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Abstract— Dual-active-bridge (DAB) converter based on
single-phase shift (SPS) modulation is commonly used in energy
storage systems. However, if the normalized voltage gain devi-
ates from unity, the zero-voltage-switching (ZVS) feature and
efficiency of the DAB converter deteriorate. To overcome this
challenge, this article proposes a hybrid-bridge and hybrid
modulation-based DAB converter adapted to a wide voltage
range. The primary-side hybrid bridge operates in an intermedi-
ate state between the full bridge and the half bridge. Asymmet-
rical pulsewidth modulation (APWM) is introduced to regulate
the dc bias across the blocking capacitor in a continuous manner.
Due to the synergy between the hybrid-bridge structure and
hybrid modulation scheme, a general voltage match between the
energy storage unit and the high-voltage bus is always achieved.
Moreover, the ZVS range is extended and the circulating current
is well suppressed. Therefore, efficiency is optimized over the wide
voltage range. The operational principles, circuit modeling, and
design considerations are detailed. A 500-W converter prototype,
linking a 100–200-V energy storage unit and a 300-V dc bus,
is designed and tested to validate the concept. A 97.9% peak
efficiency and good overall efficiency over the wide voltage range
are reported.

Index Terms— Asymmetrical pulsewidth modulation (APWM),
dual-active-bridge (DAB), hybrid bridge, wide voltage range,
zero-voltage switching (ZVS).

I. INTRODUCTION

THE dual active bridge (DAB) maintains the features
of bidirectional power flow, galvanic isolation, and

zero-voltage switching (ZVS). Therefore, the DAB con-
verter [1] is widely used in energy storage systems, such as dc
microgrid [2] and plug-in electric vehicles [3]–[5]. To promote
the performance in low-voltage and high-current applications,
a half-bridge push–pull bidirectional dc–dc converter with
active clamp [6] is proposed and its improved topology [7]
using GaN without a snubbed inductor is reported. In those
systems, the terminal voltage of the energy storage unit
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varies in a wide range with the change of state of charge.
Correspondingly, it requires the DAB converter to maintain
good performance over this wide voltage range.

Conventionally, the DAB converter employs single-phase
shift (SPS) modulation [8]–[10]. In SPS modulation, both
the primary- and secondary-side bridges operate with a 50%
duty cycle with an adjustable phase shift enforced. Thus, the
power flow direction and amplitude can be easily regulated.
Furthermore, when the normalized voltage gain equals unity,
the DAB converter demonstrates optimal performance with
minimized circulating current and maximized ZVS range.
However, when the normalized voltage gain deviates from
unity, the circulating current increases dramatically and the
ZVS failure is prone to occur [11]. Both lead to a deteriorated
performance in wide voltage range applications.

To reduce the circulating current and to extend the ZVS
range when normalized voltage gain deviates from unity,
different modulation schemes of the DAB converter have
been investigated in the literature. One typical method is
referred as extended-phase shift (EPS) modulation [12], [13].
In EPS, an additional inner phase shift is introduced into one
of the dual bridges. Correspondingly, the output voltage of
this bridge is shaped into a three-level wave. Compared with
SPS, this scheme not only reduces the circulating current but
also expands the ZVS range. However, when the transition
between the buck and boost modes occurs, the modulation
schemes between the dual bridges need to be exchanged
and the requirement on its dynamics is harsh. To achieve a
smooth mode transition, dual-phase shift (DPS) modulation is
proposed in [14] and [15]. Similar to EPS, DPS suppresses
the circulating current and expands the ZVS range. Unlike
EPS, an identical phase shift is enforced in dual bridges in
DPS. Thus, the output voltages of dual bridges are matched
three-level waves. However, both EPS and DPS exhibit two
control degrees of freedom. The limited amount of control
variables prevents further performance promotion. Hence,
triple-phase-shift (TPS) modulation is proposed in [16]–[18].
Different from DPS, those two inner phase shifts in TPS are
mismatched. In TPS, although the control degree of freedom
is further extended, it is remarkably complicated to optimize
the modulation. One technique is based on the Fourier analy-
sis [18]. However, due to its infinite series, the analysis results
are often complex and not intuitive. The other technique is
utilizing convex optimization tools to derive a closed-form
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expression [19]. However, in many circumstances, solving
mathematical expression is a nonconvex optimization and the
global optimal solution does not exist. In summary, in EPS,
DPS, and TPS, there always exists a zero-level interval in
the output voltage of bridges. During this interval, zero active
power is transferred. Thus, the power transfer capacity is
limited.

To enhance the power transfer ability, variable frequency
modulation is adopted in [20] and [21], while SPS modulation
is still used to regulate the output power. However, the variable
frequency brings challenges to the design of the electromag-
netic interface filter. Furthermore, the upper bound switching
frequency corresponds to the light-load condition and may
be considerably high. To maintain a fixed frequency, several
half-/full-bridge hybrid structures are proposed to achieve a
better voltage match [22], [23]. These methods effectively
improve the performance of the DAB converter when the
normalized voltage gain varies from 0.5 to 1. According to
input–output voltage, the converter works in a half bridge
or a full bridge and SPS is used to regulate output power.
However, the existing modulation techniques are unable to
accommodate the intermediate voltage gain between 0.5 and 1.
In [24], a dual-transformer-based topology is introduced to
extend the ZVS range and to reduce the circulating current
over the entire voltage range. However, this topology is flawed
with complicated structure and low power density.

In [25], a pulsewidth modulation (PWM) plus phase shift
modulation (PSM) is proposed. The dc bias voltage across
capacitors is controlled by PWM to achieve a voltage match,
and the output power is regulated by PSM. However, the duty
cycle of both the primary and secondary sides is regulated,
which makes the control complicated. Furthermore, its mod-
ulation scheme requires three bulky capacitors and an output
filter inductor. In [26], a dual asymmetrical PWM (DAPWM)
for a bidirectional three-phase converter is reported to reduce
the control complexity and converter volume. Two independent
duty cycles act as control variables, and the voltage of the
clamp capacitor is regulated to reduce the circulating current.
However, the proposed modulation is based on a bidirectional
converter with active clamping. Furthermore, upper switches
on the low-voltage side suffer from hard switching.

In this article, a hybrid modulation scheme is proposed for
a hybrid-bridge-based DAB converter. The hybrid bridge is
realized by modulating the primary-side bridge in an inter-
mediate state between the full bridge and the half bridge.
Furthermore, to be matched with the terminal voltage profile
of the energy storage unit, the output voltage of the hybrid
bridge is regulated by APWM. Additionally, the output power
is regulated using PSM. Like SPS, PSM only has an outer
phase shift and the inner phase shift is no longer required.
The zero-level interval in the output voltage of bridges is
eliminated. This enhances the power delivery capacity. Due
to the synergy between the hybrid structure and the hybrid
modulation, a general voltage match over the entire voltage
range of the energy storage unit is realized. This facilitates a
reduced circulating current and an extended ZVS range. This
article is organized as follows. Section II presents the pro-
posed topological and modulation description, output power

Fig. 1. Schematic of the proposed hybrid-bridge-based DAB converter.

Fig. 2. Steady-state waveforms of gate signals and critical voltages.

and modes analysis, and ZVS range discussion. Section III
provides design considerations and the implementation of the
proposed control strategy. Section IV presents the experimen-
tal results. Section V concludes this article.

II. DESCRIPTION OF THE TOPOLOGY AND PROPOSED

MODULATION METHOD

A. Operational Principles

The schematic of the proposed hybrid-bridge-based DAB
converter is plotted in Fig. 1. As shown, the converter consists
of a hybrid bridge on the primary side, a half bridge on the
secondary side, an inductor (Ls), a dc blocking capacitor (Cp),
and a high-frequency transformer (Tr ). An energy storage unit
is connected to the primary side, while the secondary side
is a dc bus. For the primary-side hybrid bridge, when S3 is
always OFF and S4 is always ON, it is configured as a half
bridge. If Cp is large, it holds half of the primary-side input
voltage (VP). Beyond that, the hybrid bridge works as a full
bridge and Cp prevents the magnetic saturation of Tr . vop is
the output voltage of the full bridge. vab is the voltage on the
Ls series with Tr on the primary side. vcd is the voltage on the
Tr secondary side. Ip is Ls ’s current and Vcp is the voltage
across the blocking capacitor Cp .

Fig. 2 shows the critical steady-state waveforms of the
converter. As indicated, on the primary side, S1 and S2 are also
driven complementarily with a 50% duty cycle with a certain
deadband. However, the duty cycle of S3 and S4 tracks the
voltage variations of the primary-side dc voltage. The duty
cycle of S4 is extended beyond 50%. As shown in Fig. 2,
the redundant part is denoted as asymmetrical duty cycle, D.
Besides, S3 operates complementarily with S4. Therefore, vop
is shaped into a three level. On the secondary side, the driving
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signals for S5 and S6 exhibit a 50% duty cycle with a certain
deadband. Thus, the secondary-side half bridge is modulated
to generate a square wave, vcd. Like SPS, an outer phase-shift
ratio (ϕ) between the primary- and secondary-side bridges
modulates the power transfer. The range of ϕ is between 0
and 0.5.

Considering the inductor volt-second balance, we can obtain

Vcp = 0.5Ts VP − (0.5 − D)Ts VP

Ts
= DVP . (1)

Therefore, the positive level of vab equals

vab,pos = VP − Vcp = (1 − D)VP . (2)

The negative levels of vab equal

vab,neg1 = −Vcp = −DVP

vab,neg2 = −VP − Vcp = −(1 + D)VP . (3)

Thus, to realize the voltage match, D is controlled to satisfy
the following expression:

nVab,pos = n(1 − D)VP = 0.5Vs. (4)

Obviously, a voltage match in the positive half cycle of vab
is well achieved. Meanwhile, in the negative half cycle, the
mean value of vab should satisfy the following condition:

vab,neg =−D2VP Ts +(1+D)(0.5 − D)VP Ts

0.5Ts
=−(1−D)VP .

(5)

In the negative half cycle of vab, the mean value of vab
is matched to that of vcd. Therefore, the voltage match is
approximately achieved.

The normalized voltage gain is defined as

M = 0.5VS

nVP
. (6)

Thus, D is determined by the input–output voltage level as

D = 1 − M. (7)

For 0.5 ≤ M ≤1, the proposed DAB with a hybrid mod-
ulation realizes a general voltage match when 0 ≤ D ≤ 0.5.
Moreover, it is worth mentioning that a true voltage match
requirement is fulfilled in two cases when M = 0.5
and M = 1.

B. Operation Modes and Output Power Analysis

Fig. 3 shows the possible working modes. As shown, based
on the range of D and ϕ, the working operation has four
possible modes. 0 ≤ ϕ ≤ D is taken as a case study
to illustrate the characteristics of the proposed modulation
scheme. According to the capacitor charge balance� Ts

0
ic(t)dt = 0. (8)

Fig. 3. Four possible working modes. (a) Mode A: 0 ≤ ϕ ≤ D. (b) Mode B:
D ≤ ϕ ≤0.5. (c) Mode C: D−0.5 ≤ ϕ ≤0. (d) Mode D: −0.5 ≤ ϕ ≤ D−0.5.

Thus, the inductor current expressions at different time
points are given as

i(t0) = IB(2D2 + 4ϕD4ϕ − D)

i(t1) = IB(2D24ϕD + 4ϕ − D)

i(t2) = IB(2D24ϕD + 4ϕ − D)

i(t3) = IB(2D24ϕD − D)

i(t4) = IB(6D2 + 4ϕD4ϕ + 3D) (9)

where IB is the normalized current, which is defined as

IB = VP T

4Ls
. (10)

The peak current is often considered as a reflection of rms
current in an intuitive manner and can be derived as

i p = |i(t0)| = IB(4ϕ + D − 2D2 − 4ϕD). (11)

In addition, the output power over a switching period is
expressed as

PA = 1

nTs

� Ts

0
vcd(t) · i p(t)dt

= Pbase(0.5D2 − 0.25D + ϕ − ϕD − ϕ2) (12)

where Pbase is the normalized power, which is defined as

Pbase = Ts VP VS

2nLs
. (13)

Similarly, the transferred power in other modes can be given
as

P(ϕ, D) =

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

PA, 0 ≤ ϕ ≤ D

PB , D ≤ ϕ ≤ 0.5

PC , D − 0.5 ≤ ϕ ≤0

PD, −0.5 ≤ ϕ ≤ D − 0.5

(14)
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Fig. 4. Transferred power versus phase-shift ratio.

where

PA = Pbase(0.5D2 − 0.25D + ϕ − ϕD − ϕ2)

PB = Pbase(−0.5D2 − 0.25D + ϕ + ϕD − 2ϕ2)

PC = Pbase(0.5D2 − 0.25D + ϕ−ϕD + 2ϕ2)

PD = Pbase(−0.5D2 − 0.25+0.75D+ϕD+ϕ2). (15)

According to (14), the power transfer characteristics are
plotted in Fig. 4. As shown, for scenarios with M = 0.5
and M = 1, the proposed modulation is converted into
conventional SPS modulation and the power flow direction
only depends on the polarity of ϕ. However, when the oper-
ation state is between those two extreme cases, to deliver
relatively low power in the backward mode, ϕ needs to be
larger than zero. In addition, for a certain M , there always
exist two operating points to deliver the same amount of
power. Moreover, according to (11), large Ls corresponds
to small current stress, while large ϕ leads to large current
stress. Therefore, ϕ should be constrained in a smaller region
[0, 0.25). Similarly, ϕ should be reduced to mitigate the current
stress. Hence, practically, only Modes A and C are employed.
Mode A is used to deliver the forward power, while Mode C
is used to deliver the backward power.

C. Operation Modes and Output Power Analysis

1) Complete Voltage Match: For scenarios with M = 0.5
and M = 1, the proposed converter operates in a complete
voltage match state. When M = 0.5, the primary-side hybrid
bridge works as a half bridge, meaning that S3 is OFF and
S4 is ON. Taking Mode A as an example, ZVS conditions are
expressed as�

S1,6 : i(t0) = i(t3) = −2ϕ IB ≤ −Imin

S2,5 : i(t1) = i(t2) = 2ϕ IB ≥ Imin
(16)

where Imin is a minimum current to charge and discharge Coss
of two complementary MOSFETs on the primary/secondary
sides. Imin is expressed as

Imin =

⎧⎪⎨
⎪⎩

�
2Coss,p V 2

p
Ls

, (S1,2,3,4)

n
	

2Coss,s V 2
s

Ls
, (S5,6).

(17)

When M = 1, the primary-side hybrid bridge works as a
full bridge. Taking Mode B as an instance, ZVS conditions
are be expressed as�

S1,4,6 : i(t0) = i(t4) = −4ϕ IB ≤ −Imin

S2,3,5 : i(t1) = i(t2) = i(t3) = 4ϕ IB ≥ Imin.
(18)

According to (16) and (18), the ZVS range is affected by
Ls and the transfer power. Generally, ZVS is easy to achieve
in high-power scenario due to large ϕ. In addition, large Ls

leads to a wider ZVS range in low-power scenarios. However,
it also leads to high current stress in high-power scenarios.
If the MOSFETs’ Coss is neglected in a simplified analysis,
ZVS is realized over the entire load range for all MOSFETs
at two points where M = 1 and M = 0.5.

Similar to the proposed modulation, SPS achieves a full
ZVS range when M = 1. However, when M deviates from 1,
a full-range ZVS is lost in SPS. Therefore, compared with
SPS, the proposed modulation scheme is featured with an
extended ZVS range.

2) Incomplete Voltage Match: When M is not equal to
0.5 or 1, the proposed converter operates in an incomplete
voltage match state. Taking Mode A as an instance, ZVS
conditions are expressed as⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

S1,4 : i(t0) = IB [D(2D − 1) − 4ϕ(1 − D)] ≤ −Imin

S5 : i(t1) = IB [D(2D − 1) + 4ϕ(1 − D)] ≥ Imin

S2 : i(t2) = IB [D(2D − 1) + 4ϕ(1 − D)] ≥ Imin

S6 : i(t3) = IB [D(2D − 1) − 4ϕD] ≤ −Imin

S3 : i(t4) = IB [3D(1 − 2D) − 4ϕ(1 − D)] ≥ Imin.

(19)

According to (17) and (19), large Ls helps to extend the
ZVS range, while large Coss reduces it. However, a high
transfer power with a correspondingly high ϕ brings a wider
range for S1,2,4,5,6 but a narrower range for S3.

To simplify the analysis, Coss is neglected. Considering the
range of control variables, the following ZVS inequalities are
always satisfied: �

S1,4 : i(t0) ≤ 0

S6 : i(t3) ≤ 0
(20)

Thus, S1, S4, and S6 can always achieve ZVS during this
mode. In addition, ZVS conditions for all the other MOSFETs
can be simplified as

1

4
K (D) ≤ ϕ ≤ 3

4
K (D) (21)

where K (D) is the ZVS factor, which is defined as

K (D) = D(1 − 2D)

1 − D
. (22)

As indicated in (21), the ZVS range is determined by the
transferred power and the normalized voltage gain. When
the transferred power increases, the ZVS ranges for S2,5 is
extended, while the ZVS range of S3 is squeezed. Besides,
large K (D) helps to extend the ZVS range, as plotted in Fig. 5.
As shown, when D approaches 0.3, K (D) reaches the peak
value and MOSFETs are prone to achieve ZVS. However,
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Fig. 5. ZVS factor versus asymmetrical duty cycle.

it is noteworthy that at the two boundary points, the above-
mentioned condition is invalid because of the limitations of
the two control freedoms. In the boundary conditions, ZVS is
also realized as demonstrated in the complete voltage match
analysis.

In Mode C, a similar analysis indicates that S1, S3, S4,

and S5 always achieve ZVS, while the ZVS of S2 and S6 is
constrained by the converter working state. Therefore, for the
incomplete voltage match case, there are at least three or four
MOSFETs that definitely achieve ZVS.

When SPS is adopted in this proposed converter, ZVS
conditions can be calculated as⎧⎪⎪⎪⎨

⎪⎪⎪⎩
S1,4 : i(t0) = IB [M(1 − 4ϕ) − 1] ≤ −Imin

S5 : i(t2) = IB(4ϕ + M − 1) ≥ Imin

S2,3 : i(t3) = IB [M(4ϕ − 1) + 1] ≥ Imin

S6 : i(t4) = IB(1 − 4ϕ − M) ≤ −Imin.

(23)

Apparently, the ZVS range is extended with the increment
of Ls and ϕ. Furthermore, when M decreases from 1 to 0.5,
the primary-side MOSFETs are prone to achieve ZVS, while
the secondary-side MOSFETs are prone to lose ZVS. There-
fore, when M is around 1, it is easy to satisfy ZVS conditions
for all MOSFETs in SPS. However, when M is in the vicinity
of 0.5 or 1, there exist two regions in the proposed modulation
where ZVS conditions for all MOSFETs become easy to
realize.

D. Inductor Current Stress Comparison

To evaluate the performance of the proposed converter in
suppressing the conduction loss, a simulation comparison of
rms inductor current between the proposed modulation and
the SPS modulation is made. The simulation is based on the
circuit parameters listed in Table I.

The critical simulated waveforms are plotted in Fig. 6.
In Fig. 6(a), when M equals 0.5, the primary-side hybrid
bridge works as a half bridge. This results in a two-level
waveform of vab. Also, when vcd equals nvab, a low circu-
lating current is achieved, as shown in Fig. 6(a). However,
in Fig. 6(b), due to SPS, a high circulating current occurs
with nvab much larger than vcd. As illustrated, the shaded area
denotes the backflow current. The backflow current does not
contribute to the output power and increases the rms value of
i p. Thus, it brings an extra conduction loss. Obviously, when

TABLE I

COMPONENT PARAMETERS OF THE PROTOTYPE

Fig. 6. Simulated voltage and current waveforms of the transformer when
M = 0.5 and Po = 300 W. (a) Proposed hybrid modulation. (b) SPS
modulation.

M = 0.5 and Po = 300 W, the backflow current component
is significantly larger in the SPS modulation than that in the
proposed hybrid modulation. Generally, in conventional SPS
modulation, when M deviates from unity, a backflow current is
inevitable and may even surpass the active current component.
Furthermore, it should be noted that the peak current in the
SPS modulation is also greater than that in the proposed hybrid
modulation. This leads to an increased conduction loss and
magnetic core loss.

Furthermore, a comprehensive comparison of current stress
under different values of VP is presented in Fig. 7. As shown,
when VP = 200 V, the largest rms current occurs under SPS
modulation. In such a case, as shown in Fig. 6(b), even at a
low power level, rms current stress is considerably high and
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Fig. 7. Comparison of rms inductor current between the proposed hybrid
modulation and the SPS modulation.

Fig. 8. Comparison of rms inductor current between the proposed hybrid
modulation and the EPS modulation.

changes little with the increase in power. This means that the
backflow current dominates the inductor current and only a
small fraction of i p is used to transfer active power. It can
also be found that when VP changes from 200 to 150 V and
approaches the optimal point (VP = 100 V), rms current stress
drops rapidly and the converter performance is enhanced.
However, for the proposed modulation, there are two optimal
points (VP = 100 V and VP = 200 V). At these two points,
the lowest current stress is realized. Furthermore, even in the
worst scenario with VP = 150 V, due to a general voltage
match, it still behaves better than SPS modulation. Therefore,
the proposed modulation effectively decreases rms current
stresses, especially in the nonunity normalized voltage gain.
It should be noted that a curve at Vp = 100 V in SPS overlaps
with that at Vp = 200 V in the proposed hybrid modulation.
This is because both vab and vcd are identical in these two
cases.

In addition to SPS, an advanced EPS modulation [13],
which aims at reducing circulating current, is chosen as the
comparison object. The profiles of inductor rms current (i p,rms)
versus the output power with different values of VP are plotted
in Fig. 8. When Vp = 100 V, which means a unity normalized
voltage gain, both the EPS and the proposed hybrid modulation
work at the optimal point with the minimum current stress.
When Vp = 150 V, the proposed hybrid modulation is featured
with lower i p,rms in low-power conditions. However, in high-
power conditions, EPS is preferred due to its lower circulating
current. When Vp = 200 V, the hybrid bridge works as a half

Fig. 9. rms inductor current versus output power when VP = 100 V under
different values of Ls .

Fig. 10. rms inductor current versus output power when VP = 150 V under
different values of Ls .

bridge and the normalized voltage gain equals unity. Therefore,
the proposed hybrid modulation works at its other optimal
point. It should be noted that the curve at Vp = 200 V and
Vp = 100 V in the proposed hybrid modulation overlaps with
that at Vp = 100 V in EPS. This is because vab is identical in
these three cases.

III. DESIGN CONSIDERATIONS

A. Design of Inductor Ls

The design of Ls is crucial in the DAB converter as
it determines the power transfer capability and the power
conversion efficiency. According to (12), large Ls leads to
a poor power transfer capability. Therefore, Ls should be
designed to meet the output power requirements with a 90%
design margin as

Lmin = 0.9TsVP VS

2n Prate
. (24)

Moreover, considering (11), small Ls may lead to a high
peak current value. However, it is noteworthy that a low phase-
shift ratio is also obtained in small Ls to deliver a certain
power. Therefore, it is not intuitive to confirm whether low Ls

is equivalent to a low rms inductor current. To find a proper
value of Ls , several simulation comparisons are made under
different voltage levels and different voltage gains. The results
are shown in Figs. 9 and 10. Fig. 9 shows a circumstance
in unity normalized voltage gain. Apparently, in such cases,
small Ls is preferred. This is because when the voltages
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Fig. 11. Power loss breakdown under different power and voltages.

Fig. 12. Schematic of the digital control strategy.

are matched, large Ls and consequent large ϕ result in a
more trapezoidal inductor current waveform with a high peak
current. However, as shown in Fig. 10, large Ls is preferable
for voltage mismatch scenarios. This is because large Ls limits
di/dt of inductor current and leads to a relatively low peak
current during the voltage mismatch interval. Furthermore,
the current stress increases rapidly with the increase of power
level. For example, when Ls = 15 μH in Fig. 9, rms current is
close to 1 A under 100 W, while it is equal to around 6 A under
500 W. Thus, the efficiency may decrease in a high power level
where conduction loss dominates the power loss. Therefore,
the selection of Ls is an efficiency tradeoff design under both
the voltage gain and the power level of the converter working
state. In this article, to get a high peak efficiency and reduce
the inductor volume, Ls is chosen to be relatively small and
is equal to 15 μH.

B. Design of the Blocking Capacitor Cp

The blocking capacitor Cp is used to hold a dc voltage
bias. First, its peak dc bias voltage is half of the primary-side
input voltage. Thus, the voltage rating of Cp should be larger
than 0.5Vp. Second, its capacitance should be large enough to
keep a relatively constant voltage during charge or discharge
processes. Furthermore, the maximum voltage variation occurs
when Vp = 150 V and Po = 500 W. This is because the

Fig. 13. Picture of the designed DAB converter.

Fig. 14. Experimental waveforms of vab, vcd, i p , and Vcp in the forward
mode. (a) VP = 100 V. (b)VP = 200 V.

integral of i p in the positive half cycle reaches the peak value
at these points. Correspondingly, Cp is selected to be 40 μF
to ensure that the voltage variation is smaller than 0.01Vp.
Third, to reduce the parasitic resistance and inductance, film
capacitors are selected.

C. Power Losses Breakdown

A power loss breakdown based on Table I is compared at
three primary-side voltage points (Vp = 100, 150, and 200 V)
under 100 and 500 W. Since all MOSFETs are turned on with
ZVS, the turn-on loss is nearly zero. The main loss includes
conduction loss for MOSFETs, core loss, copper loss, and
conduction loss for capacitors (dc blocking capacitors and
half-bridge filter capacitors). The power losses breakdown is
plotted in Fig. 11. It should be noted that the power loss
breakdown results are similar between VP = 100 V and
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Fig. 15. Steady-state waveforms of vab, vcd, i p, and Vcp when VP = 150 V.
(a) Forward mode. (b) Backward mode.

VP = 200 V. This is because both the waveforms of vab
and vcd are identical on those occasions. As shown, when
the normalized voltage gain equals unity (Vp = 100 and
200 V), core loss dominates in low-power conditions. This
is because core loss is insensitive to the transferred power
and the current stress is reduced under the hybrid modulation.
However, in high-power conditions, conduction loss increases
rapidly and becomes larger than the core loss. When Vp =
150 V, compared with a unity voltage gain, conduction loss
always plays a dominant role. The reason is that the current
stress is large as the operating point deviates from the optimal
working points.

It should be noted that it does not represent the absolute
value of power loss in Fig. 11. From the picture of loss
breakdown, the percentage of core loss is lower at Vp = 150 V
than that at Vp = 100 V. This is because the core loss is nearly
the same at Vp = 100 V and Vp = 150 V, while the conduction
loss is much larger at Vp = 150 V.

D. Implementation of Hybrid Modulation

In the proposed modulation scheme, there exist two control
loops (voltage loop and power loop). Two control variables
D and ϕ can be regulated separately. As shown in Fig. 12,

Fig. 16. ZVS waveforms when VP = 150 V. (a) S1,2. (b) S3,4. (c) S5,6.

according to (7), D is used to regulate the voltage gain (M) in
the voltage loop through a simple computing unit. In addition,
as discussed in the previous mode analysis, the power transfer
is determined by ϕ in the power loop. In the control scheme,
the polarity of ϕ is realized by the power direction judge
unit and the amplitude of ϕ is calculated by the phase-shift
unit. Compared with SPS modulation, the only additional
process is a simple computing unit to calculate D. Therefore,
the proposed modulation is easy to implement in practice.
It should be noted that the bandwidth of the voltage loop
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TABLE II

COMPARISON BETWEEN THE PROPOSED DAB AND EXISTING DAB

is typically set to be much higher than that of the power
loop. Therefore, these two control loops can be considered
as approximately decoupled.

IV. EXPERIMENTAL RESULTS

To verify the effectiveness of the proposed hybrid-bridge
converter with correspondent hybrid modulation, a 500-W
prototype is designed. The picture of the prototype is given
in Fig. 13. Film capacitors in parallel compose the dc blocking
capacitor Cp and Ls that consists of a transformer leakage
inductor and an external inductor. In addition, these key para-
meters of the prototype are listed in Table I. The primary-side
MOSFETs (S1−4) are IRFB4137PBF, and the secondary-side
MOSFETs (S5 and S6) are FDP26N40. A digital controller,
TMS320F28335 from Texas Instruments, is used to implement
the proposed control algorithm.

Fig. 14 shows the screenshot of critical steady-state wave-
forms when the voltages are completely matched. The exper-
imental results show a low backflow current and wide ZVS
range when a complete voltage match occurs. This agrees
with the previous analysis. In addition, when VP = 100 V
in Fig. 14(a), the hybrid bridge functions as a full bridge.
When VP = 200 V in Fig. 14(b), the hybrid-bridge functions
as a half bridge and Cp absorbs half of the primary-side dc
voltage.

The experimental results in mismatch cases are presented
in Fig. 15. Fig. 15(a) and (b) shows the circuit operation in
the forward and backward modes, respectively. According to
the waveforms, one can find that the peak current is largely

Fig. 17. Measured efficiency versus output power in the forward mode under
different values of VP .

reduced due to a general voltage match in the proposed
modulation. Besides, vab exhibits a leading phase-shift ratio
ϕ to vcd in the forward mode and vab lags behind vcd in the
backward mode. This is in accordance with the modulation
concept that the power transfer direction is determined by ϕ.

As shown in Fig. 16, when the output power equals 200 W,
there always exists an apparent gap between every rising
edge of vgs and the corresponding falling edge of vds , which
validates the ZVS turning on of MOSFETs. Moreover, for
the asymmetrical MOSFETs S3,4 on the primary side, ZVS is
also achieved. This proofs the ZVS of all MOSFETs in the
proposed converter.

The conversion efficiency results in the forward mode and
the backward mode are recorded under different input voltages
and are plotted in Figs. 17 and 18. The efficiency data are
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Fig. 18. Measured efficiency versus output power in the backward mode
under different values of VP .

calibrated by a high-precision power analyzer (PPA4530).
It should be noted that the efficiency results are similar
between the forward and backward modes when VP = 100 V
and VP = 200 V. The reason is that the waveforms of vab and
vcd are well matched and symmetrical on those occasions. The
measured peak efficiency is 97.9% when VP = 100 V, and the
overall efficiency is always above 91% over the entire voltage
range. Compared with conventional efficiency curves, it should
be noted that the proposed converter achieves high efficiency
in light load but low efficiency in heavy load. The reason
is similar to the conclusion discussed in the above selection
of Ls . For the design value of Ls that is equal to 15 μH and
is relatively small, the rms inductor current and consequent
conduction loss increases rapidly with the increment of the
power level. Furthermore, the conduction loss is the main part
of power loss in high-power occasions.

Furthermore, a qualitative comparison between the pro-
posed converter and multiple recently reported wide voltage
range DAB converters is made. The results are summarized
in Table II. As shown, compared with the existing converters,
the proposed converter is featured with a constant switching
frequency, an extended ZVS range, and a high efficiency over
a wide voltage range. Only a capacitor is added to block
the dc voltage. It should be noted that this capacitor is also
employed in most of the state-of-the-art DAB converters to
prevent magnetic saturation.

V. CONCLUSION

This article proposes a novel hybrid-bridge DAB converter
with a hybrid modulation for wide voltage range applications.
The hybrid-bridge structure works in an intermediate state
between a full-bridge state and a half-bridge state. The hybrid
modulation, APWM plus PSM, is used to adjust the dc
blocking capacitor’s dc bias voltage and output power. Thus,
the voltage between the energy storage unit and the dc bus is
always maintained. A general voltage match is realized when
the normalized voltage gain varies from 0.5 to 1. This brings an
expanded ZVS range and reduced current stress. Operational
principles, soft-switching features, and design considerations
are analyzed in detail in this article. A comprehensive compar-
ison between conventional SPS modulation and the proposed
modulation is also implemented. Finally, a 500-W prototype,
linking a 100–200-V energy storage unit and a 300-V dc

bus, is constructed to validate the concept. The steady-state
waveforms and ZVS waveforms are well illustrated. Moreover,
the prototype achieves a peak efficiency of 97.9% and keeps
the efficiency above 91% over the entire voltage range.

REFERENCES

[1] R. W. De Donker, D. M. Divan, and M. H. Kheraluwala, “A three-
phase soft-switched high-power-density DC/DC converter for high-
power applications,” IEEE Trans. Ind. Appl., vol. 27, no. 1, pp. 63–73,
Jan./Feb. 1991.

[2] L. Chen, S. Shao, Q. Xiao, L. Tarisciotti, T. Dragicevic, and P. Wheeler,
“Model-predictive-control for dual-active-bridge converters supplying
pulsed power loads in naval DC microgrids,” IEEE Trans. Power
Electron., to be published, doi: 10.1109/TPEL.2019.2917450.

[3] X. Lu and H. Wang, “A highly efficient multifunctional power electronic
interface for PEV hybrid energy management systems,” IEEE Access,
vol. 7, pp. 8964–8974, 2019.

[4] B. Li, Q. Li, F. C. Lee, Z. Liu, and Y. Yang, “A high-
efficiency high-density wide-bandgap device-based bidirectional on-
board charger,” IEEE J. Emerg. Sel. Topics Power Electron., vol. 6, no. 3,
pp. 1627–1636, Sep. 2018.

[5] M. A. Khan, I. Husain, and Y. Sozer, “A bidirectional DC–DC converter
with overlapping input and output voltage ranges and vehicle to grid
energy transfer capability,” IEEE J. Emerg. Sel. Topics Power Electron.,
vol. 2, no. 3, pp. 507–516, Sep. 2014.

[6] F. Xue, R. Yu, W. Yu, A. Q. Huang, and Y. Du, “A novel bi-
directional DC-DC converter for distributed energy storage device,” in
Proc. IEEE Appl. Power Electron. Conf. Expo. (APEC), Charlotte, NC,
USA, Mar. 2015, pp. 1126–1130.

[7] F. Xue, R. Yu, and A. Q. Huang, “A 98.3% efficient GaN isolated
bidirectional DC–DC converter for DC microgrid energy storage system
applications,” IEEE Trans. Ind. Electron., vol. 64, no. 11, pp. 9094–9103,
Nov. 2017.

[8] X. Li and Y.-F. Li, “An optimized phase-shift modulation for fast
transient response in a dual-active-bridge converter,” IEEE Trans. Power
Electron., vol. 29, no. 6, pp. 2661–2665, Jun. 2014.

[9] S. Inoue and H. Akagi, “A bidirectional DC–DC converter for an energy
storage system with galvanic isolation,” IEEE Trans. Power Electron.,
vol. 22, no. 6, pp. 2299–2306, Nov. 2007.

[10] D. Costinett, D. Maksimovic, and R. Zane, “Design and control for high
efficiency in high step-down dual active bridge converters operating at
high switching frequency,” IEEE Trans. Power Electron., vol. 28, no. 8,
pp. 3931–3940, Aug. 2013.

[11] H. Bai and C. Mi, “Eliminate reactive power and increase system
efficiency of isolated bidirectional dual-active-bridge DC-DC converters
using novel dual-phase-shift control,” IEEE Trans. Power Electron.,
vol. 23, no. 6, pp. 2905–2914, Nov. 2008.

[12] B. Zhao, Q. Yu, and W. Sun, “Extended-phase-shift control of isolated
bidirectional DC-DC converter for power distribution in microgrid,”
IEEE Trans. Power Electron., vol. 27, no. 11, pp. 4667–4680, Nov. 2012.

[13] A. K. Jain and R. Ayyanar, “PWM control of dual active bridge:
Comprehensive analysis and experimental verification,” IEEE Trans.
Power Electron., vol. 26, no. 4, pp. 1215–1227, Apr. 2011.

[14] M. Kim, M. Rosekeit, S. Sul, and R. W. A. A. De Doncker, “A dual-
phase-shift control strategy for dual-active-bridge DC-DC converter in
wide voltage range,” in Proc. 8th Int. Conf. Power Electron. (ECCE
Asia), May/Jun. 2011, pp. 364–371.

[15] S. Luo and F. Wu, “Hybrid modulation strategy for IGBT-based isolated
dual-active-bridge DC–DC converter,” IEEE J. Emerg. Sel. Topics Power
Electron., vol. 6, no. 3, pp. 1336–1344, Sep. 2018.

[16] N. Hou, W. Song, and M. Wu, “Minimum-current-stress scheme of dual
active bridge DC–DC converter with unified phase-shift control,” IEEE
Trans. Power Electron., vol. 31, no. 12, pp. 8552–8561, Dec. 2016.

[17] A. Tong, L. Hang, G. Li, X. Jiang, and S. Gao, “Modeling and analysis of
a dual-active-bridge-isolated bidirectional DC/DC converter to minimize
RMS current with whole operating range,” IEEE Trans. Power Electron.,
vol. 33, no. 6, pp. 5302–5316, Jun. 2017.

[18] B. Zhao, Q. Song, W. Liu, G. Liu, and Y. Zhao, “Universal
high-frequency-link characterization and practical fundamental-optimal
strategy for dual-active-bridge DC-DC converter under PWM plus
phase-shift control,” IEEE Trans. Power Electron., vol. 30, no. 12,
pp. 6488–6494, Dec. 2015.

[19] F. Krismer and J. W. Kolar, “Efficiency-optimized high-current dual
active bridge converter for automotive applications,” IEEE Trans. Ind.
Electron., vol. 59, no. 7, pp. 2745–2760, Jul. 2012.

http://dx.doi.org/10.1109/TPEL.2019.2917450


920 IEEE JOURNAL OF EMERGING AND SELECTED TOPICS IN POWER ELECTRONICS, VOL. 9, NO. 1, FEBRUARY 2021

[20] A. Rodriguez, A. Vazquez, D. G. Lamar, M. M. Hernando, and
J. Sebastian, “Different purpose design strategies and techniques to
improve the performance of a dual active bridge with phase-shift
control,” IEEE Trans. Power Electron., vol. 30, no. 2, pp. 790–804,
Feb. 2015.

[21] J. Hiltunen, V. Väisänen, R. Juntunen, and P. Silventoinen, “Variable-
frequency phase shift modulation of a dual active bridge converter,”
IEEE Trans. Power Electron., vol. 30, no. 12, pp. 7138–7148, Dec.
2015.

[22] Z. Qin, Y. Shen, P. C. Loh, H. Wang, and F. Blaabjerg, “A dual active
bridge converter with an extended high-efficiency range by DC blocking
capacitor voltage control,” IEEE Trans. Power Electron., vol. 33, no. 7,
pp. 5949–5966, Jul. 2018.

[23] P. Liu and S. Duan, “A hybrid modulation strategy providing lower
inductor current for the DAB converter with the aid of DC block-
ing capacitors,” IEEE Trans. Power Electron., to be pubilshed, doi:
10.1109/TPEL.2019.2937161.

[24] G. Xu, D. Sha, Y. Xu, and X. Liao, “Dual-transformer-based DAB
converter with wide ZVS range for wide voltage conversion gain
application,” IEEE Trans. Ind. Electron., vol. 65, no. 4, pp. 3306–3316,
Apr. 2018.

[25] D. Xu, C. Zhao, and H. Fan, “A PWM plus phase-shift control
bidirectional DC-DC converter,” IEEE Trans. Power Electron., vol. 19,
no. 3, pp. 666–675, May 2004.

[26] M. Kwon, J. Park, and S. Choi, “A bidirectional three-phase push–pull
converter with dual asymmetrical PWM method,” IEEE Trans. Power
Electron., vol. 31, no. 3, pp. 1887–1895, Mar. 2016.

[27] S. Shao, M. Jiang, W. Ye, Y. Li, J. Zhang, and K. Sheng, “Optimal
phase-shift control to minimize reactive power for a dual active bridge
DC–DC converter,” IEEE Trans. Power Electron., vol. 34, no. 10,
pp. 10193–10205, Oct. 2019.

[28] J. Zeng, Z. Yan, J. Liu, and Z. Huang, “A high voltage-gain bidirec-
tional DC-DC converter with full-range ZVS using decoupling control
strategy,” IEEE J. Emerg. Sel. Topics Power Electron., to be published.

Junyun Deng (S’18) received the B.S. degree
in electrical engineering and automation from the
Huazhong University of Science and Technology,
Wuhan, China, in 2017. He is currently pursuing
the M.S. degree with the School of Information
Science and Technology, ShanghaiTech University,
Shanghai, China.

His current research interests include multiport
dc/dc converter and bidirectional dc/dc converter.

Haoyu Wang (S’12–M’14–SM’18) received the
bachelor’s degree (Hons.) from Zhejiang Univer-
sity, Hangzhou, China, and the master’s and Ph.D.
degrees in electrical engineering from the University
of Maryland, College Park, MD, USA.

He is currently a tenure-track Assistant Professor
with the School of Information Science and Tech-
nology, ShanghaiTech University, Shanghai, China.
His current research interests include power elec-
tronics, plug-in electric and hybrid electric vehicles,
the applications of wide bandgap semiconductors,

renewable energy harvesting, and power management integrated circuits.
Dr. Wang is an Associate Editor of the IEEE TRANSACTIONS ON TRANS-

PORTATION ELECTRIFICATION and CPSS Transactions on Power Electronics
and Applications.

http://dx.doi.org/10.1109/TPEL.2019.2937161


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Black & White)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /AdobeArabic-Bold
    /AdobeArabic-BoldItalic
    /AdobeArabic-Italic
    /AdobeArabic-Regular
    /AdobeHebrew-Bold
    /AdobeHebrew-BoldItalic
    /AdobeHebrew-Italic
    /AdobeHebrew-Regular
    /AdobeHeitiStd-Regular
    /AdobeMingStd-Light
    /AdobeMyungjoStd-Medium
    /AdobePiStd
    /AdobeSansMM
    /AdobeSerifMM
    /AdobeSongStd-Light
    /AdobeThai-Bold
    /AdobeThai-BoldItalic
    /AdobeThai-Italic
    /AdobeThai-Regular
    /ArborText
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /BellGothicStd-Black
    /BellGothicStd-Bold
    /BellGothicStd-Light
    /ComicSansMS
    /ComicSansMS-Bold
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /Courier-Oblique
    /CourierStd
    /CourierStd-Bold
    /CourierStd-BoldOblique
    /CourierStd-Oblique
    /EstrangeloEdessa
    /EuroSig
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Impact
    /KozGoPr6N-Medium
    /KozGoProVI-Medium
    /KozMinPr6N-Regular
    /KozMinProVI-Regular
    /Latha
    /LetterGothicStd
    /LetterGothicStd-Bold
    /LetterGothicStd-BoldSlanted
    /LetterGothicStd-Slanted
    /LucidaConsole
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MinionPro-Bold
    /MinionPro-BoldIt
    /MinionPro-It
    /MinionPro-Regular
    /MinionPro-Semibold
    /MinionPro-SemiboldIt
    /MVBoli
    /MyriadPro-Black
    /MyriadPro-BlackIt
    /MyriadPro-Bold
    /MyriadPro-BoldIt
    /MyriadPro-It
    /MyriadPro-Light
    /MyriadPro-LightIt
    /MyriadPro-Regular
    /MyriadPro-Semibold
    /MyriadPro-SemiboldIt
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /Symbol
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Webdings
    /Wingdings-Regular
    /ZapfDingbats
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /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 true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /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 300
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 900
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.33333
  /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 /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


