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Abstract—This article investigates the gallium nitride based
bridgeless dual single-ended primary inductor converter (SEPIC)
power factor correction (PFC) with full input voltage range zero-
voltage-switching (ZVS) turn-ON for the application of step down
ac–dc converter. The operation principle for the bridgeless Dual-
SEPIC PFC and the theoretical analysis for the ZVS operation has
been investigated. Furthermore, a new magnetic integration has
been proposed to assemble all three inductors, including one input
inductor and two output side inductors into one E-I-E core. The
integrated inductor reduces the total ferrite volume and makes the
converter more compact. The inductance design for ZVS SEPIC
PFC and the magnetic reluctance modeling for the E-I-E core with
the coupled inductor has been analyzed. The effective equivalent
inductance of the input inductor can be implemented with a much
less number of turns by a carefully designed coupling coefficient.
Finally, a 300 W GaN-based MHz bridgeless dual-SEPIC PFC with
the integrated inductors is developed and tested with full–range
ZVS, 97% peak efficiency based on the ZVS extension strategy.

Index Terms—Bridgeless sepic power factor correction (PFC),
E-I-E core, integrated inductors, zero-voltage-switching (ZVS)
turn-ON.

I. INTRODUCTION

THE MAIN power supplies used in telecom, on-board
chargers, servers, and industrial PSU systems need to

convert the ac line power to a constant dc output voltage. Thus,
rectifiers have been employed unavoidably. These systems usu-
ally range from a hundred watts to several kilowatts. The major
problem for conventional rectifiers is severe harmonic pollution.
Therefore, front-end power factor correction (PFC) converters
are widely used to shape the input current of the power supply to
meet the power factor (PF) standard and the current THD norms
such as IEC 61000-3-2 [1]–[3].

As the most efficient and simple PFC circuit, the boost-type
PFC is extensively adopted. Because of the intrinsic boost char-
acteristic, the output voltage of the boost PFC must be higher
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than the peak of the ac line voltage, which is typically 400 V
[4]–[8]. Thus, in some step-down applications, a second stage
is required to convert the output voltage of the boost PFC to
a specific voltage lower than the peak input ac voltage. The
two-stage converter will degrade the system efficiency as well as
the power density. Therefore, the single-ended primary inductor
converter (SEPIC) PFC is prevailing in those applications. The
output voltage of SEPIC PFC can be regulated either higher
or lower than the ac input voltage. Thus, SEPIC converters
are widely employed in LED lighting systems, wireless power
transfer systems, standalone photovoltaic systems, and portable
power applications [9], [10].

The conventional SEPIC PFC consists of a bridge rectifier
followed by a dc–dc SEPIC converter, as shown in Fig. 1(a)
[9]–[13]. The high conduction loss caused by the forward voltage
drop of the diode bridge rectifier will degrade the overall system
efficiency dramatically, and the heat generated by the bridge
rectifier may need an extra heatsink. Hence, to increase the power
supply efficiency, the bridgeless SEPIC PFC circuit topologies
have been extensively researched [14]–[30]. Fig. 1(b) [19]–[21]
and Fig. 1(c) [18], [25]–[27] are two typical types bridgeless
SEPIC PFC topologies. Without the forward bridge rectifier,
it allows the current to flow through a minimum number of
semiconductor devices. Thus, the converter conduction losses
can be significantly reduced. Type I bridgeless SEPIC PFC in
Fig. 1(b) has two more diodes on the input side that will introduce
more conduction loss. Type II bridgeless SEPIC PFC in Fig. 1(c)
has two more passive components.

To reduce the volume of the passive component, increas-
ing the switching frequency has been proved as an effective
method [7]. The emerging of gallium nitride (GaN) devices,
which have a low ON-resistance, fast switching speed, and zero
reverse recovery loss, have pushed the switching frequencies
to the megahertz range for power electronics equipment [39].
Thus, the size of the magnetic components has been dramati-
cally reduced. Since the state-of-the-art SEPIC PFC prototypes
mainly work under discontinuous conduction mode (DCM), the
converters are operating in hard switching, which will still cause
a substantial turn-ON power loss when the switching frequency
increased. Hence, the switching frequency of the state-of-the-art
SEPIC PFC ranges from tens to hundreds of kHz, it has still big
challenge to push the switching frequency to megahertz.

To further increase the switching frequency, the switching
loss must be dealt with. In particular, the turn-ON loss of GaN
FET dominates the power loss and is the major limitation for
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Fig. 1. (a) Conventional Sepic PFC with the diode bridge rectifier. (b) Type
I bridgeless SEPIC PFC. (c) Type II bridgeless dual SEPIC PFC. (d) Modified
bridgeless dual SEPIC PFC.

achieving high efficiency. Conventional SEPIC PFC with the
output diode has low efficiency at high switching frequency since
the zero-voltage-switching (ZVS) operation cannot be obtained
for all switches. [9], [13]. Thus, the realization of ZVS for the
main switch is a key point to design a high-frequency, high-
efficiency SEPIC PFC rectifier.

Some researches have been done to implement ZVS for
SEPIC PFC [10], [30], [31]. In [30], a soft-switching cell com-
posed of an active switch, a resonant inductor, and a resonant
capacitor was applied into the SEPIC PFC to obtain ZVS to
promote the converter efficiency. The active clamped SEPIC
PFC was studied in [10] and [31]. By adding extra clamping
capacitance and MOSFET, partial ZVS can be achieved. How-
ever, All the existing studies cannot accomplish the fully ZVS
operation without adding any auxiliary components. This article
investigates the bridgeless dual SEPIC PFC with the full range
ZVS for all switches, as shown in Fig. 1(d). By replacing the
output diode with MOSFET, the negative current is provided for

TABLE I
COMPARISON OF THREE BRIDGELESS SEPIC TOPOLOGIES

main switches S1/S2 to discharge the output capacitors. So ZVS
is guaranteed in the full range of the input voltage. Thus, without
adding any extra components, it can maximize efficiency at a
high switching frequency.

The comparison of the three bridgeless SEPIC PFC topologies
is given in Table I. By integrating all the three discrete inductors
of the proposed topology in one E-I-E magnetic core, it has
seven components in total, which has the minimum components
among the three topologies. In addition, there are no diodes in the
line current path. For conventional two types bridgeless SEPIC
PFC, the ZVS turn-ON cannot be fully achieved, which will limit
the switching frequency as well as the efficiency.

The operation mode of the conventional PFC can be roughly
classified into three categories depending on the waveform of the
input inductor current, namely, the continuous conduction mode
(CCM), the critical conduction mode (CRM), and the DCM [36].
In CRM mode, ZVS can be achieved with the correct digital
control for the boost-type PFC [6]–[8], [38]–[40]. However,
when the it comes to the SEPIC PFC, the operation mode
cannot be classified with the same principle because SEPIC
PFC consists of two inductors. In contrast, the operation mode
is determined by the sum of two inductor current (iLin+iL1),
which is the current flows through the main switch S1 when S1
is ON. When S1 is OFF, and S3 is ON, (iLin+iL1) is output current
iS3 flow through the synchronous switch S3. The input inductor
current iLin commonly designs to work at CCM. The inductor
current waveforms of SEPIC PFC for three operation modes
are depicted in Fig. 2. If the main switch S1 turns ON when iS3
is exactly decreased to zero, this is CRM mode, as shown in
Fig. 2(b). If the main switch S1 turns ON before the iS3 decease
to zero, this is CCM. Otherwise, it is DCM.

The DCM has been widely used for SEPIC PFC because of
the ZCS turn-OFF for the diode [8]–[29]. However, the ZVS
cannot be achieved in the DCM mode. The modified bridgeless
SEPIC PFC is working under CRM mode (also call boundary
conduction mode, BCM) by adding extended conduction time
for the synchronous MOSFET device. However, the input inductor
still works under CCM with a small current ripple even the
converter is working in the DCM or CRM mode, which may
increase the system efficiency and minimize the volume of the
EMI filter design.

To further make the converter more compact and reduce
the cost, the integrated inductors have been investigated for
the bridgeless dual-SEPIC PFC in this article. In the dc–dc
SEPIC converter, the integrated inductor has been used [33],
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Fig. 2. Three operation modes for Sepic PFC. (a) Continuous conduction mode. (b) Critical conduction mode. (c) Discontinuous conduction mode.

[34]. By tightly coupled the input inductor and output inductor,
the effective inductance can be double, and thus the current
ripple can be reduced. For the ac–dc SEPIC PFC converter, this
integrated inductor usually applied to dual-phase interleaved
SEPIC PFC with a bridge rectifier [11], [12], the two input
inductors, and two output inductors integrated separately with
different magnetic cores. In [37], two integrated inductors have
been conducted for the four inductors of the bridgeless SEPIC
PFC. Still, two magnetics core needed. This article proposed
the integrated inductors, making it possible to assemble all the
three inductors of the bridgeless dual-SEPIC PFC into one E-I-E
magnetic core. Based on the equivalent magnetic reluctance
model, the theoretical analysis shows that the equivalent in-
ductance can be enlarged several times to the self-inductance.
The effective equivalent inductance of the input inductor can
be implemented with fewer turns by an appropriately designed
coupling coefficient.

In this article, the full-range ZVS for the bridgeless GaN-
based MHz Dual-SEPIC PFC is achieved. The operation princi-
ple of the topology and the ZVS control is investigated. Then the
integrated inductors are designed to assemble all the magnetic
components into one E-I-E magnetic core. The inductance de-
sign for the bridgeless SEPIC PFC and the magnetic modeling
for the E-I-E core with the coupled inductor has been analyzed.

This article is organized as follows. The principle of the
operation stage and the theoretical analysis of ZVS implemen-
tation are presented in Section II. The inductance design and the
coupling coefficient selection are presented in Section III. Hard-
ware implementation is introduced in Section IV. Furthermore,
a 300 W prototype of the SEPIC PFC is demonstrated, and the
experimental results are shown in Section V. Finally, Section VI
concludes this article.

II. ANALYSIS OF THE DUAL-SEPIC PFC TOPOLOGY

A. Principle of Operation

The bridgeless dual-SEPIC PFC converter has two identical
SEPIC converters, each operating in alternate half-line cycles,
based on the polarity of the input ac voltage. It consists of three
inductors: one input inductor Lin and two output inductors L1,
L2. L1 and Lin conduct at the positive half-line cycle, and L2

and Lin conduct at the negative half-line cycle. S2 is always
ON, and S4 is always OFF in the positive half-line cycle. In the
negative half-line cycle, S1 is always ON, and S3 is always OFF.
The analysis and discussions of the positive half-line cycle are

Fig. 3. Current waveform during the positive half-line cycle.

similar to the negative half-line cycle, so only the positive half-
line cycle has been analyzed in this article. Assuming the input
current iLin(t) is in phase with the input voltage Vin(t), defining
the input ac line voltage and input current as

Vin(t) =
√
2 · Vin_rms · sin(wlinet) (1)

iLin(t) =
√
2 · Iin_rms · sin(wlinet) (2)

where Vin_rms and Iin_rms are the input rms voltage and rms
current, respectively, wline = 2πfline, and fline is the line fre-
quency.

Fig. 3 shows the theoretical current waveforms in the positive
half-line cycle. The input inductor Lin works under continuous
conducting mode with a small current ripple. When S1 is ON,
and S3 is OFF, the switch current, iS1 is the sum of iLin and iL1.
When S1 is OFF, and S3 is ON, the output current iS3 is the sum of
iLin and iL1. A typical waveform of the inductor current in each
switching cycle is shown in Fig. 4. DON is the turn-ON duty cycle
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Fig. 4. Typical current waveform in each switching cycle.

for S1. According to the operation principle, the instantaneous
current of S1 and S3 in each switching cycle can be expressed as

iS1(t) =

{
iLin(t) + iL1(t), 0 < t < DON · TS

0, DON · TS < t < TS
(3)

iS3(t) =

{
0, 0 < t < DON · TS

iLin(t) + iL1(t) DON · TS < t < TS .
(4)

When S1 turns OFF, and S3 turns ON, the average current of S3
in each switching cycle can be obtained as

iS3_avg(t)=
iS3_pk · TOFF

2 · TS
=

(iLin_pk+iL1_pk) · TON · Vin(t)

2 · TS · VO
.

(5)
Then the average of S3 in the half-line cycle is derived

IS3_avg=
1

π
·
∫ π

0

iS3_avg(t) · dt=Vin_rms
2 · (L1+Lin) · TON

2

2 · L1 · Lin · TS · VO
.

(6)
Substituting IS3_avg = PO/VO, based on (1) to (6), TON and
TOFF yields

TON =
VO

Vin_rms
·
√

2 · L1 · Lin · TS

(L1 + Lin) ·RO
(7)

TOFF =
Vin(t)

VO
· TON =

Vin(t)

Vrms
·
√

2 · L1 · Lin · TS

(L1 + Lin) ·RO
. (8)

Since TON+TOFF = TS = 1/fS under CRM mode, hence the
switching frequency is

fS(t) =
(Lin + L1) · VO

2 · V 2
in_rms

2 · PO · Lin · L1 · (Vin(t) + VO)
2 . (9)

In Fig. 5, the red line shows the theoretical analysis variable
switching frequency for the CRM mode of the bridgeless dual-
SEPIC PFC during the half-line cycle. It can be seen that the

Fig. 5. Variable switching frequency during half-line cycle.

maximum switching frequency occurs in the crossing section of
the line cycle, and the minimum switching frequency occurs in
the middle of the half-line cycle when the input voltage reaches
the peak value.

To achieve ZVS for the main switch S1, the negative current
of iS1 is needed to discharge the output capacitors of S1. The
conventional SEPIC PFC can not provide the discharged nega-
tive current. In order to obtain the negative current, the output
diode Do is replaced by the MOSFET S3. Then S3 turns OFF when
iS3 declined to the required negative current rather than zero,
i.e., iS3 = iLin+iL1≤0; after S3 is OFF, the negative current will
transfer to iS1 to realize ZVS for S1.

To limit the high switching frequency at the crossing section
of the ac line cycle, the maximum switching frequency is limited
to 1 MHz. Moreover, the practical switching frequency is shown
as the blue dash line. The practical switching frequency is lower
than the theoretical switching frequency because the extended
conduction time is added to the synchronous switch S3.

Assuming the intermediate capacitors C1 and C2 are large
enough, the voltage ripples of C1 and C2 in each switching
cycle are negligible. The voltage ripple of the ac input voltage
Vin(t) also can be seemed as a constant value since the switching
frequency is much higher than the line frequency, i.e., VC1 =
Vin(t) = Vin(t0). The value is selected at the beginning of each
switching cycle. Based on the aforementioned assumptions, the
circuit operation can be divided into six stages, separated by
time instants (t0, t1 …t6), as marked in Fig. 4. The equivalent
circuit of each stage is given in Fig. 6, and the corresponding
analytical model is derived.

1) Stage I (t0–t1): As shown in Fig. 4, this stage starts
when the switch current iS1 crosses zero. The equivalent circuit
is shown in Fig. 6(a), Lin is charged by the input voltage, and
L1 is charged by the intermediate capacitor C1. The voltages of
both inductors L1 and Lin equal to Vin(t0). Hence, the inductor
current iLin and iL1 starts to rise linearly. Based on the operation
mentioned above, the following equations can be obtained:

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

iLin(t) = Iin(t0) +
Vin(t0)
Lin

(t− t0)

iL1(t) = −Iin(t0) +
Vin(t0)

L1
(t− t0)

iS1(t1) = iL1(t) + iLin(t) =
Vin(t0)
Leq

(t− t0) ≥ 0

iS3(t) = 0

(10)

where Iin(t0) is the average input current, Leq is the equivalent
inductor Leq = L1 · Lin/(L1 + Lin).
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Fig. 6. Six operation stages for the modified SEPIC PFC. (a) Stage I. (b) Stage
II. (c) Stage III. (d) Stage IV. (e) Stage V. (f) Stage VI.

2) Stage II (t1–t2): Stage II starts at t1 when S1 is OFF, as
shown in Fig. 6(b), S3 is also in the OFF state and ready to turn ON.
The two parallel GaNFETs output capacitors Coss1 and Coss3,
begin to resonate with the two parallel inductors Lin and L1.
During this resonant period, Coss1 is charged while Coss3 is
discharged simultaneously. This stage ends when the voltage of

Coss1 is charged from 0 to (Vin+Vo), and the voltage of Coss3

is released from (Vin+Vo) to 0. In this short resonant transition
period, the currents of iLin and iL1 can be seemed as constant.

3) Stage III (t2–t3): This stage begins by turning S3 ON at
t2. Since the Coss3 of S3 is already discharged to zero, thus
ZVS of S3 is realized. The input inductor current iLin and the
output inductor current iL1 flow through S3 to the load, and both
inductor voltages are –Vo. This stage ends when the current of
iS3 drops to zero at t3. The equations of the currents can be
obtained⎧⎪⎪⎪⎨

⎪⎪⎪⎩
iLin(t) = iLin(t2)− Vo

Lin
(t− t2)

iL1(t) = iL1(t2)− Vo

L1
(t− t2)

iS1(t) = 0

iS3(t) = iL1(t2) + iLin(t2)− Vo(t0)
Leq

(t− t2) > 0.

(11)

4) Stage IV (t3–t4): For the conventional SEPIC PFC shown
in Fig. 1(a)–(c), the output diode Do turns OFF automatically
when the diode current iDo declines to zero. However, the main
switch S3 of the modified dual-SEPIC PFC remains ON after the
switch current iS3 reaches zero. iS3 continues to decrease by
adding an extended conduction time Tex as shown in Fig. 4
from t3 to t4, here Tex = t4−t3. Thus, after S3 is OFF, the
negative current is transferred to S1. Hence, the negative current
is provided to discharge Coss1 to achieve ZVS for S1. As shown
in Fig. 6(d), the equivalent circuit is the same as stage III, except
for the polarity of current iS3. This stage ends when iS3 drops to
the required negative current value IS3_val for ZVS realization

iS3(t) = iL1(t2) + iLin(t2)− Vo(t0)

Leq
(t− t2) < 0. (12)

Thus, IS3_val can be expressed as

IS3_val = −Vo(t0)

Leq
Tex < 0. (13)

5) Stage V (t4–t5): This stage is also a resonated stage, which
is similar to stage II. It starts when S3 is OFF at t4. Then the
negative current in S3 is transferred to S1. The two parallel
GaNFETs output capacitors Coss1 and Coss3 start to resonate
with the two parallel inductors. During this resonant period, the
voltage of Coss1 is discharging from (Vin+Vo) to 0, and the
voltage of the Coss3 is discharged from 0 to (Vin+Vo), as shown
in Fig. 6(e). This stage ends when S1 turns ON. Here assuming
that Coss1 = Coss3 = Coss, the input voltage is considered as
constant value as Vin = Vin(t0). The voltages of Coss1 and Coss3

are Vds1(t) and Vds3(t). The inductor current iS3 and the voltages
Vds1(t), Vds3(t) can be expressed by⎧⎪⎪⎨
⎪⎪⎩

iS3(t) = IS3 · cos(w0t)− Vo

Zn
sin(w0t)

Vds1(t) = Vin + Vo · cos(w0t) + IS3 · Znsin(w0t)
Vds2(t) = Vo − Vo · cos(w0t)− IS3 · Znsin(w0t)

wo = 1/
√

LeqCeq, Zn =
√

Leq/Ceq, Ceq = Coss1 + Coss3

(14)
where Zn is the characteristic impedance in the resonant period,
Ceq is the equivalent capacitor, and wo is the resonant angular
frequency. IS3 = IL1 + ILin, where ILin and IL1 are the inductor
current value at the beginning of the resonant stage. Based on
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Fig. 7. (a). State plane trajectory for conventional SEPIC PFC when Vin ≤ 0.5Vo. (b). State plane trajectory for conventional SEPIC PFC when Vin ≥ 0.5Vo.
(c). State plane trajectory for the modified SEPIC PFC. (d). Operation waveforms for conventional SEPIC PFC when Vin ≤ 0.5Vo. (e). Operation waveforms for
conventional SEPIC PFC when Vin ≥0.5Vo. (f). Operation waveforms for the modified SEPIC PFC.

(14), then the following equation can be obtained

Zn
2 · iS3(t)

2 + (Vds1(t)− Vin)
2 = IS3

2 · Zn
2 + Vo

2. (15)

It shows that the trajectory of the drain-source voltage Vds1

at this resonant stage is a circle, with the center at (0, Vin), and
the radius is

√
IS3

2 · Zn
2 + Vo

2 , as shown in Fig. 7(c). For the
conventional DCM SEPIC PFC with the diode, the ID0 = ILin

+ IL1 = 0. Therefore, the radius is Vo when the input voltage
exceeds the output voltage (Vin >VO). With a similar analysis,
it also can be obtained that the radius is Vin when Vin <VO for
the conventional SEPIC PFC. The state plane trajectories for the
conventional DCM SEPIC PFC are also shown in Fig. 7(a) and
(b), respectively.

6) Stage VI (t5–t6): This stage starts by turning S1 ON at t5.
Since the voltage of output capacitor Coss1 is already discharged
to 0 in stage V, hence, the ZVS operation of S1 is obtained. Both
the two inductor currents flow through S1, and the voltages
across the two inductors are Vin. This stage ends when the
current of iS1 rises to zero. Then another switching cycle starts as
stage I.

B. Conditions for ZVS Implementation

Compared with the modified dual-SEPIC PFC, the conven-
tional DCM SEPIC PFC with the diode rectifier only has four
stages because no negative output current existed. When the
diode current iDo is decreased to zero, as shown in Fig. 7(d) (Vin

<VO) and Fig. 7(e) (Vin >VO), the two parallel inductors start
to resonate with the two parallel capacitors, including the output
capacitor of S1 and the parasitic capacitors of the diode DO. The

valley switching can be applied with the correct turn-ON instant
time control. Thus, the minimum value of Vds1 is achieved
at the valley switching is (Vin−VO). Hence the ZVS for the
conventional SEPIC PFC can only be achieved when the input
voltage Vin is lower than the output voltage Vo as shown in
Fig. 7(d). The state plane trajectories for conventional DCM
SEPIC PFC shown in Fig. 7(a) (Vin <VO) and (b) (Vin >VO)
also indicate that the ZVS operation can only be achieved when
Vin <VO. As shown in Fig. 7(e), when the input voltage exceeds
the output voltage, the minimum value of drain-source voltage
Vds1 can only resonate to a valley point (Vin−VO). Therefore, at
least 0.5Ceq(Vin−VO)2 power loss occurs when S1 starts turning
ON.

In order to achieve the fully ZVS in the whole line cycle, the
diode DO is replaced by the high-speed GaN device S3, as shown
in Fig. 1(d), and then, the ZVS extension strategy explained in
[6], [8], and [39]–[41] is used. Then, the negative current can
be provided to guarantee the ZVS for the main switch S1. Thus,
instead of automatically turning OFF the diode DO in the DCM
mode when the diode current decreases to zero, a short extended
conduction time Tex is added on purpose for S3 shown in Fig. 7(f)
and Stage IV (t3–t4). Then the negative current flows through
S1 is provided to discharge the output capacitor Coss1 to help to
achieve ZVS for the main switch S1. It also can be seen from
the state plane trajectory in Fig. 7(c), the negative current iS3
enlarges the radius from Vo to

√
IS3

2 · Zn
2 + Vo

2. Hence the
voltage Vds1 can drop to zero. Based on the state plane trajectory
as shown in Fig. 7(c) and (14), the minimum required negative
current iS3_val, and the extended conduction time Tex to achieve
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Fig. 8. Required negative current and required extended conduction time for
S3 in the positive half-line cycle.

TABLE II
SPECIFICATION OF BRIDGELESS DUAL-SEPIC PFC

ZVS operation for S1 in the half-line cycle is calculated as

iS3_val(t) = −
√

Vin(t)
2 − VO

2

Zn
2 (16)

Tex(t) =
|iS3_val(t)| · Leq

VO
. (17)

Finally, the theoretical analysis for the required negative
current iS3_val and the required extended conduction time Tex

are plotted in Fig. 8. Here the input voltage Vin is 220 Vac, and
the output voltage is 100 Vdc.

III. INTEGRATED INDUCTORS DESIGN

The specification of the bridgeless dual-SEPIC PFC is given
in the Table II.

A. Inductance Design for the SEPIC PFC

There are three constraints for the inductance design of the
integrated inductors.

1) The ZVS turn-ON in the full range of the input voltage.
2) Input inductor current ripple limitation.
3) The output inductor current ripple limitation.

Fig. 9. Inductance design be three constraints.

For the bridgeless dual-SEPIC PFC converter, based on (7)
and (8), the duty cycle can be derived⎧⎨

⎩
DON = Vo

Vin_rms

√
2L1·Lin

(L1+Lin)R0Ts

DOFF =
√

2L1·Lin

(L1+Lin)R0Ts
.

(18)

As mentioned before, DON and DOFF are the turn-ON duty
cycle and turn-OFF duty cycle for the main switches S1 and S2.
To make sure the output current iS3 can drop below zero, the
sum of DON and DOFF should always small than 1. Thus, the
first constraint can be obtained

DON +DOFF ≤ 1 ⇒ 2L1 · Lin

(L1 + Lin)R0Ts

≤ (
√
2Vin_rms)

2

(
√
2Vin_rms + Vo)

2 . (19)

The relationship between Lin and L1 for the inequality is
shown in Fig. 9 as the red line. It can be seen that if the equivalent
inductance Lin becomes large to obtain a smaller input current
ripple, then the equivalent inductance of L1 should be limited to
a smaller value. This limitation comes from the output current
iS3 = iLin+iL1≤0 when S3 turns OFF, the more negative current
is needed for iL3 since the input current ripple becomes small.

Denoting K1 is the peak input current ripple ΔiLin_pk over
the peak input current Iin_pek, based on (7), since ΔiLin_pk =
Vin(t)Ton/Lin, then K1 can be deduced by the following equation:

K1 =
ΔiLin_pek√
2 · Iin_rms

=
1

Lin

√
2L1 · Lin · Ts

(L1 + Lin)PO

√
2Vin_rms ≤ 0.2

(20)
where K1 is determined by the output power, the inductance
values, and the switching frequency. According to Table II, here,
K1≤0.2 is selected, and this inequality is shown in Fig. 9 as the
blue line.

As mention before, the voltages crossed the input inductor Lin

and output side inductor L1 are always the same in each operation
stage. Hence, the ratio of the output side inductor ripple ΔiL1

and the input inductor current ripple ΔiLin equals to the ratio of
the inductance Lin to L1 shown in (21). To limit the ripple current
of L1, the inductance ratio K2 between Lin and L1 should also
keep as low as possible. K2 is selected smaller than 35, and this
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Fig. 10. Proposed E-I-E core structure for the coupled inductor.

inequality is shown in Fig. 9 as the black line

ΔiL1

ΔiLin
=

Lin

L1
≤ K2 = 35. (21)

Based on the three constraints aforementioned in (19)–(21),
the available values for L1 and Lin can be selected from Fig. 9
in the yellow area as⎧⎨

⎩
Lin_eq = 120 ∼ 190μH
L1_eq = 4 ∼ 6μH
L2_eq = 4 ∼ 6μH.

(22)

B. E-I-E Core With a Specified Coupling Coefficient

For general three coupled inductors, the relationships among
the voltage of each winding, the self-inductance, and the mutual
inductance are given as⎡

⎣VLin

VL1

VL2

⎤
⎦ =

⎡
⎣Lin_self ,±Min_1,±Min_2

L1_self ,±M1_in,±M1_2

L2_self ,±M2_in,±M2_1

⎤
⎦
⎡
⎣ diLin

dt
diL1

dt
diL2

dt

⎤
⎦ . (23)

The inductors can be coupled directly or inversely. The sign
before M is “+” or “−” depended on the inductors are coupled
directly or inversely. VLin, VL1, and VL2 are the voltages across
the three inductors, respectively. Lin_self, L1_self, and L2_self
are the self-inductance value of the windings. M is the mutual
inductance between inductors, where M1_in = Min_1, M2_in =
Min_2, M1_2 = M2_1.

For the three inductors in the proposed topology, the output
inductors L1 only works in the positive half-line cycle, and
L2 only works in the negative half-line cycle. Therefore, L1

and L2 are directly coupled with the input inductor Lin sep-
arately. L1 and L2 need to be always decoupled from each
other. In this article, the symmetric E-I-E core geometry is
selected. The magnetics structure is shown in Fig. 10. The
output side inductors L1 and L2 are wound on the center legs
of the E-cores individually. The input inductor Lin is wound
in the middle I-core with two identical parts in series, where
each part has the same number of turns. Due to the low re-
luctance path provided by the middle I-core, the flux induced
by L1 and L2 will return from the middle I-core rather than
the E-core. Thus, L1 can be decoupled with L2 by the middle
I-core.

Fig. 11. Magnetic reluctance model of the E-I-E core. (a) Original model. (b)
Simplified model.

Since L1 is always decoupled with L2, M1_2 is equal to 0.
Taking the positive half-line cycle as an example, the identical
voltages are applied to Lin and L1 at all times throughout the
switching period, which means VLin is equal to VL1. Since L2

does not work at the positive line cycle, the inductor voltage is
zero, VL2 = VC2 ≈ 0. Then, (23) can be rewritten

⎧⎨
⎩

VLin = Lin_self
diLin

dt +Min_1
diL1

dt −Min_2
diL2

dt

VL1 = L1_self
diL1

dt +M1_in
diLin

dt

0 = L2_self
diL2

dt −M2_in
diLin

dt .

(24)

Assuming Min_1 = Min_2 = M, L1_self = L2_self, the equiv-
alent inductance of each inductor can be obtained as

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

Lin_eq = L1_selfLin_self−2M2

L1_self−M = (1−2k2
c)Lin_self

1−kc

√
Lin_self/L1_self

L1_eq = L1_selfLin_self−M2

Lin_self−M = (1−k2
c)L1_selfLin_self

Lin−kc

√
L1_selfLin_self

L2_eq = L2_selfLin_self−M2

Lin_self−M = (1−k2
c)L2_selfLin_self

Lin_self−kc

√
L2_selfLin_self

M = kc
√

Lin_selfL1_self .

(25)

Based on (25), it shows that the equivalent inductance of
the input inductor Lin_eq can be enlarged several times over
the self-inductance Lin_self when the self-inductance L1_self
and L2_self are very close to the mutual inductance M. The
required equivalent inductance of the input inductor Lin_eq
can be achieved by much smaller self-inductance Lin_self by
appropriate coupling coefficient (kc).

The magnetic flux flows in the proposed E-I-E core in the
positive half-line cycle are shown in Fig. 11. Here iL2 is almost
zero, only Lin and L1 coupled with each other. Nin, N1,and N2

are the number of turns for Lin, L1, and L2, respectively. Φ1,Φ2,
Φ3, and Φ4 are the flux flow in four outer legs of the E-I-E core
geometry, respectively. Fig. 11(a) shows an equivalent magnetic
reluctance model of the proposed E-I-E core module. Where
Rl1 and Rl2 are the reluctance of E-core, Rlin is the reluctance
of I-core, here Rl1 = Rlin. Rg1 and Rg2 represent the reluctance
of the air gap between the I-core, and two E-cores, The air-gap
of g1 is also identical to g2, i.e., Rg = Rg1 = Rg2. By defining
R1 = Rl1+Rl2+Rg, R2 = (Rl2+Rg)/2, the magnetic reluctance
model can be simplified to Fig. 11(b).
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Based on the equivalent magnetic reluctance model, four
reluctance equations in each subloop can be obtained⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

NiniLin

2 +N1iL1 = Φ1 ·R1 + (Φ1 +Φ2) ·R2

+ (Φ1 +Φ3)Rl1
NiniLin

2 +N2iL2 = Φ2 ·R1 + (Φ1 +Φ2) ·R2

+ (Φ2 +Φ4)Rl1
NiniLin

2 = Φ3 ·R1 + (Φ3 +Φ4) ·R2 + (Φ1 +Φ3)Rl1
NiniLin

2 = Φ4 ·R1 + (Φ3 +Φ4) ·R2 + (Φ2 +Φ4)Rl1.
(26)

Since the flux Φ1 is identical to Φ2, and Φ3 is identical to Φ4

because of the symmetrical core structure and windings, then
(26) can be simplified into two equations{

NiniLin

2 +N1iL1 = Φ1 ·R1 +Φ1 · 2 ·R2 + (Φ1 +Φ3)Rl1
NiniLin

2 = Φ3 ·R1 +Φ3 · 2 ·R2 + (Φ1 +Φ3)Rl1.
(27)

Solving (27), then the flux in each loop is obtained{
Φ1 = Φ2 = (R1+2R2)NiniLin+4R1N1iL1

2(R1+2R2)(2R1+Rl1)

Φ3 = Φ4 = (R1+2R2)NiniLin−2Rl1N1iL1

2(R1+2R2)(2R1+Rl1)
.

(28)

The total flux flows through the winding L1 is Φ1+Φ2 =
2Φ1, and the total flux flows through Lin is Φ1+Φ2+Φ3+Φ4 =
2(Φ1+Φ3). Taking the partial derivative of the total flux in each
winding⎧⎪⎨
⎪⎩

VL1 = N1 · d(Φ1+Φ2)
dt =

4N2
1 ·R1

Δ · diL1

dt + Nin·N1

2R1+Rl1
· diLin

dt

VLin = Nin · d(Φ1+Φ3)
dt =

N2
in

2R1+Rl1
· diLin

dt

+ Nin·N1

2R1+Rl1
· diL1

dt .
(29)

Equation (29) can be rewritten

[
VL1

VLin

]
=

[
4N2

1 ·R1

Δ
Nin·N1

2R1+Rl1

Nin·N1

2R1+Rl1

N2
in

2R1+Rl1

] [
diL1

dt
diLin

dt

]

=

[
L1_selfM
MLin_self

] [
diL1

dt
diLin

dt

]
. (30)

Here, �=(2R1 +Rl1)(R1 + 2R2) , then self-inductances and
mutual inductances can be obtained⎧⎪⎨

⎪⎩
L1_self =

4N2
1 ·R1

(2R1+Rl1)(R1+2R2)

Lin_self =
N2

in

2R1+Rl1

M = Nin·N1

2R1+Rl1
.

(31)

Finally, the theoretical coupling coefficient can be derived

kC =
M√

L1_self · Lin_self
=

√
R1 + 2R2

4R1
≈

√
1

2
= 0.707.

(32)
Here, it can be seen that the coupling coefficient is related to

the core structure, the air-gap, and the material of the magnetic
core. Rg is much bigger than Rl1 and Rl2 due to the air-gaps be-
tween the E-core and I-core. Hence, the theoretically calculated
value of the coupling coefficient is around 0.7. It has also been
verified in the 2-D finite-element analysis (FEA) simulation.

TABLE III
PARAMETERS OF E-I-E CORE

IV. HARDWARE IMPLEMENTATION

A 300-W GaN-based MHz bridgeless dual-SEPIC PFC pro-
totype is built to verify the ZVS control method with the inte-
grated E-I-E inductors. The integrated inductor design for the
dual-SEPIC PFC, and control scheme are described as follows.

A. Integrated Inductor Design

Ferrite material with 3F36 is selected since it is suitable for
high frequency from 300 kHz to 1 MHz. The detailed parameters
of the integrated E-I-E core are given in Table III.

Defining KLin and KL1 are the ratios of the equivalent in-
ductance over the self-inductance for the input inductor Lin and
the output side inductor L1, respectively. According to (25) and
(31), KLin and KL1 can be obtained as

KL1 =
L1_eq

L1_self
=

1− k2c

1− kc
√

L1_self/Lin_self
=

1− k2c
1−√

2kc
N1

Nin

(33)

KLin =
Lin_eq

Lin_self
=

1− 2k2c

1− kc
√

Lin_self/L1_self
=

1− 2k2c
1− 1√

2
kc

Nin

N1

.

(34)

It can be seen that KLin and KL1 are determined by the
number of winding turns and coupling coefficient kc. According
to the equivalent inductance requirement based on (22) and
the flux saturation limitation, here, Nin = 12, N1 = N2 = 5
are selected. The relationship between KLin and KL1 with the
coupling coefficient kc is shown in Fig. 12. Fig. 12(a) shows
that the equivalent inductance Lin_eq can be enlarged several
times to self-inductance Lin_self. On the other side, the ratio
KL1 for L1 is around 1, as shown in Fig. 12(b), meaning that the
self-inductance L1_self is almost equal to the inductance L1_eq.

As shown in Fig. 12(a), when the coupling coefficient kc is
large than 0.59, the value of equivalent inductance Lin_eq is
negative, which means the rate of the flux change and the rate
of the current change, are negative as shown in Fig. 13 in the
dashed line. To obtain the same negative current IS3_val when
S3 is OFF to achieve ZVS for S1, more current rippled will be
introduced for L1 when kc > 0.59. Therefore, to minimize the
inductor ripple, the coupling coefficient should be designed to
less than 0.59.

Since the self-inductance Lin_self is around 15 μH and L1_self
is around 5 μH, to satisfy the equivalent inductance requirement
(22), the ratio KLin = Lin_eq /Lin_self is designed between 8
and 10. Thus, according to Fig. 14, the coupling coefficient kc
ranges from 0.562 to 0.568.
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Fig. 12. Relationship between kc and ratios of equivalent-inductance over
self-inductance: (a) KLin; (b) KL1.

Fig. 13. Current waveform when kc is large than 0.59.

To verify the equivalent magnetic reluctance model and select
the air-gap for the E-I-E integrated inductors, 2-D FEA simu-
lation has been conducted. As shown in Fig. 15(a), the flux is
symmetrical in the E-I-E core. Fig. 15(b) shows the integrated
inductors with four windings for the E-I-E core. The practical
value of the coupling coefficient has been obtained based on
the decoupled T model of the coupled inductor for the proposed
E-I-E core geometry.

Fig. 14. Relationship between kc and KLin.

Fig. 15. Proposed E-I-E core. (a) Flux distribution for 2-D FAE simulation.
(b) Practical E-I-E core structure.

Fig. 16. Coupling coefficient value with different air-gap under 2-D FEA
simulation and practical test.

Finally, the relationship between the air-gap and coupling
coefficient both for FEA simulation and practical test are shown
in Fig. 16. It can be seen that the coupling coefficient kc is
decreased when the length of the air-gap increases. Both of them
are smaller than the theoretical analysis value 0.7 due to the
leakage flux and fringing effect [41], [42].

According to the aforementioned analysis, the air-gap g1 =
g2 = 1.3 mm is selected for the integrated E-I-E core induc-
tors. According to Leq = VinTon/ΔiL, the practice equivalent
inductance can be obtained by the testing inductor current wave-
form. The self-inductances are directly obtained by the precision
impedance analyzer Agilent 4294A. Finally, Table IV gives the
actual inductance of the E-I-E integrated inductors.
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TABLE IV
DESIGN INDUCTANCE OF THE INTEGRATED INDUCTOR

Fig. 17. Size comparison between the integrated inductors and three isolated
inductors.

Fig. 18. Simplified control diagram for the SEPIC PFC.

Fig. 17 shows the size comparison between the proposed
E-I-E integrated inductors and the conventional discrete induc-
tors. Here, it shows that the integrated inductors can make the
magnetic components more compact and reduce the volume of
the inductor size.

B. Control Scheme

Fig. 18 shows the simplified control diagram with the MCU-
based digital controller for the bridgeless dual-SEPIC PFC.
The voltage-mode control method is selected since it does not
require a high-speed current sensor and is easy to implement
than the current-mode control. To attenuate the double line

Fig. 19. Prototype of the proposed SEPIC PFC.

TABLE V
PARAMETERS OF KEY COMPONENTS

voltage ripple on the dc bus, the bandwidth of the voltage loop
is designed around 10 Hz. The difference between the output
voltage reference Vo_ref and the real output voltage Vo_real is
sent to the voltage PI controller. The PI controller determines
the ON-time (Ton) of the main switches S1 and S2 in different
half-line cycles.

The turn-OFF instant for the synchronous switches S3 and S4
are triggered by the zero current detection (ZCD) signal. The
ZCD signal is obtained by the shunt resistor RZCD placed before
the output capacitor. After the ZCD signal is sent to the digital
controller, the extended conduction time Tex for S3 and S4 is
added based on (16) and (17) to achieve the required negative
current iS3_val. The gate driver signals for S2 and S4 in the
positive half-line cycle are determined by the input voltage and
threshold voltage Vth.

V. EXPERIMENTAL SETUP AND MEASUREMENT

A. Experimental Prototype

Fig. 19 shows the photograph of the 300-W prototype con-
verter. The size of this prototype is 14.7 cm × 5.3 cm ×
2.8 cm; the parameters of the key components are given in
Table V. The intermediate capacitor is 940 nF with two film
capacitors paralleled. The dc-link bulky capacitors are 1320 uF
with four electrolytic capacitors in parallel. The film capacitor
has been used for the intermediate capacitors C1 and C2. But,
the size of the intermediate capacitors can further be reduced
by using few high voltage ceramic capacitors in parallel (such
as CKC33C224JCGACTU, C0G, 500 V, and 0.22 uF) since the
capacitance is not very high.

B. Measurement

Fig. 20(a) and (b) shows the two different situations for DCM
conventional SEPIC PFC with the output diode. After the current
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Fig. 20. Waveform for ZVS turn-ON and non ZVS turn-ON. (a) ZVS turn-ON for
conventional SEPIC PFC with synchronous diode when Vin≤Vo. (b ) Non ZVS
turn-ON for conventional SEPIC PFC with synchronous diode when Vin>Vo.
(c) ZVS turn-ON for the modified SEPIC PFC.

of the diode iDo decreases to zero, the resonance happened
between Vds and iDo. In Fig. 20(a), when Vin≤VO, the ZVS
operation for S1 can be achieved since Vds1 can resonate to
zero. However, when Vin>VO, only partial ZVS turn-ON can
be achieved at the valley switching, as shown in Fig. 20(b).
Fig. 20(c) shows the waveform of ZVS for the modified SEPIC
PFC with an extended conduction time Tex added for the syn-
chronous GaNFETs S3. The negative current iS3 transfer to the
main switch S1 to help achieve ZVS for S1 after the S3 turns
OFF. The drain-source voltage Vds1 is discharged to zero before
the main switch S1 turns ON, thus the ZVS is guaranteed in the
full range of the input voltage.

Fig. 21 shows the waveform of the drain-source voltage Vds1,
Vds3, and the gate driver signal in one switching cycle in the
positive half-line cycle. Here, it can be seen that the ZVS for
both the main switch and synchronous switch is achieved.

Fig. 21. Waveform of ZVS turn ON for S1 and S3.

Fig. 22. Waveform of inductor current and input voltage.

Fig. 22 shows the waveform of three inductor currents iLin,
iL1, iL2, and the output current before the dc bulk capacitors
io for the bridgeless dual-SEPIC PFC. The output current io is
equal to the sum of the three inductor currents in the whole line
cycle. It can be seen that the input current iLin is working in the
CCM mode, and the input current ripple is much smaller than
the output current ripple.

Fig. 23 shows the detailed waveform of the three inductor
currents in different switching period with variable switching
frequencies. The top two subfigures show the switching cycle in
the positive half-line cycle. Here, it can be seen that the output
side inductor current iL2 is almost 0. The output current io is
equal to iS3, which is the sum of iLin and iL1. Identically the
bottom two subfigures show the inductor currents in the negative
half-line cycle. Here, the inductor current iL1 is almost 0, and
io is equal to the sum of iLin and iL2. The switching frequency
of the SEPIC PFC ranges from 400 kHz in the middle half-line
cycle to 1 MHz in the crossing section of the line-cycle.

Figs. 24 and 25 show the experimental results for the transient
performance of the proposed integrated inductors. The output
voltage reference is changed from 60 to 100 Vdc. Here, it shows
the integrated inductors work well under the transient change
without any overshoot or undershoot.

Fig. 26 shows the testing waveform of the input current, input
voltage, and dc-link voltage. The dc-link voltage is maintained
at around 100 Vdc. Fig. 27 shows that the voltage of the in-
termediate capacitor VC1 and VC2 equal to the input voltage
Vin in the positive half-line cycle and negative half-line cycle,
respectively.

Fig. 28 shows the input current THD of the bridgeless dual-
SEPIC PFC. Fig. 29 shows the input current of each harmonic
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Fig. 23. Waveform of inductor current and input voltage.

Fig. 24. Dynamic response from Vo_ref = 60 Vdc to 100 Vdc.

order for the bridgeless dual-SEPIC PFC is under the limitation
of the international standard EN61000-3-2 Class-A. Due to the
negative current in the switching cycle and the no power transfer
mode near the zero-crossing input voltage, some distorted input
current has happened around the zero-crossing section of the
input voltage [39], [44].

Fig. 25. Three inductor current waveforms of the integrated inductors under
dynamic response.

Fig. 26. Waveform of input current, input voltage, and dc-link voltage.

Fig. 27. Waveform of input volage Vin, intermediate capacitors voltage VC1

and VC2.

Fig. 28. Measured THD of the SEPIC PFC (Vin = 220 Vac).

The system efficiency (including the dc-link bulky capacitors)
of the porotype from 10% to 100% of full load under the Vin =
220 Vac, Vo = 100 Vdc, as shown in Fig. 30. The peak efficiency
is 97% under full load.
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TABLE VI
COMPARISON OF DIFFERENT SEPIC PFC

Fig. 29. Harmonics of dual SEPIC PFC and Class-A equipment harmonic
current limit standard.

Fig. 30. Measured efficiency curve of the SEPIC PFC prototype.

Table VI gives the comparison of the state-of-the-art SEPIC
PFC with the modified SEPIC PFC. It can be seen that the GaN-
based MHz dual-SEPIC PFC developed by the author’s group
is the only one that can achieve the ZVS in the full range of the

input voltage. It achieves the highest peak efficiency in a high
switching frequency.

VI. CONCLUSION

This article presents a bridgeless GaN-based Dual-SEPIC
PFC with ZVS operation for the application of a step-down ac–
dc converter. The input current is working in the CCM mode, and
the sum of the input current and output current is working in the
CRM mode. To achieve the ZVS operation for the main switch,
the extra negative current is provided by adding the extended
conduction time for the synchronous switch after the current
of the synchronous switch decrease to zero. Moreover, The
E-I-E integrated inductors have been proposed for the bridgeless
dual-SEPIC PFC. All the inductors, including one input inductor
and two output inductors, have been integrated into the E-I-E
core, reducing the total ferrite volume and making the converter
more compact. The inductance design and magnetic modeling
for the coupled inductor have been analyzed. With a carefully
designed coupling coefficient, the equivalent input inductance
can be implemented with a much smaller number of winding
turns. A 300-W GaN-based MHz bridgeless dual-SEPIC PFC
with the integrated inductors is developed to verify the theo-
retical analysis and design. The experimental results show that
full–range ZVS is realized, and the peak efficiency is 97%.
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