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A Combined PWM and Phase-Shift Control Method
With Adaptive ZVS Boundary Regulation for

Bridge-Arm Reused FSBB-LLC Converter
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Abstract—The four-switch buck-boost (FSBB) converter cas-
caded with LLC resonant converter can achieve zero-voltage
switching (ZVS) of power switches and wide-range voltage reg-
ulation. To improve the power density and reduce the costs, the
bridge arms in the two converters can be reused, thereby forming
the bridge-arm reused FSBB-LLC converter. However, the reuse
of bridge arms reduces the degrees of control freedom, which is
detrimental to the realization of ZVS. In this article, a combined
PWM and phase-shift control method with adaptive ZVS boundary
regulation for FSBB-LLC converter is proposed, which realizes
ZVS of power switches while maximizes the reduction on inductor
current ripple in the full range (full voltage and load range). First,
the ZVS conditions of power switches along with the selection
principle of the inductor are revealed. Then, the basic idea of
the adaptive ZVS boundary regulation and its design method are
proposed. Based on that, a combined PWM and phase-shift control
method and its implementation for the FSBB-LLC converter are
proposed, which not only realizes full-range ZVS but also maxi-
mizes the reduction on inductor current ripple. Finally, a prototype
of a 500-W FSBB-LLC converter is built and tested in the lab. The
experimental results are provided to verify the effectiveness of the
proposed control method.

Index Terms—Bridge-arm reuse, combined pulsewidth modula-
tion (PWM) and phase-shift control, four-switch buck-boost
LLC (FSBB-LLC) converter, inductor current ripple, zero-voltage
switching (ZVS).

I. INTRODUCTION

IN the applications with wide input voltage range, such as
the distributed power system, electric vehicle charging sys-

tem, and energy storage system, power electronic converters
are required not only to provide galvanic isolation but also to
achieve wide voltage regulation, high efficiency, and high power

Received 17 March 2025; revised 7 June 2025 and 5 August 2025; accepted 5
September 2025. Date of publication 10 September 2025; date of current version
13 November 2025. This work was supported in part by the National Natural
Science Foundation of China under Grant 52407209 and Grant 52237009, in part
by the Delta Power Electronics Science and Education Development Program
of Delta Group under Grant DREG2024003, and in part by China Postdoctoral
Science Foundation under Grant 2023M741673. Recommended for publication
by Associate Editor D. Lu. (Corresponding author: Xinbo Ruan.)

The authors are with the Center for More-Electrical-Aircraft Power Sys-
tem, College of Automation Engineering, Nanjing University of Aeronau-
tics and Astronautics, Nanjing 211106, China (e-mail: fayliu@nuaa.edu.cn;
zhao_yang@nuaa.edu.cn; ruanxb@nuaa.edu.cn).

Color versions of one or more figures in this article are available at
https://doi.org/10.1109/TPEL.2025.3608727.

Digital Object Identifier 10.1109/TPEL.2025.3608727

density. The LLC resonant converter can achieve zero-voltage
switching (ZVS) for the primary-side power switches and zero-
current switching (ZCS) for the secondary-side rectifiers, thus
improving the efficiency, which has been widely adopted [1], [2],
[3]. However, traditional frequency control makes it difficult to
optimize the magnetic components over a wide voltage range. To
extend the voltage regulation range, the magnetizing inductance
of transformer could be reduced, which increases the circulating
current losses and degrades the efficiency in the full voltage
range [4], [5].

Considering both the wide-range voltage regulation and full-
range high efficiency, the two-stage converter based on the LLC
resonant converter has been proposed [6], [7], [8], [9], such as the
preregulator+LLC converter. In the two-stage converter, the LLC
resonant converter functions as a dc transformer (DCX), which
achieves galvanic isolation and voltage matching, allowing it to
be designed at the optimal condition. The preregulator is used
to achieve wide-range voltage regulation, and the nonisolated
dc−dc converters can be employed. To improve the efficiency,
ZVS for the preregulator is also necessary. For the buck, boost
and buck-boost converters, ZVS can be achieved either by auxil-
iary components [10], [11], which increases the complexity and
reduces power density, or by enlarging the inductor current ripple
swing negative, which however raises the conduction losses
at light load. Besides, the buck converter can only step-down
voltage, the boost converter can only step-up voltage, while the
buck-boost converter outputs a negative voltage. Compared with
them, the four-switch buck-boost (FSBB) converter can both
step-up and step-down voltage flexibly with positive polarity. By
appropriately controlling the three degrees of control freedom
(DoFs), ZVS for all the power switches is realized with fixed
switching frequency and the current ripple is reduced as the load
decreases, making it an optimal choice for preregulator [12],
[13], [14], [15], [16]. The two-stage configuration effectively
balances high-efficiency galvanic isolation and wide voltage
regulation range, enabling high efficiency in the full range
(full voltage and load range), whereas it suffers from increased
components number, high costs, and reduced power density.

To reduce the number of devices and improve the power
density, the bridge-arm reuse technique, which shares the power
switches on both sides of the intermediate bus capacitor, can be
adopted. In [17] and [18], the two bridge arms in the interleaved
boost converter are reused with the primary-side bridge arms
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Fig. 1. Topology of the FSBB-LLC converter.

in the full-bridge LLC resonant converter, thereby saving four
power switches, whereas it makes the LLC resonant converter be
operated with PWM control and thus the efficiency is reduced.
The buck-boost converter is employed as the preregulator and its
bridge arm is shared with the half-bridge LLC resonant converter
in [19]. However, the buck-boost converter exhibits the negative
output-voltage polarity and suffers from high voltage stress on
power switches. As mentioned, the FSBB converter offers full-
range ZVS and minimized inductor current ripple with flexible
DoFs. By reusing the bridge arms in the two converters, the
bridge-arm reused FSBB-LLC converter is formed [20], [21],
[22], [23], [24], as shown in Fig. 1, which is hereafter referred
to as the FSBB-LLC converter for brevity.

In the FSBB-LLC converter, the LLC resonant converter is
operated in DCX mode, where the duty cycle of power switches
in the reused bridge arm is fixed at 50% . As a result, one of the
DoFs in the FSBB converter is lost, imposing great challenge
on the realization of ZVS and minimization of inductor current
ripple.

Several control methods have been proposed for the FSBB-
LLC converter. The simplest method is the PWM control with
unipolar inductor current [20]. This method is easy to imple-
ment, whereas the power switches in the nonreused bridge arm
are operated under hard-switching condition. A dual-frequency
control method is introduced in [21], where the switching fre-
quency of the reused bridge arm is increased to three times
that of the nonreused bridge arm, thus the power density is
increased. However, the power switches in the nonreused bridge
arm are still operated with hard-switching. By incorporating the
phase-shift control into the PWM control, a bipolar inductor
current with quadrilateral shape can be realized, thus the power
switches in the nonreused bridge arm can realize ZVS, and this
is the combined PWM and phase-shift control method. Based on
that, six switching modes were derived in [22] according to the
ZVS conditions. However, the inductor current is excessively
negative in some redundant modes, leading to increased current
ripple and high conduction losses. Additionally, the phase-shift
duty cycle is changed abruptly during load transients, resulting
in poor dynamic performance. In [23], the switching modes are
further optimized to four types, and a numerical fitting method is
employed to select the optimal phase-shift cycle, thus expanding
the ZVS range and reducing the conduction loss, whereas the
inductor ripple is not maximally reduced, indicating that the
inductor loss could be further reduced.

This article proposes a combined PWM and phase-shift con-
trol method with adaptive ZVS boundary regulation, which

(a) (b)

Fig. 2. Key waveforms of the FSBB-LLC converter. (a) Vin ≤ Vbus.
(b) Vin > Vbus.

realizes ZVS for all the power switches while maximizes the
reduction on inductor current ripple in the full range. The con-
tribution of this article includes the following:

1) The ZVS conditions and inductor design principle consid-
ering the constraints on ZVS current and phase-shift duty
cycle are revealed.

2) The basic idea of the adaptive ZVS boundary regulation
and its design method are proposed.

3) The combined PWM and phase-shift control method with
adaptive ZVS boundary regulation and its implementation
are proposed for realizing full-range ZVS and maximally
reducing the inductor ripple.

The rest of this article is organized as follows. In Section II, the
ZVS conditions for the FSBB-LLC converter is revealed and the
design principle of the inductor is proposed. Then, the basic idea
of the adaptive ZVS boundary regulation and its design method
are proposed in Section III. Based on that, the combined PWM
and phase-shift control method for the FSBB-LLC converter is
proposed in Section IV. Experimental validation of the proposed
control method is provided in Section V. Finally, Section VI
concludes this article.

II. ZVS CONDITIONS FOR THE FSBB-LLC CONVERTER

A. Operating Principle of the FSBB-LLC Converter

The topology of the FSBB-LLC converter has been shown
in Fig. 1, where, Q1∼Q4 are the power switches, D1∼D4 and
C1∼C4 are the body diodes and junction capacitance of Q1∼Q4,
respectively, QR1 and QR2 are the output rectifier, Lc is the
connection inductor, Lr, is the resonant inductor, Cr, is the
resonant capacitor, and Lm is the magnetizing inductor, Cb is the
intermediate bus capacitor, and Co is the output filter capacitor.
Vin, Vbus and Vo represent the input voltage, intermediate bus
voltage, and output voltage, respectively.

Fig. 2 illustrates the key waveforms of the FSBB-LLC con-
verter. Since the duty cycle of Q3 and Q4 is fixed at 50%, there
are two DoFs left, namely, the duty cycle of the power switch
Q1, Dy1, and the phase-shift duty cycle, Dθ, which corresponds
to the delay time between the turn-ON instants of Q3 and Q1.
There are four switching modes in the FSBB-LLC converter,
which are presented as follows.
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Mode 1: Q1 and Q4 are conducting, Vin is applied on Lc, forcing
iLc to increase linearly. Lr resonates with Cr, and when iLr

equals to iLm, QR2 is turned OFF with ZCS. Subsequently, Lr,
Cr, and Lm resonate together.

Mode 2: Q1 and Q3 are conducting, Vin−Vbus is applied on Lc,
making iLc increase (Vin > Vbus) or decrease (Vin < Vbus)
linearly. Lr resonates with Cr, and iLm increases linearly.

Mode 3: Q2 and Q3 are conducting, −Vbus is applied on Lc,
forcing iLc to decrease linearly. Lr continues to resonate with
Cr, and when iLr equals to iLm, QR1 is turned OFF with ZCS.
Subsequently, Lr, Cr, and Lm resonate together.

Mode 4: Q2 and Q4 are conducting, and the voltage across Lc

is 0, maintaining iLc constant. Lr resonates with Cr, and iLm

decreases linearly.

Since the duty cycle of the reused bridge arm is fixed at 50%,
the voltage gain of the FSBB converter is

Vbus

Vin
=

Dy1

1− 0.5
= 2Dy1. (1)

The LLC resonant converter operates in DCX mode, and its
voltage gain could be expressed as [25]

Vo

Vbus
=

1

2N
(2)

where N is the primary-to-secondary turns ratio of transformer.
Combining (1) and (2), the voltage gain of the FSBB-LLC

converter is expressed as

Vo

Vin
=

Vbus

Vin

Vo

Vbus
=

Dy1

N
. (3)

As seen from (3), the output voltage of the FSBB-LLC
converter can be regulated by Dy1.

B. ZVS Conditions

1) Constraints on the ZVS Current
Before the analysis, it is defined that the minimum current

required to achieve ZVS of power switches is IZVS, and the
current through Lc at points O, P, Q, and R are IO, IP, IQ, and
IR, respectively. Since all the power switches are identical, we
have C1 = C2 = C3 = C4 = Coss.

For the nonreused bridge arm, during the dead time of Q1

and Q2, iLc charges/discharges the junction capacitance for
providing the ZVS condition. Specifically, when Q1 is turned
OFF, IQ charges C1 and discharges C2. Once the voltage of C2

decays to zero, Q2 can be turned ON with zero voltage. When
Q2 is turned OFF, IO charges C2 and discharges C1. Once the
voltage of C1 decays to zero, Q1 can be turned ON with zero
voltage. To complete the charging/discharging process within
the dead time, the required minimum ZVS current is

IZVS = 2CossVin/ td (4)

where td is the dead time, and Coss is the output capacitor of
the MOSFETs, which is nonlinear and could be considered as a
constant and obtained from the datasheet of MOSFETs [26].

Therefore, to turn ON Q2 with zero-voltage, IQ ≥ IZVS must
be satisfied, and to turn ON Q1 with zero-voltage, IO ≤ −IZVS

must be met.

For the reused bridge arm, during the dead time of Q3 and
Q4, the inductor current iLc and the magnetizing current iLm

(i.e., IP + Im and IR − Im) jointly charge/discharge the junction
capacitance for providing the ZVS. This means that, even if Im
is zero, ZVS can be still realized by iLc in the FSBB converter.
This in turn, allows to design the magnetizing inductance to be
infinitely large, resulting in zero magnetizing current and thus
reducing the turn-OFF losses in the reused bridge arm, which is
another benefit brought by bridge-arm reuse.

Assuming that the magnetizing inductor is infinite, we have
Im = 0. When Q3 is turned OFF, IR charges C3 and discharges
C4. When the voltage of C4 decays to zero, Q4 can be turned
ON with zero-voltage. When Q4 is turned OFF, IP charges C4

and discharges C3. Once the voltage of C3 decays to zero, Q3

can be turned ON with zero-voltage. To complete the charg-
ing/discharging process within the dead time, the required min-
imum ZVS current is

IZVS = 2CossVbus/ td = 4CossNVo/ td. (5)

Therefore, to turn ON Q4 with zero-voltage, IP ≥ IZVS must
be satisfied, and to turn ON Q3 with zero-voltage, IR ≤ −IZVS

must be met.
Based on (4) and (5), to achieve ZVS for all power switches

in the entire input and output voltage range, IZVS must satisfy

IZVS = 2Cossmax {Vin_max, 2NVo_max}/ td (6)

where Vin_max is the maximum input voltage, and Vo_max is the
maximum output voltage.

2) Constraints on the Phase-Shift Duty Cycle
According to the operating principle, to realize full-range ZVS

for all the power switches, the optimal switching sequence of the
FSBB-LLC converter should remain consistent with that of the
FSBB converter. Specifically, Q1 should be turned OFF before
Q3, Q3 should be turned OFF before Q2, and Q2 should be turned
OFF before Q4 [12], [13], [14], [15], [16].

As can be observed from (1), when Vin ≤ Vbus, Dy1 ≥ 0.5.
Referring to Fig. 2(a), to ensure that Q1 is turned OFF before
Q3, Dθ should be larger than Dy1−0.5. Additionally, to ensure
that Q3 is turned OFF before Q2, Dθ should be smaller than
0.5. Conversely, when Vin > Vbus, Dy1 < 0.5. Referring to
Fig. 2(b), to ensure that Q2 is turned OFF before Q4, Dθ should
be larger than 0. Additionally, to ensure that Q1 is turned OFF

before Q3, Dθ should be smaller than Dy1. Therefore, the con-
straints for Dθ satisfying the optimal switching sequence can be
obtained as{

Vbus

2Vin
− 0.5 < Dθ < 0.5 (Vin ≤ Vbus)

0 < Dθ < Vbus

2Vin
(Vin > Vbus)

. (7)

In summary, to achieve full-range ZVS for the FSBB-LLC
converter, the two constraints are required: the absolute value
of the ZVS current for any power switch should be no less than
IZVS in (6); and the phase-shift duty cycle should satisfy the
constraints in (7) considering the optimal switching sequence.
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Fig. 3. The curve of the maximum inductor value.

C. Design Principle of the Inductor

In the FSBB-LLC converter, the inductor is not only closely
related to ZVS range, but also affect its current ripple.

According to Fig. 2, the average current of Q1 is

IQ1 =
(IP + Imin)Dθ

2
+

(IP + IQ) (Dy1 −Dθ)

2
(8)

where Imin is the minimum inductor current, and IR = IO =
Imin. IP and IQ can be expressed as

IP = Imin +
Vin

Lc
DθTs (9)

IQ = Imin +
Vbus

Lc
(0.5−Dy1 +Dθ)Ts. (10)

Substituting (9) and (10) into (8), we have

IQ1 =
VinD

2
y1Ts

2Lc
− Vbus(Dy1 −Dθ)

2Ts

2Lc
+ IminDy1. (11)

Based on (11), the input power can be expressed as

Pin = VinIQ1 =
V 2
inD

2
y1Ts

2Lc
− VinVbus(Dy1 −Dθ)

2Ts

2Lc

+ VinIminDy1. (12)

Assuming the efficiency is 100% [27], we have Pin = Po.
Then, according to (12), Imin can be derived as

Imin = −VinDy1Ts

2Lc
+

Po

VinDy1
+

Vbus(Dy1 −Dθ)
2Ts

2LcDy1
. (13)

To achieve full-range ZVS, Imin ≤ −IZVS is required. Then,
combining with (13), the inductor can be derived as

Lc ≤ Lc_max =

[
VinVbus − (Vbus − 2VinDθ)

2
]
VbusTs

4Vin (VbusIZVS + 2Po)
.

(14)
According to (7), Dθ is always smaller than Vbus/(2Vin) in the

full range. Therefore, Lc_max increases as Dθ rises. Substituting
the maximum value of Dθ into (14), we have

Lc_max =

⎧⎨
⎩

[VinVbus−(Vbus−Vin)
2]VbusTs

4Vin(VbusIZVS+2Po)
(Vin ≤ Vbus)

TsV
2
bus

4(VbusIZVS+2Po)
(Vin > Vbus)

. (15)

Based on (15), the curve of Lc_max can be plotted, as shown in
Fig. 3, where the parameters are given in Table II in Section V.

(a) (b)

Fig. 4. Inductor current waveforms when the load decreases. (a) Vin ≤ Vbus.
(b) Vin > Vbus.

As seen, Lc_max increases as the input voltage rises. To achieve
full-range ZVS for all the switches, Lc should be selected at
the minimum input voltage. Considering the losses and the
parameter deviations in practical circuit, Lc is selected to be
slightly lower than Lc_max.

III. BASIC IDEA AND DESIGN METHOD OF THE PROPOSED

ADAPTIVE ZVS BOUNDARY REGULATION

A. Basic Idea of the Adaptive ZVS Boundary Regulation

The inductor current ripple is expressed as

ΔILc=

{
IP − Imin = Vin

Lc
DθTs (Vin ≤ Vbus)

IQ − Imin = Vbus

Lc
(0.5−Dy1+Dθ)Ts (Vin > Vbus)

.

(16)
As seen from (16), when the load is unchanged, the inductor

current ripple reduces as Dθ decreases. However, the decrease
of Dθ also shifts IR and IO upward, making it more challeng-
ing to realize ZVS. Conversely, as Dθ increases, the inductor
current ripple increases, which also shifts IR and IO downward,
facilitating the realization of ZVS but increasing the conduction
losses. Therefore, there is a tradeoff between the inductor current
ripple and ZVS, that is, to minimize the inductor current ripple
while ensuring the ZVS condition, Dθ should be controlled to
guarantee that Imin is exactly equal to −IZVS.

Fig. 4 shows the inductor current waveforms when the load
changes. As seen, as the load decreases, Dθ that corresponds to
the interval from O to P decreases, and IQ (Vin ≤Vbus) or IP (Vin

> Vbus) also decreases, thus inductor current ripple is reduced.
When the load continues to decrease, if Dθ is further decreased,
IP or IQ will fall below IZVS, as shown with the dash-dot line in
Fig. 4, resulting in the loss of ZVS for Q2 (Vin ≤ Vbus) and Q3

(Vin > Vbus) at light load.
To address this issue, when the load decreases to the point

when IQ (Vin ≤ Vbus) or IP (Vin > Vbus) equals to IZVS, Dθ

should be limited for ensuring that IQ or IP remains constant
at IZVS, as illustrated in Fig. 5. As a result, Dθ is controlled
for maintaining the minimum inductor current (IR and IO) at
−IZVS at heavy load and is limited for ensuring IQ or IP at IZVS

at light load. This is the basic idea of adaptive ZVS boundary
regulation. It is worth noting that the minimum inductor current
may be slightly lower than −IZVS at light load.

Fig. 6 shows the implementation of the adaptive ZVS bound-
ary regulation. At heavy load, the minimum inductor current
is compared with −IZVS, and then a phase-shift closed-loop
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(a) (b)

Fig. 5. Inductor current waveforms with adaptive ZVS boundary regulation
when the load decreases. (a) Vin ≤ Vbus. (b) Vin > Vbus.

Fig. 6. Implementation of adaptive ZVS boundary control.

control is employed to adjust Dθ, thus regulating the minimum
inductor current at−IZVS. At light load, the phase-shift regulator
is saturated, and Dθ is determined through calculation to regulate
IQ (Vin ≤ Vbus) or IP (Vin > Vbus) to IZVS. At the power
boundary point, where IQ = IZVS (Vin ≤ Vbus) or IP = IZVS

(Vin > Vbus) and IR = IO = −IZVS, Dθ generated by the
phase-shift closed-loop precisely aligns with the phase-shift
calculation, enabling smooth transitions between different load
conditions.

B. Design Method of the Adaptive ZVS Boundary Regulation

1) Calculation Method for Dθ at Light Load: When Vin ≤
Vbus, to realize ZVS for Q2, IQ ≥ IZVS is required. Combining
it with (11), we have

Dθ ≥ (IZVS − Imin)
Lc

VbusTs
+Dy1 − 0.5. (17)

Dθ is obtained by comparing the phase-shift signal Vθ with a
sawtooth waveform, satisfying Dθ = Vθ / VM, where VM is the
amplitude of the sawtooth waveform. Therefore, the phase-shift
signal Vθ_cal1 can be expressed as

Vθ_cal1 = (IZVS − Imin)
LcVM

VbusTs
+Dy1VM − 0.5VM. (18)

When Vin>Vbus, to realize ZVS for Q3, IP≥ IZVS is required.
Combining it with (10), we have

Dθ ≥ (IZVS − Imin)
Lc

VinTs
. (19)

Therefore, the phase-shift signal Vθ_cal2 can be expressed as

Vθ_cal2 = (IZVS − Imin)
LcVM

VinTs
. (20)

Based on (18) and (20), the value of Dθ at light load when
Vin ≤ Vbus and Vin > Vbus could be calculated, respectively.

Fig. 7. Boundary power curve in the FSBB-LLC converter.

2) Selection of the Boundary Power: Based on (13), Dθ can
be derived as

Dθ = Dy1 −
√(

Dy1

2
+

LcImin

VinTs
− 2LcPo

VinVbusTs

)
. (21)

When Vin ≤ Vbus, IQ = IZVS and Imin = −IZVS are satisfied
at the boundary between light and heavy loads. Combining (11)
and (21), the boundary power when Vin ≤ Vbus can be derived
as

Pbound1 =

Vbus

[
IZVS

(
Vin

Vbus
− 1

2

)
+

Ts (Vbus − Vin)

8Lc
− 2LcVinI

2
ZVS

TsV 2
bus

]
.

(22)

Similarly, when Vin > Vbus, IP = IZVS and Imin = −IZVS

are satisfied at the boundary between light and heavy loads.
Combining (10) and (21), the boundary power when Vin > Vbus

can be derived as

Pbound2 =

Vbus

[
IZVS

(
Vbus

Vin
− 1

2

)
+

TsVbus (Vin − Vbus)

8LcVin
− 2LcI

2
ZVS

TsVin

]
.

(23)

Based on (22) and (23), the curve of the boundary power
versus input voltage is plotted, as shown in Fig. 7, where the
parameters are provided in Table II. As seen, at heavy load (see
the blue region), Dθ is obtained through the phase-shift regulator,
while at light load (see the yellow region), Dθ is calculated
through (18) and (20). When the operating region shifts due
to power change, the phase-shift duty cycle transits smoothly.
Therefore, the power boundary changes adaptively with the input
voltage, and thus Dθ regulates adaptively with the input voltage
and output power, thus ensuring ZVS while maximally reducing
the inductor current ripple.

With the adaptive ZVS boundary regulation, the full-range
operating waveform of the FSBB-LLC converter is shown in
Fig. 8. As seen, ZVS for all the power switches is realized in
the full voltage and load range, and the inductor current ripple is
maximally reduced as load decreases, thus high efficiency could
be achieved.
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(a)

(b)

Fig. 8. Operational waveforms of the FSBB-LLC converter in the full load
range. (a) Vin ≤ Vbus. (b) Vin > Vbus.

IV. COMBINED PWM AND PHASE-SHIFT CONTROL SCHEME

WITH ADAPTIVE ZVS BOUNDARY REGULATION

A. Proposed Control Scheme of the FSBB-LLC Converter

With the adaptive ZVS boundary regulation, a combined
PWM and phase-shift control method is proposed for the FSBB-
LLC converter, which is described as follows.

1) The output voltage of the FSBB-LLC converter depends
only on Dy1, so the PWM control is used to generate the
duty cycle of Q1 and Q2 and thus to regulate the output
voltage.

2) The phase-shift regulation part including the phase-
shift closed-loop control and phase-shift calculation
is employed to realize the adaptive ZVS boundary
regulation.

The specific control block diagram is shown in Fig. 9, which
consists of the output voltage control unit, the phase-shift closed-
loop control unit, and the phase-shift calculation unit.

Part A is the output voltage control unit and generate Dy1.
The output voltage is sensed and compared with the voltage
reference Voref, and the error is sent to the voltage regulator,
producing the output voltage control signal verr, which is used
to generate the duty cycle signal Dy1.

Part B is the phase-shift closed-loop control unit, which is used
to generate the phase-shift duty cycle at heavy-load conditions
and maintain the minimum inductor current at −IZVS. The
minimum inductor current is sampled through valley detection
circuit and then compared with the current reference of −IZVS.
The error signal is fed into a phase-shift regulator to generate

the phase-shift duty cycle control signal vθ_err at heavy-load
conditions.

Part C is the phase-shift calculation unit, which is used to con-
trol the minimum phase-shift duty cycle at light load, ensuring
that the ZVS currents IQ for Q2 (Vin ≤ Vbus) and IP for Q3

(Vin > Vbus) are maintained at IZVS. Taking Imin and verr as
the input for (18), and Imin and vin as the input for (20), the
phase-shift signals of vθ_cal1 (Vin ≤ Vbus) and vθ_cal2 (Vin >
Vbus) under light-load conditions are calculated, respectively.
Finally, the output signals from the phase-shift closed-loop
control unit and the phase-shift calculation unit, vθ_err, vθ_cal1,
and vθ_cal2, are compared to obtain their maximum value vθ.
This signal, along with the output signal from the output voltage
control unit, verr, are fed into the PWM generator to collectively
generating the driving signals for power switches Q1∼Q4.

B. Comparison and Discussion

Table I gives the comparison between the proposed control
method and other control methods for the FSBB-LLC converter.
When the PWM control is employed, the inductor current is usu-
ally modulated as unipolar shape for reducing its ripple, whereas
the power switches in the nonreused bridge arm are operated
with hard switching. By employing the combined PWM and
phase-shift control, the inductor current could be modulated as
bipolar shape, enabling ZVS for the power switches. However,
the inductor current ripple in the existing control methods is
not maximally reduced, and the inductor loss could be further
reduced. The proposed method in this article introduces the
adaptive ZVS boundary regulation to the traditional combined
PWM and phase-shift control method, which realizes full-range
ZVS while maximally reducing the inductor current ripple, thus
improving the efficiency over the entire range.

V. EXPERIMENTAL VERIFICATIONS

To verify the effectiveness of the proposed control method, a
prototype of a 500-W FSBB-LLC converter is built and tested
in the lab, as shown in Fig. 10. The specific parameters of
the prototype are given in Table II. In this prototype, the dig-
ital control method is adopted, which is realized in the DSP
(TMS320F28335) from TI. The primary-side power switches
adopt the GaN MOSFET (NV6128) from Navitas, and the output
rectifiers employ the MOSFET (BSC117N08NS) from Infineon.
Thanks to the realization of soft-switching, the switching fre-
quency is selected as 500 kHz for increasing the power density.
As for the FSBB-LLC converter, the bus voltage is typically
set at the midpoint of the input voltage range to maximize
efficiency [15]. Considering the convenience of selecting an
integer number of turns for the transformer, the intermediate
bus voltage is designed to be 288 V (24 × 6 × 2 = 288 V) here.

Figs. 11 –13 show the steady-state experimental waveforms of
the FSBB-LLC converter under no-load, half-load, and full-load
conditions when the input voltage is 200, 300, and 400 V,
respectively, where, vgs˙Q2 and vds˙Q2 represent the gate driving
signal and drain-source voltage of power switch Q2, vgs˙Q4 and
vds˙Q4 represent the gate driving signal and drain-source voltage
of power switch Q4, and iLc is the inductor current. As can be
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Fig. 9. The combined PWM and phase-shift control block diagram for the FSBB-LLC converter.

TABLE I
COMPARISON OF THE PROPOSED CONTROL METHOD WITH OTHER CONTROL METHODS

Fig. 10. Photograph of the prototype.

TABLE II
SPECIFICATIONS AND PARAMETERS OF THE FSBB-LLC CONVERTER

observed, the drain-source voltage of Q2 and Q4 have already
decayed to zero before they are turned on, thereby realizing zero-
voltage turn-ON. In fact, Q1 and Q3 also achieve ZVS, where
the waveforms are omitted for brevity. The experimental results
demonstrate that full-range ZVS is realized for all the power

switches with the proposed control method. Additionally, it can
be also seen that under heavy- load conditions, the minimum in-
ductor current is maintained constant at −IZVS, and the inductor
current ripple is gradually reduced as the load decreases, thus
maximally reduced the current ripple while ensuring ZVS. When
the load decreased below the power boundary, the ZVS current
for Q2 (Vin ≤Vbus) or Q3 (Vin >Vbus) is limited at IZVS, and the
Imin is slightly lower than−IZVS. The experimental results agree
well with the theoretical analysis in Section IV, validating the
effectiveness of the proposed combined PWM and phase-shift
control method with adaptive ZVS boundary regulation.

Fig. 14 shows the dynamic experimental waveforms of the
FSBB-LLC converter. The dynamic waveforms when the load
is step changed between no load and full load at rated input
voltage (300 V) is shown in Fig. 14(a), where io is the load
current, vo is the output voltage, iLc is the inductor current,
and iLr is the resonant current. As seen, the overshoot and
undershoot on the output voltage during the load transients is
only 1.6 and 3.2 V, and the recovery time is short, indicating
that good dynamic performance is realized with the proposed
control method. More importantly, with the proposed adaptive
ZVS boundary regulation, the phase-shift signals for light-load
and heavy-load conditions are generated through the phase-shift
calculation unit and the phase-shift closed-loop control unit,
respectively. Clearly, the transition of the phase-shift duty cycle
is smooth during load transients. Fig. 14(b) shows the dynamic
waveforms when the input voltage vin is step changed between
200 and 400 V at full-load condition. As can be seen, the output
voltage also exhibits small overshoot and undershoot, indicating
that the control method exhibits good dynamic performance.
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(a) (b) (c)

Fig. 11. Steady state waveforms of the FSBB-LLC converter when Vin = 200 V. (a) No load. (b) Half load. (c) Full load.

(a) (b) (c)

Fig. 12. Steady state waveforms of the FSBB-LLC converter when Vin = 300 V. (a) No load. (b) Half load. (c) Full load.

(a) (b) (c)

Fig. 13. Steady state waveforms of the FSBB-LLC converter when Vin = 400 V. (a) No load. (b) Half load. (c) Full load.

(a) (b)

Fig. 14. Dynamic waveforms of the FSBB-LLC converter. (a) Load step change between no load and full load when Vin = 300 V. (b) Input voltage step change
between 200 V and 400 V at full-load condition.
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(a) (b) (c)

Fig. 15. Measured efficiencies of the FSBB-LLC converter in the full range. (a) Vin = 200 V. (b) Vin = 300 V. (c) Vin = 400 V.

Fig. 16. Loss breakdown of the FSBB-LLC converter.

Fig. 15 presents the measured efficiencies of the FSBB-LLC
converter in the full load range, both with and without the
ZVS boundary control, when the input voltages is 200, 300,
and 400 V, respectively. As seen, the peak efficiency reaches
97.2% when Vin = 300 V and Po = 225 W. Furthermore,
with the incorporation of the proposed adaptive ZVS boundary
regulation, a notable efficiency improvement is achieved under
light-load conditions when the power is lower than the boundary
power. Therefore, high efficiencies are realized in the full range
with the proposed control scheme.

Fig. 16 shows the calculated loss breakdown of the FSBB-LLC
converter at the rated output power, where Rs is the sensing
resistor for the inductor current. Since all the power switches
realize ZVS, the switching losses are negligible. Consequently,
the majority of the losses in power switches are conduction
losses. As seen, the losses in the nonreused bridge arm (Q1

and Q2) increase with the rise of the input voltage, while the
current flowing through the reused bridge arm (Q3 and Q4) is
iLc−iLr, and the current cancellation effect is enhanced as input
voltage increases. Thus, the losses in Q3 and Q4 decrease with
the rise of the input voltage. For the transformer and secondary
rectifier devices, since the bus voltage is regulated to a constant
value, the LLC stage works in the same situation across the
full input voltage range and results in the same transformer
loss and secondary devices loss at different input voltages. The
efficiency over the entire voltage range is the result of the sum
of several parts, and in this prototype, the highest full-load
efficiency is obtained at an input voltage of 400 V, which is

96.0% . Obviously, the loss breakdown is well in agreement
with the measured efficiencies shown in Fig. 15.

VI. CONCLUSION

The bridge-arm reused FSBB-LLC converter can achieve
wide-range voltage regulation and high-efficiency galvanic iso-
lation with reduced number of devices. In this article, a com-
bined PWM and phase-shift control method with adaptive ZVS
boundary regulation is proposed, which realizes ZVS of power
switches while maximally reduces the inductor current ripple in
the full range. First, ZVS conditions considering the constrains
on ZVS current and phase-shift duty cycle are revealed, and
the design principle of the inductor considering ZVS range and
maximized reduction on inductor current ripple is proposed.
Then, the basic idea and design method of the adaptive ZVS
boundary regulation is proposed. By adjusting the phase-shift
duty cycle to control the inductor current adaptively, ZVS is
ensured while the inductor current ripple is maximally reduced.
Based on that, a combined PWM and phase-shift control method
and its implementation for the FSBB-LLC converter are pro-
posed and compared. Finally, a prototype of a 500-W FSBB-LLC
converter is built and tested in the lab. The experimental results
verified the effectiveness of the proposed control method.

REFERENCES

[1] C. Fei, F. C. Lee, and Q. Li, “High-efficiency high-power-density LLC con-
verter with an integrated planar matrix transformer for high-output current
applications,” IEEE Trans. Ind. Electron., vol. 64, no. 11, pp. 9072–9082,
Nov. 2017.

[2] D. Shu and H. Wang, “Light-load performance enhancement technique
for LLC-based PEV charger through circuit reconfiguration,” IEEE Trans.
Transp. Electrific., vol. 7, no. 4, pp. 2104–2113, Dec. 2021.

[3] T. Qian, K. Guo, and C. Qian, “A combined three-port LLC structure
for adaptive power flow adjustment of PV systems,” IEEE Trans. Power
Electron., vol. 35, no. 10, pp. 10413–10422, Oct. 2020.

[4] Y. Wei, Q. Luo, and A. Mantooth, “Overview of modulation strategies for
LLC resonant converter,” IEEE Trans. Power Electron., vol. 35, no. 10,
pp. 10423–10443, Oct. 2020.

[5] S.-W. Kang, H.-J. Kim, and B.-H. Cho, “Adaptive voltage-controlled
oscillator for improved dynamic performance in LLC resonant converter,”
IEEE Trans. Ind. Appl., vol. 52, no. 2, pp. 1652–1659, Mar./Apr. 2016.

[6] F. Liu, X. Ruan, and Y. Jiang, “Resonant peak suppression approaches
for improving the dynamic performance of DCX-LLC resonant converter
based two-stage dc-dc converter,” IEEE Trans. Ind. Electron., vol. 70,
no. 6, pp. 5685–5695, Jun. 2023.

[7] J.-Y. Lee, Y.-S. Jeong, and B.-M. Han, “An isolated DC/DC converter
using high-frequency unregulated LLC resonant converter for fuel cell
applications,” IEEE Trans. Ind. Electron., vol. 58, no. 7, pp. 2926–2934,
Jul. 2011.



2546 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 41, NO. 2, FEBRUARY 2026

[8] C. Shi, H. Wang, S. Dusmez, and A. Khaligh, “A SiC-based high-efficiency
isolated onboard PEV charger with ultrawide dc-link voltage range,” IEEE
Trans. Ind. Appl., vol. 53, no. 1, pp. 501–511, Jan./Feb. 2017.

[9] Y. Wei, Q. Luo, and A. Mantooth, “LLC and CLLC resonant converters
based dc transformers (DCXs): Characteristics, issues, and solutions,”
CPSS Trans. Power Electron. Appl., vol. 6, no. 4, pp. 332–348, Dec. 2021.

[10] H.-L. Do, “Nonisolated bidirectional zero-voltage-switching DC–DC con-
verter,” IEEE Trans. Power Electron., vol. 26, no. 9, pp. 2563–2569,
Sep. 2011.

[11] I. -H. Oh, “A soft-switching synchronous buck converter for zero voltage
switching (ZVS) in light and full load conditions,” in Proc. 23rd Annu.
IEEE Appl. Power Electron. Conf. Expo., 2008, pp. 1460–1464.

[12] S. Waffler and J. W. Kolar, “A novel low-loss modulation strategy for high-
power bidirectional buck+boost converters,” IEEE Trans. Power Electron.,
vol. 24, no. 6, pp. 1589–1599, Jun. 2009.

[13] Z. Zhou, H. Li, and X. Wu, “A constant frequency ZVS control system for
the four-switch buck-boost dc-dc converter with reduced inductor current,”
IEEE Trans. Power Electron., vol. 34, no. 7, pp. 5996–6003, Jul. 2019.

[14] Q. Liu, Q. Qian, M. Zheng, S. Xu, W. Sun, and T. Wang, “An improved
quadrangle control method for four-switch buck-boost converter with
reduced loss and decoupling strategy,” IEEE Trans. Power Electron.,
vol. 36, no. 9, pp. 10827–10841, Sep. 2021.

[15] J. Fang, X. Ruan, X. Huang, R. Dong, X. Wu, and J. Lan, “A PWM plus
phase-shift control for four-switch buck-boost converter to achieve ZVS
in full input voltage and load range,” IEEE Trans. Power Electron., vol. 69,
no. 12, pp. 12698–12709, Dec. 2022.

[16] F. Liu, X. Ruan, K. Yao, L. Gu, F. Yang, and C. K. Tse, “Full-range non-
resonant PWM zero-voltage-switching power converters with minimized
inductor current ripple,” IEEE J. Emerg. Sel. Top. Power Electron., vol. 13,
no. 2, pp. 2014–2026, Apr. 2025.

[17] X. Sun, Y. Shen, Y. Zhu, and X. Guo, “Interleaved boost-integrated
LLC resonant converter with fixed-frequency PWM control for renewable
energy generation applications,” IEEE Trans. Power Electron., vol. 30,
no. 8, pp. 4312–4326, Aug. 2015.

[18] J. Xu, Y. Sun, G. Xu, X. Liang, and M. Su, “Current-fed LC series
resonant converter with load-independent voltage-gain characteristics for
wide voltage range applications,” IEEE Trans. Power Electron., vol. 36,
no. 10, pp. 11509–11522, Oct. 2021.

[19] Y. Jeong, J.-K. Kim, J. B. Lee, and G.-W. Moon, “An asymmetric half-
bridge resonant converter having a reduced conduction loss for dc/dc power
applications with a wide range of low input voltage,” IEEE Trans. Power
Electron., vol. 32, no. 10, pp. 7795–7804, Oct. 2017.

[20] Y. Li and X. Ruan, “An optimized inductor current control for intermediate
bus converter with hybrid-switching structure,” in Proc. IEEE Energy
Convers. Congr. Expo., 2018, pp. 3818–3824.

[21] X. Sun, J. Qiu, X. Li, B. Wang, L. Wang, and X. Li, “An improved wide
input voltage buck-boost+LLC cascaded converter,” in Proc. IEEE Energy
Convers. Congr. Expo., 2015, pp. 1473–1478.

[22] X. Sun, J. Qiu, X. Li, and Z. Luo, “An integrated buck-boost LLC cascaded
converter with wide input voltage range,” Proc. CSEE, vol. 36, no. 6,
pp. 1667–1673, Mar. 2016.

[23] Q. Liu, Q. Qian, B. Ren, S. Xu, W. Sun, and L. Yang, “A two-stage buck-
boost integrated LLC converter with extended ZVS range and reduced con-
duction loss for high-frequency and high-efficiency applications,” IEEE J.
Emerg. Sel. Top. Power Electron., vol. 9, no. 1, pp. 727–743, Feb. 2021.

[24] Z. Wang, Z. Wu, T. Liu, C. Chen, and Y. Kang, “A high efficiency and
high power density integrated two-stage dc-dc converter based on bipolar
symmetric phase shift modulation strategy,” IEEE Trans. Power Electron.,
vol. 37, no. 4, pp. 4358–4373, Apr. 2022.

[25] F. Liu, G. Zhou, X. Ruan, S. Ji, Q. Zhao, and X. Zhang, “An input-series-
output-parallel converter system exhibiting natural input-voltage-sharing
and output-current-sharing,” IEEE Trans. Ind. Electron., vol. 68, no. 2,
pp. 1166–1177, Feb. 2021.

[26] D. Costinett, D. Maksimovic, and R. Zane, “Circuit-oriented treatment of
nonlinear capacitances in switched-mode power supplies,” IEEE Trans.
Power Electron., vol. 30, no. 2, pp. 985–995, Feb. 2015.

[27] R. W. Erickson and D. Maksimovic, Fundamentals of Power Electronics,
3rd ed. Berlin, Germany: Springer, 2020.

Fei Liu (Member, IEEE) received the B.S., M.S., and
Ph.D. degrees in electrical engineering from Nanjing
University of Aeronautics and Astronautics (NUAA),
Nanjing, China, in 2015, 2018, and 2022, respectively

Since 2022, she has been a Postdoctoral Research
Fellow with the College of Automation Engineer-
ing, NUAA. Her current research interests include
application of wide-band-gap semiconductor power
devices, soft-switching power converters and power
electronics system integration.

Yang Zhao received the B.S. degree in electrical
engineering from North University of China, Taiyuan,
China, in 2023. He is currently working toward the
M.S. degree in electrical engineering with Nanjing
University of Aeronautics and Astronautics (NUAA),
Nanjing, China.

His current research interests include soft-
switching power converters and power electronics
system integration.

Xinbo Ruan (Fellow, IEEE) received the B.S. and
Ph.D. degrees in electrical engineering from Nanjing
University of Aeronautics and Astronautics (NUAA),
Nanjing, China, in 1991 and 1996, respectively.

In 1996, he was with the Faculty of Electrical En-
gineering Teaching and Research Division, NUAA,
where he became a Professor with the College of
Automation Engineering in 2002. From August to
October 2007, he was a Research Fellow with the
Department of Electronic and Information Engineer-
ing, Hong Kong Polytechnic University, Hong Kong.

From March 2008 to September 2011, he was also with the School of Electrical
and Electronic Engineering, Huazhong University of Science and Technology,
Wuhan, China. He has authored or coauthored 15 books and more than 300
technical papers published in journals and conferences. His main research
interests include resonant and soft-switching power converters, power converter
topologies and control, grid-connected converters and system for renewable
energy, modeling and stability of power converters, and envelop tracking power
supply

Dr. Ruan was a recipient of Sustainable Energy Systems Technical Achieve-
ment Award from IEEE Power Electronics Society in 2022, the Delta Scholarship
by the Delta Environment and Education Fund in 2003, and was a recipient of
the Special Appointed Professor of the Chang Jiang Scholars Program by the
Ministry of Education, China, in 2007. From 2005 to 2013, and since 2017 again,
he has been a Vice President of the China Power Supply Society. From 2014 to
2016, he was the Vice Chair of the Technical Committee on Renewable Energy
Systems within IEEE Industrial Electronics Society. He is currently a Co-EIC
for IEEE TRANSACTIONS ON POWER ELECTRONICS, and an Editor for Journal on
Emerging and Selected Topics on Power Electronics. He is currently an Associate
Editor for IEEE OPEN JOURNAL OF THE INDUSTRIAL ELECTRONICS SOCIETY,
IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS (2011-2021), and IEEE
TRANSACTIONS ON CIRCUITS AND SYSTEMS-II. He was the General Chair of
IPEMC-ECCE Asia 2020 and the General Secretary of IPEMC-ECCE Asia
2009, a Technical Program Committee Chair of the IEEE 7th Annual Energy
Conversion Congress and Exposition, and a Tutorial Committee Chair of the
IEEE 12th Annual Energy Conversion Congress and Exposition.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


