QB IPZ60R099P6
Qs TPH3212PS
C; 1uF
CB 8 10,U,F
VB 315V-400V (Vp_rcg=400V)
AMP27P40x 2 AMP27P40x 2
Ls S511puH 511puH
Na=T72T (1.29) Na=T72T (1.19)
- Np=8T (0.05Px320)

TABLE I
DESIGNED PARAMETERS OF THE PSFB CONVERTER

List Conventional ‘ Reverse-Feeding
Qr1 & Qp2 TK25V60X
Qrs & Qps TK12V60W
Qsr1 & Qsr2 BSCO16NO6NS (2EA)
Lo APM27P90, 2.0uH, 4turns (1.5Px6)
EE3531 EE3531
L]\/j=l.8mH L]\/[=1.81'1'1H
Transformer
npsrp=23 npsrp=28
(Np:Ns:Ng=23:1:1)| (Np:Ns:Ng=28:1:1)
Rsnb 2.1kQ2 7.5kQ2

windings can be implemented with very thin wires and the
additional winding area is negligible.

4) CCM (Continuous Current Mode) Operation: The HB
foward converter can be designed to operate in CCM (contin-
uous current mode) to simplify the control strategy and avoid
abrupt voltage gain change between CCM operation and DCM
(discontinuous current mode) operation during the HUT. To
maintain CCM operation during the HUT, the ripple current of
the output inductor (Aiy,) should meet the following criteria:

Air = npsreVoDs
1Lo =

2(14+aDs)Lo fs—Fwa
In summary, BSCO3NO8NS (80V) is selected for Qr and

QAa, fs—rwa is 40kHz, and np,q and Np are designed as
shown in Table 1.

< Io, (22)

IV. EXPERIMENTAL RESULTS

To verify the effectiveness of the “reverse-feeding” strategy,
an 800W server power supply with 100-240V/.,,,s ac input and
12V/66.7A output was built and tested. We also implemented
a conventional two-stage PFC design as a comparison with
similar operation range and optimization procedure. Table I
and Table II summarize the details of the two prototypes. The
switching frequencies of the boost PFC converter and PSFB
converter in both strategies are 55kHz and 75kHz, respectively.
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coupled boost inductor. The winding areas of the two designs are almost the
same with identical magnetic cores. 95
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in normal operation. As discussed in Part III-B, the reverse-
feeding strategy enabled the PSFB converter to have much ©

smaller circulating current and primary current than the con- Fig. 10. Measured system (boost PFC + PSFB converter) efficiency. (a)
ventional one because of high transformer turns-ratio in narrow  115V,,s (Low line). (b) 230V, (High line). (c) Loss analysis.
operation range. Moreover, it has shorter free-wheeling period.

The voltage stress on the secondary side switches are reduced.

Fig. 10 shows the measured efficiency and estimated loss breakdown of two prototypes in 115V,.,,s and 230V,.,,s. Due
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Fig. 11. Measured waveforms during HUT (full load condition). (a) Conven-
tional PSFB converter with npgpp=28. (b) Conventional PSFB converter
with n pgrp=23. (c) Proposed topology. (d) Proposed topology at Vp=250V.

to the additional winding (Npg), the conduction loss in the
rectifier-boost inductor is slightly increased in normal opera-
tion. This is because the winding of N4 can be designed with
slightly thinner wires. However, benefiting from the additional
design flexibility and system optimization, the prototype with
the reverse-feeding strategy achieves higher efficiency than the
conventional one over the entire load condition. As illustrated
in Fig. 10(c), it achieves 96.5% peak efficiency by improving
the PSFB converter efficiency through the reduced primary
conduction loss, output inductor core loss, and snubber loss.
Fig. 11 shows the measured waveforms during the HUT.
Conventional PSFB converter has trade-off relationship be-
tween high efficiency and long HUT as shown in Fig. 11(a)
and Fig. 11(b). On the other hand, since the HB forward
converter provides additional voltage gain, the reverse-feeding
strategy obtained much longer HUT compared to the con-
ventional PSFB converter, while achieving high efficiency in
the normal mode. From Figs. 11(c) and (d), the proposed
strategy well regulates Vp at V=250V using both the PSFB
converter and HB forward converter. When the prototype with
the reverse-feeding strategy is designed to achieve the same
HUT as a conventional PSFB converter with npgpp=23, the
buffer capacitor can be reduced by 25% as shown in Fig. 8.

V. CONCLUSIONS

This paper presents a “reverse-feeding” HUT strategy to
achieve high efficiency and extend the HUT in grid-interface
PFC. By coupling the boost inductor to the rectifier stage,
the boost stage of the PFC can be reused as a HB converter
during the HUT. This enables the dc/dc stage (e.g. PSFB
converter) to be optimized for narrower operation range and
achieve higher efficiency in normal operation. During the
HUT, both the boost stage and the dc/dc stage are used to
transfer power from the energy-buffer capacitor to the output.
The effectiveness of the “reverse-feeding” strategy was verified

by two PFC prototypes with the same boost converter and the
PSFB converter. The PFC with reverse-feeding can achieve
higher peak efficiency (96.5%) with extended HUT (about 1.5
times), or can reduce the buffer capacitor size by 25%. The
“reverse-feeding” strategy can be similarly implemented in a
variety of other two-stage grid-interface PFC topologies.

ACKNOWLEDGMENT

The authors would like to thank the National Science
Foundation (#1847365) and the Princeton Andinger Center for
Energy and the Environment for supporting this work.

REFERENCES

[1] Limits for Harmonic Current Emissions (Equipment Input Current ; 16A
per Phase), IEC Int. Standard 1000-3-2, 2001.

[2] 80 Plus Incentive Program [Online]. Available : http://www.80plus.org/

[3] Efficiency Standards of US [Online]. Available : http://energy.gov/

[4] M. M. Jovanovi¢ and Y. Jang, “State-of-the-Art, Single-Phase, Ac-
tive Power-Factor-Correction Techniques for High-Power-Applications—
An Overview,” IEEE Transactions on industrial Electronics, vol. 52, no.
3, pp. 701-708, Jun. 2005.

[5S] F. Chn and D. Maksimovié, “Digital Control for Improved Efficiency
and Reduced Harmonic Distortion Over Wide Load Range in Boost PFC
Rectifiers,” IEEE Transactions on Power Electronics, vol. 25, no. 10, pp.
2683-2692, Oct. 2010.

[6] M. Chen, S. Chakraborty, and D. J. Perreault, “Multitrack Power Factor
Correction Architecture,” IEEE Transactions on Power Electronics, vol.
34, no. 3, pp. 2454-2466, Mar. 2019.

[7] Y.Jang and M. M. Jovanovi¢, “A New ZVS-PWM Full-Bridge Converter,”
IEEE Transactions on Power Electronics, vol. 18, no. 5, pp. 1122-1129,
Sep. 2003.

[8] B. Y. Chen and Y. S. Lai, “Switching Control Technique of Phase-Shift-
Controlled Full-Bridge Converter to Improve Efficiency Under Light-
Load and Standby Conditions Without Additional Auxiliary Compo-
nents,” IEEE Transactions on Power Electronics, vol. 25, no. 4, pp. 1001-
101, Apr. 2010.

[9] B. Yang, F. C. Lee, A. J. Zhang and G. Huang, “LLC Resonant Converter
for Front End DC/DC Conversion,” IEEE Applied Power Electronics
Conference and Exposition (APEC), Dallas, TX, 2002, pp. 1108-1112.

[10] J. I. Baek, C. E, Kim, J. B. Lee, H. S. Youn and G. W. Moon, “A
Simple SR Gate Driving Loss for Phase-Shifted Full-Bridge Converter,”
IEEE Transactions on Power Electronics, vol. 33, no. 11, pp. 9310-9317,
Nov. 2018.

[11] I. H. Cho, K. M. Cho, J. W. Kim and G. W. Moon, “A New Phase-
Shifted Full-Bridge Converter With Maximum Duty Operation for Server
Power System,” IEEE Transactions on Power Electronics, vol. 26, no.
12, pp. 3491-3500, Dec. 2011.

[12] Z. Chen, M. Li and Y. Wnag, "Wide-Range ZVS Phase-Shifted Full-
Bridge Converter With Low Circulating Loss,” IECONI14-IEEE Industrial
Electronics Society, Dallas, TX, USA, 2014, pp. 1882-1888.

[13] Y. D. Kim, K. M. Cho, D. Y. Kim and G. W. Moon, “Wide-Range
ZVS Phase-Shift Full-Bridge Converter With Reduced Conduction Loss
Caused by Circulating Current,” I[EEE Transactions on Power Electronics,
vol. 28, no. 7, pp. 3308-3316, Jul. 2013.

[14] R. Kathiresan, P. Das, T. Reindl and S. K. Panda, “A Novel ZVS DC-DC
Full Bridge Converter With Hold-Up Time Operation,” IEEE Transactions
on Industrial Electronics, vol. 64, no. 6, pp. 4491-4500, Jun. 2017.

[15] Y. Jang, M. M. Jovanovi¢ and D. Dillman, "Hold-Up Time Extension
Circuit With Integrated Magnetics,” IEEE Transactions on Power Elec-
tronics, vol. 21, no. 2, pp. 394-400, Mar. 2006.

[16] J. Baek, J. K. Kim, J. B. Lee, H. S. Youn and G. W. Moon, ”A Boost
PFC Stage Utilized as Half-Bridge Converter for High-Efficiency DC-DC
Stage in Power Supply Unit,” IEEE Transactions on Power Electronics,
vol. 32, no. 10, pp. 7449-7457, Oct. 2017.

[17] S. Ken and F. Stuckler, “Practical Design and Evaluation of an 800W
PFC Boost Converter Using TO-247 4pin MOSFET (Application Note),”
Infineon Technologies, Munich, Germany, Nov. 2015. [Online]. Available:
http://www.infineon.com/

[18] S. Abdel-Rahman, F. Stuckler and K. Siu, "PFC Boost Converter Design
Guide (Application Note),” Infineon Technologies, Munich, Germany,
Feb. 2016. [Online]. Available: http://www.infineon.com/



