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Abstract—This article presents a reconfigurable totem-pole
bridgeless power factor correction converter employing an aux-
iliary circuit and a simple control scheme to achieve high effi-
ciency. Under light load condition, instead of delivering the energy
through the main switch, the proposed converter utilizes only
the auxiliary switches by using a different control scheme. Since
the auxiliary switches have much smaller parasitic capacitances
than the main switches, the proposed converter can obtain high
efficiency under light load condition. Over middle-to-heavy load
condition, the proposed converter can acquire both zero-voltage
switching operation and relieved reverse-recovery problem thanks
to the auxiliary circuit, which leads to high efficiency even with
Si-MOSFET in the continuous conduction mode control. As a
result, the proposed converter can achieve high efficiency over the
entire load condition. The effectiveness of the proposed converter
is verified by a prototype with ac 230V ..., input and 750 W output.

Index Terms—Light load efficiency, server power supply, soft-
switching operation, totem-pole bridgeless power factor correction
(PFC) rectifier, zero current switching (ZCS), zero voltage
switching (ZVS).

1. INTRODUCTION

ECENTLY, moving to the Big Data era, the capability
R to process tremendous data quickly has been required in
server computers [1]. Accordingly, higher and higher power
level has been required in the server power system. But at
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the same time, higher efficiency has been gradually expected
for energy conservation [2]. In general, since most power con-
sumption occurs at daytime when most information technology
(IT) equipment operate, the server power system requires high
efficiency under the heavy load conditions. Moreover, the server
power system even operates under light load condition at night
and dawn consistently.

Thus, manufacturers of the server power system have made an
effort to minimize power loss under light load condition as well
as heavy load condition. This tendency is specified by the 80
PLUS incentive program and Climate Saver Computing Initia-
tive requiring high efficiency from 10% to 100% load conditions.
Furthermore, most manufacturers of the server power supply
tend to require high efficiency even below 5% load condition,
which clarifies the latest Energy Star specifications [3], [4].

Generally, server power system typically consists of a front-
end boost power factor correction (PFC) converter and a main
dc—dc converter. Among them, a boost PFC converter is used
to fulfill the high power factor and low current distortion for
meeting IEC 61000-3-2 standards and Energy Star specifica-
tions. The importance of these international standards continues
to be emphasized to minimize power loss, noise, and line current
distortion caused by reactive power. To mitigate these problems,
a continuous conduction mode (CCM) mode is preferred in
middle-to-heavy power applications in order to benefit from its
small conduction losses and high power density [5]. Further-
more, for obtaining high efficiency, many leading power supply
companies are currently working on the development of bridge-
less PFC converters to reduce relative large conduction loss of
bridge diode, which is a definite disadvantage of conventional
boost PFC converters [6]—[15].

A representative candidate for bridgeless PFC converters is
totem-pole bridgeless PFC converter, as shown in Fig. 1. It has
the merit of a simple structure due to low component counts
on conduction paths compared to the conventional boost PFC
converter with bridge diodes. Thus, this structure can reduce
conduction losses compared to the conventional one.

However, it is hard for the totem-pole structure to use Si-
MOSFET in CCM control because the totem-pole structure still
suffers from the hard-switching operation and reverse-recovery
problems. Therefore, majority of conventional research usually
considered wide-band-gap (WBG) devices such as GaN-FET
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Fig. 1.  Circuit diagram of conventional totem-pole bridgeless rectifier.

and SiC-MOSFET in CCM totem-pole structure. However, de-
spite using high-cost WBG devices, totem-pole bridgeless PFC
converter still has a limitation in achieving high efficiency due
to the significant switching loss and reverse-recovery problem
in CCM.

Therefore, in order to relieve this limitation, it is most likely to
operate the critical conduction mode (CRM) operation reliably
in the totem-pole structure [6], [7]. However, when operating
with CRM operation, it is not easy to apply in the high power
applications on account of high conduction loss. So as to over-
come this problem, many types of research have been conducted
on soft-switching techniques, enabling the totem-pole bridgeless
PFC converter to achieve high efficiency even in CCM operation
[8]-[13], [18].

In [12], soft-switching operation by employing a coupled
inductor was proposed. Although it can achieve the relieved
reverse-recovery and zero current switching (ZCS) turn-OFF
operation by utilizing a coupled inductor, conduction loss in-
creases in the auxiliary circuit, which decreases the light load
efficiency. In [13], additional passive LC network provided the
ZCS turn-OFF operation. However, relatively large circulating
current occurs due to the auxiliary circuit, which also degrades
light load efficiency. Also, the voltage stress across the LC
network is double the output voltage because of using resonance.
Therefore, there is a limit to utilizing low-voltage rating devices
with high performance. In [14], both ZCS turn-OFF and zero
voltage switching (ZVS) turn-ON could be achieved by using
the auxiliary circuit. Thus, it improved its efficiency by reducing
switching losses. However, since large conduction loss is caused
by the large number of components in the auxiliary circuit, it
is still difficult for the totem-pole bridgeless PFC converter to
achieve high efficiency.

This article proposes a reconfigurable totem-pole bridgeless
converter adopting not only light load control strategy but also
soft-switching capability. In the light load condition, the pro-
posed converter utilizes auxiliary switches instead of the main
switches for build-up and powering operation. Therefore, it can
achieve high efficiency in light load conditions by reducing
the switching loss because the auxiliary switches have low
current rating and small parasitic capacitance compared to that
of the main switches. Under middle-to-heavy load condition,
the proposed converter can secure the soft-switching operation
of the main switch through the auxiliary circuit. Thus, the
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Fig. 2. Derivation process of the proposed reconfigurable totem-pole bridge-
less PFC converter.

proposed converter can reduce the switching loss and reverse-
recovery loss, which results in high efficiency. For this reason,
the proposed converter can have high efficiency over the entire
load condition even with general Si-MOSFET in spite of CCM
operations.

II. CONCEPT OF THE PROPOSED CONVERTER

Based on the conventional totem-pole bridgeless PFC rectifier
shown in Fig. 1, the proposed converter is configured with
an auxiliary circuit as described in Fig. 2. In order to obtain
reconfigurable operation, such as light load control strategy and
soft-switching operation, the additional current path is required
by adopting auxiliary inductor L oyx as a current source. Layx
is connected between two main switches and two auxiliary
switches. Here, Q1 and Q5 are the main switches responsible
for general build-up and powering operation of the proposed
converter. Also, Q41 and Q42 are auxiliary switches which
perform the build-up and powering operation instead of the main
switches with small switching loss in the light conditions. Under
the middle-to-heavy load conditions, Q 41 and @ 42 play the role
of the main switches ()1 and Q- in ZVS operations as well.

A. Operational Principles With Light Load Control Strategy

In this section, the operational principles of the proposed
converter are described in detail under the light load conditions.
If the proposed converter keeps ZVS operation under light
load condition, the conduction losses caused by the auxiliary
circuit become relatively larger than reduced switching losses,
which degrades the light load efficiency as in the conventional
research [12]. Therefore, the proposed converter needs to adopt
an additional control scheme under the light load condition.
When the proposed converter is in the light load condition, the
proposed converter transfers the energy stored in the inductor
to the output side not by using the two main switches )1 and
Q- but by utilizing the two auxiliary switches Q 41 and ) 42 as
shown in Fig. 3(b) and (c).

For the sake of convenience in analysis, only the positive
half-cycle of ac input voltage is considered. To simplify the
analysis, it is assumed that the proposed converter operates in
the steady state and the following suppositions are premised
during a few switching cycles.
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Fig. 3. Operational modes of the proposed reconfigurable totem-pole bridge-
less PFC rectifier under light load conditions. (a) Key waveforms of the pro-
posed control strategy. (b) Proposed build-up operation. (¢) Proposed powering
operation.

1) All the components and devices are ideal.

2) The output capacitor C is large enough to assume that
output voltage V is constant.

3) All the semiconductors, i.e., two main switches and two
auxiliary switches, are ideal states having parallel body
diode and parasitic capacitance Cposs.

Mode 1 [ty—t1]: In the light load conditions, Mode 1 begins not
by turning ON Q5 but by turning ON ( 4. Therefore, since the
input voltage Vs is applied to L; and Layx simultaneously,
the inductor current ¢7,Ayx is built up as shown in Fig. 3(b).
The peak value of 77 Aux_peak can be expressed as follows:

Vs

+ ———(t—tg). (1
L1+LAUX( 0). (1)

ir1(t) = ipaux(t) =ir1(to)

Mode 2 [t1—t2]: Mode 2 starts when the switch @ 4o is turned
OFF. In this interval, the energy stored in both L; and Lauyx
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transfer to the output side through the body diode of Q41
shown in Fig. 3(c).

The two auxiliary switches Q 41 and @) 42 used in this article
have smaller current rating specifications compared to the main
switches ()1 and Qs, hence the two auxiliary switches Q41
and @ 4o have smaller output capacitance Cogg than that of
the main switches (; and Q-. It means that the proposed
converter can reduce the switching loss more dramatically than
the conventional operation using the main switches 1 and Qs.
Therefore, the proposed control strategy can improve the system
efficiency by utilizing auxiliary switches Q 41 and @ 42 under
the light load conditions.

B. Operational Principles Under the Middle-to-Heavy Load
Condition With Soft-Switching Capability

In this section, the operational principles of the proposed
converter are going to be analyzed in detail under the middle-
to-heavy load conditions. In order to describe the operational
principles of the proposed converter, Fig. 4 shows the key
waveforms and operational modes of the proposed converter
under middle-to-heavy load conditions.

Mode 1 [t1—t2]: After the build-up operation of the inductor L,
is finished, the unique operation of the proposed converter
starts at Mode 1 with powering operation. First, let us define
two nodes between the two sides of auxiliary inductor Layx.
One is a_,.q¢ in the left side and the other is b_,,,4e In
the right side of auxiliary inductor Lauyx. At the start of
powering operation, a_,.q. 1 clamped to the output voltage
and b_,04. 18 induced to zero voltage due to preoperation.
Therefore, the output voltage Vo is applied to Layx. When
the energy stored in Layx is large enough to charge and
discharge the parasitic capacitance Cogs a1 and Coss g a2,
the commutation operation is performed by resonating with
Layx and COSS_QAl and Coss_QAQ. In this interval #—t5,
the peak value of i1 AUX peak Can be expressed as follows:

) C +C
LLAUX_peak = \/ OSS‘QAEA 055.QA2 o ()
UX

Mode 2 [ta—t3]: Mode 2 starts when the junction capacitor
Coss a2 is fully charged up to V. As both a_;0qe and
b_node are induced with the same output voltage Vo, iaux
is circulating through the body diode of Q 41. Assuming the
body diodes of )1 and Q41 have different forward voltage
drop like VF_q1 body < VF_QA1 body t1.AUX decreases with
reduced conduction loss in this interval as follows:

VF_Q1_body — VF_QA1_body
Laux

3)

Aipaux =

Mode 3 [t3—t4]: At the end of powering operation, Mode 3 starts
to begin turning ON @ 42 with ZCS turn-ON due to reduced
circulating current ¢, Ayx. Also, i1, Aux 1s built up as follows:

Vo
AUX

iraux(t) = ipaux(t3) + 17 (t—ts). 4

Since the output voltage V is applied to Laux, the current
i1 flowing through the main switch decreases to zero value
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Fig. 4. Operational modes of the proposed reconfigurable converter under
middle-to-heavy load. (a) Key waveforms of the proposed soft-switching capa-
bility. (b) Mode 1 (t1—f2). (c) Mode 2 (t2—t3). (d) Mode 3 (t3—14). (¢) Mode 4
(t4—t5). (f) Mode 5 (t5—t¢). (g) Mode 6 (tg—t7). (h) Mode 7 (t7—tg).
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Fig. 4. (Continued) Operational modes of the proposed reconfigurable con-
verter under middle-to-heavy load. (a) Key waveforms of the proposed soft-
switching capability. (b) Mode 1 (11—t2). (c) Mode 2 (t2—t3). (d) Mode 3 (t3—14).
(e) Mode 4 (ta—t5). (f) Mode 5 (t5—t¢). (g) Mode 6 (t6—t7). (h) Mode 7 (t7—t3).

with the same slope of iz aux. It means that the slope of i is
controllable by the current flowing through Layx. Therefore,
the reverse-recovery concern can be relieved in the proposed
converter. These characteristics can facilitate the utilization of
Si-MOSFET for main switches even in the CCM operations.

Mode 4 [t,~t5]: In Mode 4, when i 1 reaches zero, the auxiliary
inductor current 7 Ayx keeps on increasing since the voltage
across L ayx remains in a positive state.

Therefore, the difference between i, oyx and iz,; contributes
to the commutation, which means charging and discharging
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junction capacitor for ()1 and Q. After finishing the commuta-
tion between the junction capacitor for ()1 and Q2 i, aux keeps
flowing through the body diode of Qs, Laux, and @ 42 because
the voltage across L ayx is zero. If this circulating interval would
be longer, system efficiency becomes lower. In order to minimize
conduction loss by this circulating current, the proper adaptive
turn-ON time for () 4o should be carefully designed.

Mode 5 [ts—ts]: Mode 5 begins with turning ON Q- with ZVS
operation due to preoperation. This soft-switching operation
can reduce the switching loss significantly. In the auxiliary
circuit, the build-up current i Ayx, i.€., the energy stored in
Laux, transfers to the output side through the body diode of
Qar.

Mode 6 [tg—t7]: Mode 6 starts when i;ayx reaches zero. At
this time, if the energy stored in Layx is large enough to
charge and discharge the parasitic capacitance Cogs g1 and
Coss_q A2, the commutation operation is obtained by resonat-
ing with Laux and Coss ga1 and Cogs_ga2. Therefore,
in this interval 76—t7, the peak value of i1, AUX peak Can be
expressed as in (2).

Mode 7 [t;—tg]: When Coss_gai is fully charged up to output
voltage Vo, this mode starts. The voltage across a_jqe 1S zero
with Q- turn-ON state. Also, the voltage across b_node is zero
because the junction capacitor Coss ¢z is fully discharged.
Therefore, i1 aux is circulating through Q-, the body diode
of Qa2, and Layx. Hence, ipaux has a declined slope as
follows:

VF_0A2 body
Laux

®)

Aipaux = —

Therefore, as shown in the above mode analysis under middle-
to-heavy load conditions, the proposed converter can achieve
both soft-switching operation and relieved reverse-recovery con-
cern utilizing the auxiliary circuit. As a result, the proposed
reconfigurable totem-pole bridgeless PFC converter can improve
the middle-to-heavy load efficiency even when utilizing Si-
MOSFET having low cost and higher reliability, which is proved
sufficiently by not using GaN-FET or SiC-MOSFET despite the
CCM control method.

IIT. DESIGN GUIDELINE OF THE PROPOSED CONVERTER

Since the proposed converter has similar characteristics with
conventional totem-pole bridgeless PFC rectifier for main com-
ponents such as main inductor L; and main switches ()1 and Q-,
this section only emphasizes the design for an auxiliary circuit
including L ayx and auxiliary switches Q 41 and Q 4.

A. Selection for Auxiliary Switches Qa ; and Q 42

In the proposed converter, the voltage stress on the auxiliary
switches Q41 and @ 42 is clamped to output voltage V. It
means the maximum voltage stress across auxiliary switches
0 41 and @) 45 is the output voltage from 390 to 400 V. Therefore,
when selecting the auxiliary switch, the voltage stress can be
obtained by having the same rating as the main switches )y
and Q5. Under the 230V}, input and full load conditions, the
irAUX tms value is less than 2 A. Considering current stress,
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the auxiliary switches can be selected with much lower current
specification than the main switches. Therefore, it can allow
choosing auxiliary switches that have smaller current rating and
smaller parasitic capacitance value, resulting in high efficiency.

B. Reduction of Circulating Current i, syx

In this section, the reduction method of the circulating current
value for iy, oyx is introduced in detail.

Under the middle-to-heavy load conditions, the circulating
current occurs during Mode 2 and Mode 7 shown in Fig. 4(c) and
(h). In these cases, its peak value i;, Aux peak can be expressed by
(2). In order to minimize the circulating current, the i;, AUX ‘peak
value needs a way to optimize the inductance value Layx and
capacitance Coss, g2, considering the additional conduction
losses.

However, even if Layx and Cosg, g2 are optimized, the
circulating current still maintains a constant value over those pe-
riods, causing high conduction loss. Therefore, in the proposed
converter, high efficiency can only be obtained by reducing
the constant circulating current value. In order to alleviate the
constant circulating current intentionally, the additional voltage
source C'ayx can be considered, as shown in Fig. 5(a). However,
the proposed converter cannot operate in the normal build-up
and powering operation due to the additional voltage source by
Cavx.

Considering a different approach, if the main switches and
auxiliary switches use different FETs which have different for-
ward voltage drop values V of the body diodes, the circulating
current can be declined dramatically, as shown in Fig. 5(b) and
(c). Thus, different body diode’s forward voltage V- is utilized
as a voltage source. Consequently, the circulating current ¢ A yx
can be decreased without additional components or circuits,
as demonstrated in Fig. 5(d). Therefore, in this article, high
efficiency can be obtained by reducing the constant circulating
current without additional components or circuits.

C. Adaptive Duty Control for Auxiliary Switches

In the proposed converter, so as to ensure ZVS operation
of main switches Q1 and Qs, the total turn-ON time ¢4, as
shown in Fig. 6(b), should be determined in the above-calculated
boundary region, written in the soft-switching area according to
the following:

iQ1(t3) - Laux

ta=1ta1 +taz = A

1
+ 3T V/2Coss,q2 - Lavx. (6)

In addition, if the total turn-ON time t4 is very long, the
circulating current could be increased with high conduction
loss. Accordingly, total turn-ON time ¢4 should be close to the
boundary region as much as possible. As aforementioned, 7 41 is
depended on ig;. Whereas, 42 is not a variable but a constant
value regarding Layx and Cosg, 2. To retain proper adaptive
duty control for turn-ON time ¢ 4, the optimized turn-ON time ¢ 4
should be determined by sensing the inductor current iz,1, which
is a variable. The value of the inductor current can be used to
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sense the existing inductor current iz; of the PFC converter
rather than an additional sensing method. As a result, the total
turn-ON time ¢ 4 can be expressed as follows:

Laux
Vo

ta > “iL_AVG T+ % -1 1/2C0ss,02 - Lavx.  (7)

In addition, itis significant to design a proper inductance value
for the auxiliary inductor L oyx. Therefore, the additional losses,
such as conduction loss and switching loss, should be carefully
considered in the proposed converter. At first, the current i, Aux,
as shown in Fig. 6(a), can be modeled by using a geometric
average method as follows:

Z.LAUX_rms

. V()'tA12[n]‘<2/3‘tAl[n]+tA2)
Z":l Laux>Ts

. 9 ,
+ (% *1LAUX_peak [n]) . %
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Based on the above i1, Aux_rms Value (8), the additional losses
regarding conduction loss can be calculated as follows:

. 2
Pross conp_sw = Ris(on) X LLAUX rms

- VO'tA12["74]‘(2/3‘tAl[n]+tA2)
Zn:l Laux?Ts
= Rds(on) X 2 )

] 2
+ (% -ZLAUXfpeak[TL]) . %

P1,0ss_coND_DIODE = VF_TOTAL X {LAUX_AVG

max OOSS
= Vr_roraL X Z V2 \/ Voln]
ot Laux

where g (on) is the channel resistance of the auxiliary switches,
Ve torar is forward voltage, and the variable [n] represents to
the total number of each switching state transitions during the
half-line cycle. By using (9) and (10), the minimum value for
the sum of switching loss and conduction loss can be calculated
in the auxiliary circuit. Considering additional losses in the
auxiliary circuit, the inductance value Layx is designed as

(10)
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Fig. 7. Design example for proper inductance value Layx under 230V

and full load conditions.

25-30 pH for high efficiency under 230V}, input and full load
conditions, as shown in Fig. 7.

D. Control Circuit

Fig. 8 describes the control method utilizing a digital con-
troller (TMS320F28069). The control block for the proposed
converter is configured with three control blocks.

At first, the main control block is the same with the con-
ventional bridgeless PFC converter. Next, the control block
for d4, which is the adaptive duty control block of auxiliary
switches, is associated with adaptive turn-ON time for ¢4 in
(7). As aforementioned, in the case of the proposed converter,
the main inductor current i;; is used as a variable without
additional sensing method of the inductor current for the proper
turn-ON time ¢ 4. The switch selection block decides the proper
gate signals according to the half-cycle detector that recognizes
where the proposed converter is in the positive or negative status.

E. Control for Switch Transition

In Fig. 8(b), “Aux. Switch Enable” block with blue color is
related to activating the auxiliary switches Q 41 and @ 4o. This
control block is a factor directly involved in the transition and
enabling of the auxiliary switches Q 41 and @ 42. Fig. 8(b) shows
the transition sequence of the “Aux. Switch Enable” control
block. First, the criteria for dividing the transition between the
light load and the heavy load are selected in advance based
on the converter efficiency. The average value “i;; avg can”
per half-cycle of the main inductor current is calculated inside
the digital controller (TMS320F28069). Since the calculated
“ir1_ave_car’ reflects the load information proportionally,
load information can be acquired without additional sensing
circuit.

Based on the load information considering converter effi-
ciency, when the load becomes larger than the reference level, the
“auxiliary switch enable signal” is generated. When this signal
is generated, the auxiliary switches are activated by starting the
duty as small as possible for the stable operation of the system.
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Fig. 8. Control block diagram of the proposed bridgeless PFC converter.

(a) Inner control block. (b) Sequence for the switch transition.

Fig. 9 is an experimental verification waveform related to the
switch transition from light load to heavy load. As you can see in
Fig. 9, as the load increases, the “i1,1_ava car” value increases
inside digital micro controller unit (MCU). When this value
reaches the reference level, the “Aux. Switch Enable” block is
activated and the auxiliary switches are turned ON.

IV. EXPERIMENTAL RESULT

Based on the former analysis, the feasibility of the pro-
posed structure has been verified by experimental results with a
750-W prototype with ac 230V,,s input, 750 W/400'V output,
and 65 kHz switching frequency as commonly used.

We also implemented a conventional totem-pole bridgeless
PFC converter as a comparison with a similar optimization
procedure. Table I summarizes the details of the two circuits.
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TABLE I
DETAILED DESIGN PARAMETERS OF CONVENTIONAL AND PROPOSED CONVERTER
Conventional Totem-pole Converter Proposed Totem-pole Converter
Components Gl et B B +vn
GaN FET Si-MOSFET GaN FET
Input High Line (230V5,)
Output 4007/1.8754(750M)
Lo 65kH=
Main Switches GaNFET (2EAx $10.12) Si-MOSFET (2EA x $2.69)
(/D) GS66504B (6507, 154, 100mQ) IPL60R115CFD7(6507,224, 115m<2)
1;“;1‘;2 GaN FET (2EAx $3.48)
) GS-065-011 (6507, 114, 150mQ
Qa0 i )
Si8237AB-D(Q,;. Q)
. Si8238AB-D(Q,. 0>) ($1.48x 1)
Tetvertc ($1.99x 1) UCC27714(0,. 05)
($121x 1)
1 Main Inductor, L,
Induct 1 Main Inductor, L; (CH270043,1.0®, 82Turns, 820uH)
nductors (CH270043, 1.0®, 82Turns, 820uH) 1 Auxiliary Inductor, £ ;¢ ($0.4)
(CH170060, 0.2, 19Turns, 20uH)
High cost Low cost
Sl ($22.23) ($15.43,30%))
Fig. 10 shows the input and output characteristics regarding
. : input voltage Vg, main inductor current iy, auxiliary inductor
ii_ave_car (500mV/div.) . .
current i;, Aux, and output voltage Vo at the 230V, input,

B
AT R
(Vs avx mey (5V/div.) |
L0

Time : 10ms/div.

(2)

i_avs_ca (500mV/div.)

i |

Time : 10ms/div.

[1 T 1

()

Fig. 9. Experimental verification for switch transition. (a) Switch transition.
(b) Zoom-in waveform.

The conventional structure is general totem-pole bridgeless PFC
rectifier. In the conventional structure, GaN-FET is used for
main switches ()1 and Q5 considering CCM operations due to
reverse-recovery problem. Whereas, the proposed structure in
the right side of Table I can adopt Si-MOSFET as main switches
(1 and Q5. In addition, the auxiliary switches Q 41 and @) 45 are
selected as GaN-FET having a relatively lower current rating
with smaller parasitic capacitance than that of the main switches.

50% load, and full load conditions.

The additional current i, oux facilitates soft-switching opera-
tion in the proposed converter. As seen from the auxiliary induc-
tor current iz, ouyx waveform, it can be seen that the circulating
current decreases gradually with a declining slope, securing ZCS
turn-ON, as shown in Section I1I-B.

This is because the proposed converter utilizes different body
diode’s forward voltage V characteristics of main and auxiliary
switches as a voltage source. Moreover, as seen in Fig. 9, it can
be shown that the peak value of the auxiliary inductor current
irAux 1s slightly larger than the main inductor current i;,. This
is because ZVS energy can be used as the difference between
the auxiliary inductor current iy ayx and the main inductor
current i7. This allows the proposed converter to achieve a
soft-switching operation.

Fig. 11 shows steady-state waveforms including the input
voltage and current and output voltage from light load to full load
conditions. In the light load conditions, as shown in Fig. 11(a)
and (b), the proposed converter can reduce the switching loss
by utilizing the auxiliary switches for build-up and powering
operations, as shown in Fig. 3(b) and (c). Over middle load
conditions, as shown in Fig. 11(c) and (d), the proposed converter
can improve efficiency by soft-switching operation.

Fig. 12 describes soft-switching operation for main switch Qo
and adaptive duty control of auxiliary switches @ 4. As seen
in Fig. 12, the proposed converter can achieve ZVS turn-ON
operation for main switch Q» and retain ZCS turn-ON operation



LEE et al.: RECONFIGURABLE TOTEM-POLE PFC RECTIFIER WITH LIGHT LOAD OPTIMIZATION CONTROL STRATEGY 4379

TELEDYNE LECROY NE LECROY
W P Vo (100V/div.) [

[ Vo (100V/div.)

Ahn_'/*-.-_'f_“—
T T Thnaw ], + )

ii_aux (5A/div.)

[ Vs (200v/div.)

i_aux (5A/div.)

| . . y : f « R — - ) /
Reduced circulating current, iy ZCS Turn-on Reduced circulating current, iy ™ zCS Turn-on
Time : 2us/div. Time : ZEs/div.
(@) (®)

Fig. 10.  Experimental waveforms of the proposed converter. (a) Under 230V, 50% load conditions. (b) Under 230V, full load conditions.
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Fig. 13. Measured efficiency and calculated loss distribution chart according to
the load variation under high-line 230V, conditions. (a) Measured efficiency.
(b) Loss distribution chart.

for auxiliary switch @ 4o. Through these waveforms, the current
in the additional circuit flows with controllable di/dt slope,
resulting in relieved reverse-recovery concern.

Fig. 12 also presents adaptive turn-ON time ¢4 for auxiliary
switches. By controlling adaptive turn-ON time for f4, the
proposed converter can obtain stable soft-switching operation
and minimized conduction losses.

In Fig. 13, the measured efficiency and loss distribution chart
are presented to compare with conventional totem-pole converter
and the proposed reconfigurable totem-pole converter at the
rated conditions. Overall, the proposed structure shows higher
efficiency, especially at the light load conditions. Fig. 13(b)
presents loss distribution regarding both the conventional and
proposed converter. For light load conditions of less than 20%,
the auxiliary switches that have smaller output capacitance
are utilized as the main circuit for build-up and powering
operation. This contributes to have lower switching losses of
the proposed converter. In the case of 20% or heavier load,
i.e., middle-to-heavy load conditions, the proposed converter
can achieve soft-switching operation, such as ZVS turn-oN for
the main switch and ZCS turn-ON for auxiliary switch, and
the proposed converter can reduce reverse-recovery loss with
controllable di/dt. This is why the proposed reconfigurable
converter can acquire higher efficiency than a conventional
totem-pole bridgeless converter.

Also, the power quality of the conventional and proposed
converter is measured by using YOKOGAWA WT-1600 power
analyzer. As shown in Fig. 14, the proposed converter has
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Fig. 14.  Measured power quality according to the load variation under the

high-line 230V, 5 conditions. (a) Power factor. (b) iTHD.

slightly lower PF and total harmonic distortion (THD) charac-
teristics, but both the conventional and the proposed converter
satisfy the general product requirements for the server power
application. Therefore, it can be seen that, unlike the expected
power quality concerns, the proposed converter can meet the
power quality required by the general product requirement.

Finally, a comprehensive comparison is shown in Table II
with various soft-switching bridgeless PFC topologies in terms
of efficiency, the number of components, volume, circuit imple-
mentation, cost, and power quality (PF, iTHD).

As can be seen from Table II, in the case of “dual-boost
ZVS bridgeless PFC rectifier structure [15],” low cost and easy
implementation can be acquired. However, it is difficult to have
high efficiency and high power density because of two large
main inductors and a large number of components.

Next, “interleaved totem-pole ZVS bridgeless PFC rectifier
[16]” can have a small input filter due to the interleaved
operation. Thus, it is possible to secure a high power density. In
addition, it is very easy to implement a driver circuit for driving
all the switches. However, since a large circulating current
should flow for ZVS operation, it causes a high conduction
loss and is not advantageous in terms of efficiency. In addition,
despite the ZVS operation, all the four switches utilize a
high-cost GaN-FET, so there is no cost advantage.

Third, “totem-pole bridgeless PFC converter with bidirec-
tional switch ZVS cell [17]” can meet high efficiency with
no large circulating current for ZVS operation. However, in
this article, the authors mention that both the main switches
and the auxiliary switches use high-cost SiC-FETs. In addition,
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TABLE IT
COMPREHENSIVE COMPARISON WITH VARIOUS SOFT-SWITCHING BRIDGELESS PFC CONVERTERS
Topologies [15] [16] [17] Proposed
Efficiency A X . . " N O ©
(Many number of components) (Large circulating current for ZVS)
Switches : 6ea
. . . Switches : dea s e Switches : 4ea
Active Sw‘ltches :4ea (All the sw. : GaN-FET) (Main sw. : SlC-l:"ET, Aux sw. : SiC-FET) (Main sw. : Si-FET, Aux sw. : GaN-FET)
Components Diodes : 6ea Diodes : 2¢a Diodes : 4ea Diodes : 2ea
: (Anti-parallel SiC-diodes for main sw.) ‘
Passive Main Inductor : 2ea Main Inductor : 2ea Main Inductor : lea Main Inductor : lea
Ci t: (Dual-boost structure) (Interleaved structure) Auxiliary Inductor : 1ea Auxiliary Inductor : 1lea
omponents Auxiliary Inductor : 1ea Auxiliary Inductor : 1ea ¥ : vy :
A A
Vol
olume (Large volume of 2-main inductors) © (Many number of components) ©
Driving Circuit A
g e o o A . o
Implementation (Floating or isolated gate driver)
Cost O . . 2 . . . - . O
(High cost GaN-FETs for all the sw.) (High cost SiC-FETs for all the sw.)
PF, THD @] @) O @]

©: Very good, O: Good, A: Poor.

four antiparallel SiC-diodes are used to reduce reverse-recovery
characteristics for the main switches.

As a result, the topologies in [17] could not have high power
density and low-cost advantage. Furthermore, in order to drive
the auxiliary switches, a floating or isolated driver circuit should
be required, which has a disadvantage in terms of driving circuit
implementation.

Meanwhile, the proposed converter in Table II can have higher
efficiency with reduced circulating current without additional
circuit. Moreover, it is easy to drive the proposed converter with
simple bootstrap circuit due to leg structure such as high-side
and low-side switches. In addition, the proposed converter can
use low-cost Si-FET for the main switches even in totem-pole
structure by utilizing simple ZVS circuit. As a result, compared
to other topologies in terms of cost, the proposed converter can
have an advantage in terms of low cost.

V. CONCLUSION

A reconfigurable totem-pole bridgeless PFC rectifier for high
efficiency is proposed in this article. The proposed converter
adopts the auxiliary circuit to reduce the switching loss in the
conventional totem-pole bridgeless PFC rectifier. By utilizing
an auxiliary circuit, the proposed converter can acquire high
efficiency over the entire load condition. In the light load con-
ditions, the auxiliary circuit is utilized as a main circuit for
build-up and powering operation. This allows the proposed
converter to reduce the switching loss, resulting in high light
load efficiency. Moreover, in the case of middle-to-heavy load
conditions, the proposed converter can obtain ZVS turn-ON,
relieved reverse-recovery concerns of main switches, and ZCS

Extra power BD.

i for (01, 0)
& Qa1 Q1)

Fig. 15.

Prototype of the Proposed Structure.

turn-ON of auxiliary switches. In addition, the conduction loss in
the auxiliary circuit can be minimized by adopting adaptive duty
control for auxiliary switches. Moreover, the additional conduc-
tion loss regarding circulating current can be reduced by utilizing
different body diode’s forward voltage Vi characteristics of both
main switches and auxiliary switches without additional voltage
sources.

The feasibility of proposed converter has been verified with
230VRMS input and 750W (400V/1.875A) output conditions
with prototype as shown in Fig. 15. Based on the experimental
results with rated input and output conditions, the proposed
converter can achieve stable CCM operation with Si-MOSFET,
resulting in low cost and high efficiency over the entire load
condition.
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