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Abstract—Current-fed isolated bidirectional dc–dc converters
(CFIBDCs) are suitable solutions for feeding batteries. However,
maintaining high efficiency over wide input and output voltage
(IOV) range remains a challenge for them. This article proposes
a hybrid CFIBDC intended for wide IOV range operation, which is
constructed by integrating a current-fed dual-active-bridge and an
LC-resonant converter (LCRC). It has two power channels, i.e.,
a DAB-based channel and an LCRC-based channel. The DAB-
based channel can achieve zero-voltage-switching (ZVS) regard-
less of the IOV condition. And the LCRC-based channel, which
features zero-current-switching (ZCS), can share the power for the
DAB-based channel, thus reducing conduction losses. By properly
allocating the power between two channels, low conduction losses,
full-voltage-range ZVS or ZCS, as well as low turn-OFF losses can
be simultaneously attained over wide IOV range, thus maintaining
high efficiency for the proposed converter. Meanwhile, the total
device capacity is not increased compared to the state of the art.
Moreover, since LCRC provides a unity voltage gain, the proposed
converter is naturally voltage-matched, leading to a simplified
control scheme. The effectiveness of the converter is verified by
a 1.5 kW experimental setup.

Index Terms—Bidirectional dc–dc convert, current-fed conver-
ter, dual active bridge, resonant converter, wide voltage range.

I. INTRODUCTION

ENERGY storage systems (ESSs) develop rapidly due to the
high penetration of electrical vehicles (EVs) and renewable

energy systems. Numerous ESSs contain battery packs with
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different voltage levels, which need to be bridged via power
converters. For instance, traction batteries and low-voltage bat-
teries in EVs are practically linked by auxiliary power modules.
Such a scenario imposes requirements on power converters, e.g.,
high efficiency over wide input and output voltage (IOV) range,
high security, high current quality, and bidirectional operation
capability [1].

Current-fed isolated bidirectional dc–dc converters (CFIB-
DCs) are intrinsically adapted to these requirements owing to
their inherent short-circuit protection, low current ripple on the
low-voltage port, and direct current control capability [2]. CFIB-
DCs can be categorized into single-stage and two-stage types.
The single-stage CFIBDCs are superior in terms of efficiency
and cost, whereas the two-stage CFIBDCs offer higher reliabil-
ity and control flexibility. Among various single-stage CFIB-
DCs [3], [4], [5], [6], [7], [8], current-fed dual-active-bridge
(CFDAB) [5] is the best candidate to feed batteries due to its high
reliability and outstanding overall performance [2]. As for the
two-stage CFIBDCs [9], [10], [11], [12], the boost cascaded LLC
(Boost+LLC) structure in [9] is the most popular choice owing
to its low turn-OFF losses. Although CFDAB and Boost+LLC
are the most attractive CFIBDCs for battery bridging, they still
struggle to maintain high efficiency over wide IOV range.

CFDAB is constructed by sharing the switches of an in-
terleaved boost converter and a DAB converter. By adjusting
the duty cycles of the shared switches, CFDAB can maintain
voltage matching on its DAB stage despite port voltage vari-
ations. Matched voltages give CFDAB low backflow power
and excellent ZVS performance over wide IOV range [13],
[14], [15], [16]. However, since voltage matching is realized
via the shared switches, wide IOV range inevitably causes low
duty cycles on them. This leads to a narrow high-frequency-ac
(HFAC) power transfer window of the DAB stage, and ulti-
mately a high transformer current. To suppress this current
at a narrow power transfer window, dual-transformer-CFDAB
(DT-CFDAB) in [17] enhances the modulation flexibility via
an auxiliary transformer. Flexible modulation reduces the peak
transformer current but has limited influence on the rms value.
To fundamentally avoid a narrow power transfer window,
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H5-CFDAB [18] provides topological decoupling between
boost and DAB stages through an H5-bridge. The DAB stage,
which operates independently, eliminates high transformer cur-
rent in principle. Nevertheless, decoupling operation limits the
IOV range, and its ZVS restrictions as well as single boost
inductor render it preferable for dc transformer rather than
wide IOV high current application. CFDAB in paper [19] is
able to avoid narrow power transfer window while guaranteeing
wide IOV range via reconfigurable topology. But the unsmooth
transition limits its practical application. The discussion above
reveals that, for wide IOV range operation, the high transformer
current caused by the narrow power transfer window is still
not properly addressed for CFDAB. High transformer current
induces high conduction and turn-OFF losses, which reduces
efficiency.

Two-stage CFIBDCs are immune from the drawback of
CFDAB due to the absence of shared switches. A detailed
comparison between them was performed in paper [20], which
indicated that Boost+LLC has more potential to realize high
efficiency compared to single-stage CFIBDCs for wide IOV
applications. Furthermore, in this scenario, Boost+LLC features
lower total switch capacity despite employing more switches.
However, Boost+LLC suffers from the inherent boost stage ZVS
problem. If the boost stage operates with continuous conduction
mode [20], ZVS cannot be achieved. And, if bidirectional con-
duction mode is adopted [21], high circulating currents and peak
currents will occur on the boost inductors. Zhu et al. [22] employ
variable-frequency modulation on the boost stage to maintain
critical conduction mode, which is able to ensure ZVS while
eliminating the circulating currents. But the widely varying
frequency leads to severe hardware design issues, especially in
wide IOV operations. In summary, the efficiency of Boost+LLC
is degraded by the boost stage ZVS problem.

Additionally, single-stage and two-stage CFIBDCs also share
some common issues, i.e., excessive number of voltage sensors
and complex control loops. For a CFDAB performing voltage
matching control, at least three voltage sensors are required to
sample port voltages and low-voltage-side (LVS) dc-bus voltage.
Two control loops are also necessary for voltage matching
and power flow control. Similarly, two-stage CFIBDCs usually
require attention to the intermediate dc-bus voltage in addition
to the port voltages, which also introduces numerous voltage
sensors and control loops.

This article constructs a dual-power-channel CFIBDC by
integrating a CFDAB and an LC-resonant converter (LCRC).
The principal part of the proposal is based on a CFDAB, thus
providing a DAB-based power channel. While the integrated
LCRC offers an additional paralleled power channel. These
two channels feature different power transfer characteristics.
Hence, the advantages of CFDAB and Boost+LLC can be
combined, and their three above-mentioned defects can be
overcome.

1) The DAB channel enables single-stage power transfer,
but its transformer current is sensitive to the IOV ra-
tio. Whereas, the LCRC channel is independent of IOV.
Hence, the power of these two channels can be dynami-
cally allocated according to IOV, and the impact of IOV on

Fig. 1. Proposed current-fed DAB and LC-resonant hybrid converter.

DAB transformer current can be mitigated by the LCRC
channel.

2) Since the proposal integrates a CFDAB, the boost cir-
cuit shares switches with the DAB circuit, and the boost
ZVS can be facilitated by the DAB transformer current.
All switches enable full-voltage-range soft-switching.
Besides, since the LCRC channel shares current for
the DAB channel with zero-current-switching (ZCS),
the DAB turn-OFF currents as well as turn-OFF losses can
be suppressed.

3) Benefiting from the unity voltage gain of the LCRC at
the resonant frequency, the converter is naturally voltage-
matched without closed-loop control. A voltage sensor
and control loop can be economized.

In addition, under the wide IOV condition, the proposal fea-
tures a lower total device capacity compared to CFDAB, despite
adding a half-bridge and auxiliary transformer. This is because
the current stresses on the devices are reduced.

The rest of the article is organized as follows. First, the
proposed topology and its operation principle are analyzed in
Section II. This is followed by a description of the power
allocation strategy in Section III. Thereafter, the performances
of the proposal, including conduction losses, soft-switching
analysis, total device capacity, and power efficiency, are gauged
and compared in Section IV. The experimental results are given
in Section V. Section VI concludes this article.

II. TOPOLOGY AND OPERATION PRINCIPLE

A. Circuit Configuration

Fig. 1 illustrates the schematic diagram of the proposed
CFIBDC. The LVS switches S1–S4 together with boost induc-
tors L1, L2 form a bidirectional interleaved boost topology.
The inductive terminal of this boost stage interfaces with the
low-voltage battery, while the other terminal feeds the LVS
dc-bus which is supported by C1 and C2. The boost stage offers
wide-range voltage regulation and current-fed feature for the
converter.

Then, the boost stage switches S1–S4 are shared to form a
DAB topology with high-voltage-side (HVS) switches Q1–Q4.
The LVS and HVS of this DAB topology are linked by a
transformer and leakage inductor Lk, which provide an isolated
power channel to the proposed converter. This power channel is



LI et al.: CURRENT-FED DUAL-ACTIVE-BRIDGE INTEGRATED LC-RESONANT CONVERTER WITH DYNAMIC POWER 13415

Fig. 2. Operational waveforms of power flow from LVS to HVS.

set as the major power channel, because its single-stage power
transfer feature guarantees efficiency in most cases.

Thereafter, DAB stage switches Q1, Q2 are shared to form
a bidirectional LCRC with LVS switches S5, S6. Its LVS and
HVS are linked by an auxiliary transformer and a resonant tank
composed of Lr and Cr. The resonant frequency of this tank
is designed to coincide with the switching frequency, which
ensures ZCS and unity gain of the LC stage. Since the LC stage
is independent of the boost stage, it can be used as an auxiliary
power channel to mitigate the impact of the boost stage on the
DAB stage power transfer.

B. Operation Principle

The proposed CFIBDC can be regarded as a combination
of interleaved boost, DAB, and LCRC. Therefore, the corre-
sponding operation principles can be illustrated separately. The
following illustration is based on a power flow from LVS to HVS.
Fig. 2 shows the operational waveforms. Note that the symbol
(’) in Fig. 2 specifies the value reflected to the LVS.

1) Boost Stage:: In this topology, the boost stage is mainly
employed to regulate the output voltage (or current). Its oper-
ation principle is consistent with that of a typical interleaved
boost converter, i.e., S1 and S3 share a common duty cycle Ds,
which determines the boost stage voltage gain. Thus, the boost
stage voltage characteristic is described as follows:

vL =
vB
Ds

(1)

where vL is the LVS dc-bus voltage, and vB is the LVS battery
voltage. It is noted that Ds is preferred to be less than 0.5 to
ensure full-voltage-range ZVS, like conventional CFDAB.

The current characteristic of the boost stage also needs to
be modeled to prepare for the ZVS analysis in the following
section. As can be seen from Fig. 2, for iL1, we have iL1 (t) =
IL1,avr +ΔiL1(t), where IL1,avr is the dc-bias current on L1,
and ΔiL1(t) is the ripple current on L1. IL1,avr can be calculated
from the load power Ptot, as IL1,avr = Ptot /2vB . And ΔiL1(t)
can be derived from the differential equation of the inductor

Fig. 3. DAB stage detailed waveforms under (a) mode I and (b) mode II.

current [23]. Finally, the expression of iL1 is obtained as follows:

iL1 =

{
Ptot
2vB

+ vB(1−Ds)(DsT+t0−t)
DsL1

, t ∈ [t0, t0 +DsTs]
Ptot
2vB

+ vB(t−t0−(1+Ds)T )
L1

, t ∈ [t0 +DsTs, t0 + Ts]
(2)

where t0 denotes the turn-ON moment of S1 (see Fig. 2), and T
signifies half a switching cycle Ts/2. The expression of iL2 is
similar to iL1, except that it lags iL1 by T .

2) DAB Stage: The DAB stage of the proposed topology is
used for single-stage power transfer between LVS and HVS.
Its operation principle is analogous to that of a typical DAB
converter, that is, the HFAC voltages on the LVS and HVS
of the transformer dictate the transformer current iLk, and thus
determine the transferred power.

Following this principle, the generation of two HFAC voltages
is analyzed first. For the LVS HFAC voltage vAB, it is entirely
dependent on the boost stage due to the shared LVS switches.
As can be observed from Fig. 2, the pulsewidth of vAB equals
DsTs, while the amplitude of vAB equals vL. For the HVS HFAC
voltage vEF, its amplitude equals vH . And its pulsewidth depends
on both the phase-shift time between Q1 and Q3 as well as the
duty cycles ofQ1 andQ3. Since the duty cycles ofQ1 andQ3 are
fixed at 50% for proper operation of the LC stage, the pulsewidth
of vEF is only governed by the phase-shift time between Q1 and
Q3 (see Fig. 2). This phase-shift time is designed to be DsTs

to keep the pulsewidth of vEF consistent with that of vAB, which
leads to an optimized operation pattern [24]. After reflecting vEF

to LVS, v′EF and vAB have the same pulsewidth and amplitude.
Thereafter, these two HFAC voltages (i.e., vAB and v′EF)

generate current iLk on the inductor Lk. Given that vAB and
v′EF share the same pulsewidth and amplitude, iLk is generated
only if there is a phase-shift between them. This phase-shift time
is determined by the time that Q1 lags behind S1, denoted as ϕT
(see Fig. 2). When ϕT is shorter (ϕ < 1− 2Ds), iLk behaves
as a discontinuous trapezoidal wave, as depicted in Fig. 3(a).
Otherwise, iLk is a continuous pentagonal wave, as shown in
Fig. 3(b). These two iLk waveforms correspond to two DAB
stage operation modes, which are defined as mode I and mode II,
respectively. Based on the differential equation and volt-second
balance of Lk, the expression of iLk for both modes can be
derived [25], as follows:

ModeI :iLk(Ds, ϕ, t) =

⎧⎪⎨
⎪⎩

vLT
Lk

ϕ, t = t1, t2

0, t = t0, t3, t4, t7

− vLT
Lk

ϕ, t = t5, t6
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TABLE I
DEFINITION OF THE SWITCHING MOMENTS

ModeII :iLk(Ds, ϕ, t) =

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

− vLT
Lk

(ϕ+ 1− 2Ds), t = t0, t5
vLT
Lk

(ϕ+ 1− 2Ds), t = t1, t4
vLT
Lk

ϕ, t = t2, t3

− vLT
Lk

ϕ, t = t6, t7
(3)

iLk between two adjacent tx varies linearly with t, and tx can
be identified by defining t0 as the zero moment, as shown in
Table I. Then, according to (3) and Table I, the rms value of iLk

is deduced as follows:

iLk,rms(Ds, ϕ)

=

⎧⎪⎪⎨
⎪⎪⎩

vLT
Lk

ϕ
√

2Ds − ϕ
3 , 0 <ϕ < 1− 2Ds

vLT
Lk

√
− 2

3ϕ
3 + ϕ2 − ϕ(1− 2Ds)

2 + (1−2Ds)
3

3 ,

ϕ > 1− 2Ds

. (4)

Finally, by performing the average time integral over vAB ·
iLk, the power characteristic of DAB stage can be identified, as
follows:

PDAB(Ds, ϕ)

=

⎧⎨
⎩

v2
LT

Lk

(
2ϕDs − ϕ2

2

)
, 0 <ϕ < 1− 2Ds(modeI)

v2
LT

Lk

(
ϕ− ϕ2 − (1−2Ds)

2

2

)
, ϕ > 1− 2Ds(modeII)

.

(5)

As can be seen from (5), the DAB stage power PDAB is related
to Ds and ϕ. But Ds is utilized to regulate voltage, which is
dictated by the boost stage. As a result, the DAB stage power is
only regulated by ϕ.

3) LC Stage: In the proposed converter, the LC stage is used
to share the power for the DAB stage, as well as to achieve
voltage matching between LVS and HVS dc-buses.

The LC stage HVS switches Q1, Q2 are switched with a 50%
duty cycle (see Fig. 2), as mentioned above. The LVS switches
S5, S6 share the gate pulses of Q1, Q2, respectively. Hence, the
LC stage can be equated to two in-phase square-wave voltage
sources linked via an LC resonant tank, as exhibited in Fig. 4(a).
Here,Rp represents the parasitic resistance in the circuit. The
square-wave sources in Fig. 4(a) can be further simplified as
sine-wave sources in Fig. 4(b). This is because the bandpass
filtering characteristic of the resonant tank renders the power
transfer dominated by the fundamental component of the voltage
sources. Furthermore, since the resonant tank has no impedance
at its resonant frequency, vCD and v′EG are equivalent to being

Fig. 4. Equivalent circuits of the LC stage.

directly paralleled via Rp [see Fig. 4(c)]. This gives the LC
stage a natural voltage matching feature. Meanwhile, the self-
matching voltages drive the LC stage to automatically share the
total power for the DAB stage. The voltage characteristic of the
LC stage can be described as follows:

vH = nvL (6)

where n denotes the turns ratio of the DAB and LC stage
transformers. According to (1) and (6), the overall voltage
characteristic of the proposed CFIBDC is obtained as follows:

vH =
n

Ds
vB . (7)

The current of the LC stage can also be characterized through
the equivalent circuit in Fig. 4(c). Since the equivalent cir-
cuit is resistive, the current on it is purely sinusoidal and in
phase with vCD and v′EG. This guarantees the ZCS feature of
the LC stage. The amplitude of this current (i.e., iLr) can be
calculated from the fundamental component of vCD [26], as
iLr,peak = πPLC/vL. Then, the expression of iLr can be derived
from iLr,peak and the moment definitions in Table I, as follows:

iLr(t) =
πPLC

vL
sin

(
2π

Ts
t− πϕ

)
. (8)

4) Overall Operation: The overall operation principle of the
converter can be summarized based on the description above.
When power flows from LVS to HVS, the boost stage is respon-
sible for the output voltage (or current) regulation via Ds; the
DAB stage is responsible for the power transfer via ϕ; and the
LC stage is responsible for the voltage matching and the power
sharing with the DAB stage. When the power flow is reversed,
the basic operation principle remains unchanged, except that the
boost stage operates in buck mode.

As can be seen, the proposed converter has only two control
variables, i.e., Ds and ϕ, which makes it control-friendly. Ds

is directly dependent on the target output voltage (or current),
whereas ϕ depends on the target DAB stage power. In the next
section, we will find this target DAB stage power that enables
high-efficiency operation of the converter over wide IOV range,
and finally derive the control law for ϕ.

III. POWER ALLOCATION STRATEGY

The proposed CFIBDC has two power channels, i.e., the
DAB-based major power channel, and the LCRC-based aux-
iliary power channel. The DAB-based power channel is affected
by the boost stage duty ratioDs, whereas the LCRC-based power
channel is able to operate independently of the boost stage. To
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prevent too low Ds from causing excessively high DAB stage
current, the DAB stage power PDAB and the LC stage power PLC

need to be allocated properly according to Ds.
In Section III-A, a power allocation strategy aimed at current

balancing between two stages is provided, which mitigates the
effect of Ds on the DAB stage via the LC stage. Moreover,
since the boost stage cannot achieve ZVS individually, the power
allocation strategy is also required to ensure that the DAB
stage current iLk is sufficient to facilitate the boost ZVS. The
ZVS constraint for the power allocation strategy is discussed in
Section III-B. Finally, by combining the current balancing and
ZVS constraint, the comprehensive power allocation strategy
is provided in Section III-C. It is worth noting that this power
allocation strategy does not necessarily guarantee the most effi-
cient operation of the proposed converter. More optimized power
allocation strategies may exist based on the proposed topology.

A. Power Allocation Strategy Aimed at Current Balancing

This strategy aims to compute a PDAB that keeps iLk,rms as
close as possible to iLr,rms. As Ds decreases, the DAB stage
power transfer window shrinks, and iLk,rms tends to increase
at constant power. In contrast, the LC stage power transfer
window is unaffected, and iLr,rms tends to remain constant. To
maintain iLk,rms close to iLr,rms, this strategy will automatically
reduce PDAB. And the LC stage will automatically share more
power. Although iLk,rms and iLr,rms still rise after Ds decreases,
the increments of both currents are not excessive. In this way,
the effect of Ds on the DAB stage is mitigated by the LC
stage. The evenly distributed currents will significantly reduce
the conduction and switching losses on the switches.

Assume that the relationship between the DAB stage power
and current is iLk,rms = KDAB · PDAB, and the relationship for
the LC stage is iLr,rms = KLC · PLC . The total load power is
shared by the DAB and LC stages, i.e., Ptot = PDAB + PLC .
Based on these three relationships, the target DAB stage power
for current balancing can be obtained, as follows:

PDAB,cb =
KLC

KDAB +KLC
Ptot. (9)

Then, the challenge is to find the analytical solution of
PDAB,cb. In (9),KLC can be easily deduced from (8) and is equal
to π/

√
2vL, whereas KDAB is difficult to obtain directly. KDAB

represents the relationship between iLk,rms andPDAB. According
to (4) and (5), iLk,rms and PDAB are all related to Ds and ϕ.
Therefore, we can first compute iLk,rms and PDAB at different
Ds and ϕ, then plot iLk,rms versus PDAB curves to induce the
regularity of KDAB. The iLk,rms versus PDAB curves at different
Ds and ϕ are shown in Fig. 5.

As can be seen, when ϕ is relatively small, iLk,rms and PDAB

are approximately linear, and the slope (i.e., KDAB) depends
almost exclusively on Ds. As ϕ increases beyond a certain
value, the increment of iLk,rms grows rapidly. For a conventional
CFDAB with a single power channel, at lowDs,ϕwill inevitably
be excessive in order to transfer sufficient power, resulting in
excessively high iLk. In contrast, for the proposed topology, the
DAB power channel will not carry high power at low Ds due

Fig. 5. Relationship between iLk,rms and PDAB at (a) vH = 200 V, (b) vH =
400 V. (hardware parameters: Lk = 8 μH, fs = 48.9 kHz, n = 2).

to the existence of the LC stage, which avoids excessive ϕ. As
a result, it can be assumed that there is a linear relationship
between iLk,rms and PDAB of the proposed topology, and KDAB

depends only on Ds but not on ϕ. Hence, we can select ϕ as
a specific value, and then divide the corresponding iLk,rms and
PDAB to fit KDAB. Here, ϕ is selected to be 0.2. This is because,
under the hardware and power conditions of this article, ϕ will
not exceed 0.2, which will be verified in Section C. Following
this, KDAB is fitted as follows:

KDAB(Ds) ≈ iLk,rms(ϕ = 0.2, Ds)

PDAB(ϕ = 0.2, Ds)

=

⎧⎪⎨
⎪⎩

1
vL

√
2Ds− 1

15

2Ds− 1
10

, Ds ≤ 0.4

1
vL

√
13
375− (1−2Ds)2

5 +
(1−2Ds)3

3

4
25− (1−2Ds)2

2

, Ds > 0.4
.

(10)

Substituting KDAB and KLC into (9) yields the analytical so-
lution of PDAB,cb. It is observed that the 1/vL in KDAB and KLC

is canceled, and only two variables, Ptot and Ds, are involved
in PDAB,cb. This reveals that the power allocation strategy is
independent of the hardware parameters and operational states.

Finally, based on PDAB,cb in (9) and the DAB stage power
expression in (5), ϕ can be calculated. The DAB stage is open-
loop regulated by this ϕ to achieve current balancing. This ϕ is
denoted as ϕcb.

B. ZVS Constraint

The current balancing strategy avoids high iLk of the DAB
stage. However, iLk also contributes to the boost stage ZVS
because the boost stage shares switches with the DAB stage.
iLk yielded by the current balancing strategy may not satisfy the
ZVS constraint. Therefore, the ZVS constraint on iLk should be
derived to refine the power allocation strategy.

From Fig. 1, one can observe that the boost stage ZVS
conditions are described as follows:⎧⎪⎪⎪⎨

⎪⎪⎪⎩

S1: iLK − iL1 < 0 before S1 turned ON

S2: iLK − iL1 > 0 before S2 turned ON

S3: iLK + iL2 > 0 before S3 turned ON

S4: iLK + iL2 < 0 before S4 turned ON

. (11)
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Fig. 6. ϕcb and ϕZVS at different vB and Ptot when vH equals (a) 200 V,
(b) 400 V. (hardware parameters: L1,2 = 40 μH, Lk = 8 μH, fs = 48.9 kHz,
n = 2)

Fig. 7. Boundary between ϕcb and ϕZVS.

Fig. 8. DAB stage power proportion at different vB and Ptot when vH equals
(a) 200 V, (b) 400 V. (hardware parameters: L1,2 = 40 μH, Lk = 8 μH, fs =
48.9 kHz, n = 2).

Then, referring to the waveform in Fig. 2, (11) is transformed
into the following:⎧⎪⎪⎪⎨

⎪⎪⎪⎩
S1:iLK(t0) < iL1(t0)

S2:iLK(t2) > iL1(t2)

S3:iLK(t4) > −iL2(t4)

S4:iLK(t6) < −iL2(t6)

. (12)

Since iLk is close to zero at t0 and t4 while iL1 and iL2

reach their peak values at these two moments, the ZVS con-
ditions for S1 and S3 can be easily achieved. For S2 and S4,
since iLk (t2) = −iLk(t6) and iL1 (t2) = iL2 (t6), their ZVS
conditions are identical. Then, based on (2), (3) and Table I, the
ZVS condition for S2 and S4 can be expanded as follows:

vLT

Lk
ϕ >

Ptot

2vB
− vB(1−Ds)T

L1
. (13)

Equation (13) indicates that ϕ must be higher than a certain
lower limit value to guarantee the boost stage ZVS, as follows:

ϕ >
DsPtotLk

v2BTs
− Ds(1−Ds)Lk

L1
. (14)

Fig. 9. Overall control framework of the proposed converter.

Fig. 10. Conduction loss performances of different CFIBDCs at (a)vH = 200
V, vB = 24 V; (b) vH = 200 V, vB = 48 V; (c) vH = 400 V, vB = 24 V;
(d) vH = 400 V, vB = 48 V.

This lower limit value of ϕ to achieve ZVS is labeled as ϕZVS.
Besides, if the junction capacitor on S2 (or S4) is required

to be fully discharged, iLk needs to be slightly higher than iL1

by a certain value at its turn-ON moment (i.e., t2). According to
paper [13], this value is expressed as follows:

iLk(t2)− iL1(t2) >
vH

2nLk
td + 2Coss,S2

vH
ntd

(15)

where td is the LVS deadtime, and Coss,S2 is the junction
capacitance on S2. Accordingly, ϕZVS needs to be compensated
by one term ΔϕZVS to ensure that (15) holds, as follows:

ΔϕZVS =
td
Ts

+
4Coss,S2Lk

Tstd
. (16)

This compensation termΔϕZVS will drive iLk(t2) higher than
iL1(t2), thus resulting in a current sufficient to discharge the
junction capacitor on S2 (or S4).
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Fig. 11. Switching currents on S1, S2 under (a) mode I and (b) mode II.

C. Comprehensive Power Allocation Strategy

The above-mentioned analysis shows that the power allo-
cation strategies aimed at current balancing and ZVS impose
different requirements on ϕ, respectively. To verify the compat-
ibility of these two strategies, we will compute and compare
ϕcb and ϕZVS under a specified operation scenario. Given that
the proposal is intended for high voltage ratio and wide IOV
operation, vB and vH are specified at 24–48 V and 200–400 V,
respectively, with a maximum power of 1500 W.

Thereafter, the comparison results of ϕcb and ϕZVS at vH =
200 V and vH = 400 V are exhibited in Fig. 6(a) and (b),
respectively. As can be seen, in most cases, current balancing
and ZVS can be simultaneously achieved. However, if vB is
low while Ptot is high, ϕcb cannot ensure ZVS. In this case, the
designer should evaluate the priority of current balancing and
ZVS, and then select a more suitable value forϕ. Here, to achieve
the full-voltage-range soft-switching, ZVS is prioritized. That is,
if ϕcb < ϕZVS, ϕZVS is selected, otherwise, ϕcb is selected. The
ϕ-surface yielded by this comprehensive strategy is outlined by
the red dashed line in Fig. 6. In addition, Fig. 6 also indicates
that neither ϕcb nor ϕZVS exceeds 0.2 for the given scenario,
which validates the pre-assumption on ϕ in Section III-A.

Fig. 7 exhibits the distribution of current balancing strategy
and ZVS strategy over the entire operating region. Pn in Fig. 7
is the normalized total power, Pn = Ptot /Pbase, where Pbase =
vH

2 T/(n2Lk). The boundary line equation in Fig. 7 is deduced
by combining (14), (5), and (9), since at the boundary of two
strategies we have ϕZVS = ϕcb . The deduced boundary line
equation is only determined by Pn and Ds, where Pn depends
on Ptot and vH , and Ds depends on vB and vH . Fig. 7 shows
that the operating region of the converter is separated into two
parts by the boundary line. When Pn is high and Ds is low, ZVS
strategy is encountered, otherwise, current balancing strategy is
implemented.

To visualize the power distribution among two power channels
under the proposed strategy, the percentage of PDAB at different
operating conditions is depicted in Fig. 8. PDAB in Fig. 8 is
calculated based on the ϕ in Fig. 6 and the DAB stage power
expression in (5). As can be seen, the power distribution exhibits
two different characteristics depending on the operating condi-
tions. In most cases, the converter operates under the current
balancing strategy. As vB decreases, Ds decreases, the DAB

power transfer window shrinks, and PDAB/Ptot decreases to
maintain current balancing. On the other hand, when Ptot is high
and vB is low, the large iL1,2 will drive the converter to operate
under the ZVS strategy. In this case, the DAB stage current iLk

is required to facilitate the boost stage ZVS, and PDAB/Ptot will
increase as Ptot/vB increases.

The overall control framework is shown in Fig. 9, with vH
as the controlled variable. If the converter is feeding a voltage
source load and needs to regulate the power, an outer power
loop can be first built outside the “Boost Stage Closed-Loop
Control” in Fig. 9. Based on the difference between the target
power and sampled power, this power loop yields the reference
value for iB (i.e., iB,ref). Then, iB,ref and iB can be fed back
into Fig. 9 instead of vH,ref and vH , and the framework will
not change. The controller consists of three parts, i.e., boost
stage closed-loop control, DAB stage open-loop control, and
gate pulse generation logic. For the boost stage, closed-loop
control of vH generates Ds. Ds is compared with the carrier to
yield boost stage gate pulses. For the DAB stage, the power
allocation aimed at current balancing is first performed, and
PDAB,cb is obtained. Then, ϕcb can be calculated. Meanwhile,
ϕZVS is obtained from (14). ϕcb and ϕZVS yields DAB stage
direct control variable ϕ. ϕ is utilized to phase shift the original
carrier, and generates the DAB and LC stage gate pulses. As can
be seen, the controller only needs to sample the port voltages
and currents without concern for vL. Furthermore, the DAB
stage operates in open loop without complex control. And the
equations used in the controller have simple analytical solutions,
which are friendly to industrial applications. These advantages
benefit from the combination of CFDAB and LCRC.

IV. PERFORMANCE ANALYSIS AND COMPARISON

A. Conduction Losses Analysis

The conduction losses of the converter can be evaluated via
the mean-square current on all the switches. We define the
conduction losses on all the switches as Psw,cond, then we have
the following:

Psw,cond = Rds,L

6∑
x=1

i2Sx,rms +Rds,H

4∑
x=1

i2Qx,rms (17)

where Rds,L and Rds,H are the ON-resistances of the LVS and
HVS switches, respectively. And iSx,rms iQx,rms are the rms
currents on S1–S6 and Q1–Q4, respectively. Then, based on
Fig. 2 and (11), i2S1,rms and i2S2,rms can be expressed as follows:{

i2S1,rms =
1
Ts

∫ t2
t0

(iLk(t)− iL1(t))
2dt

i2S2,rms =
1
Ts

∫ t0+Ts

t2
(iLk(t)− iL1(t))

2dt
. (18)

Summing up i2S1,rms and i2S2,rms, we obtain the following:

i2S1,rms + i2S2,rms =
1

Ts

∫ t0+Ts

t0

(iLk(t)− iL1(t))
2dt. (19)

As can be seen, i2S1,rms + i2S2,rms is equals to the mean-square
value of iLk − iL1. i2S3,rms + i2S4,rms has a same expression.
Following a similar procedure, i2S5,rms + i2S6,rms is calculated as
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TABLE II
HARDWARE PARAMETERS

i2Lr,rms, i
2
Q3,rms + i2Q4,rms is deduced as i2Lk,rms/n

2, and i2Q1,rms +

i2Q2,rms is determined by the mean-square value of (iLk + iLr)/n.
Accordingly, Psw,cond in (17) can be expanded as follows:

Psw,cond =

(
2Rds,L +

2Rds,H

n2

)
i2Lk,rms

+

(
Rds,L +

Rds,H

n2

)
i2Lr,rms

+ 2Rds,Li
2
L1,rms

− 4Rds,L

∫ t0+Ts

t0

iLk(t)iL1(t)dt

+
2Rds,H

n2

∫ t0+Ts

t0

iLk(t)iLr(t)dt. (20)

Equation (20) can be solved based on (2), (4), (8), and Table I.
The explicit solution for (20) is omitted here for the sake of
brevity. The final calculated Psw,cond is related to the hardware
parameters, vB , vH , and Ptot.

To visualize the conduction loss performance of the proposal,
Fig. 10 depictsPsw,cond versusPtot curves at different vB and vH ,
which are marked with green solid lines. The corresponding
hardware parameters are presented in Table II. The design
considerations for the hardware parameters are illustrated in
Appendix A. Fig. 10 also exhibits the conduction loss perfor-
mances of three existing state-of-the-art CFIBDCs for compar-
ison. Among them, the Psw,cond of CFDAB and Boost+LLC
are obtained through mathematical calculation. Whereas the
Psw,cond of DT-CFDAB are obtained from the simulation, since
its power expression is implicit. To align the hardware conditions
as closely as possible, different topologies are based on similar
hardware parameters (see Table II). However, it is worth noting
that CFDAB has no resonant tank, Boost+LLC has no Lk, and
different topologies have different transformer turns ratios.

From Fig. 10, one can observe that different topologies fea-
ture different conduction loss performances, despite employing
similar hardware. In addition, the same topology performs quite
distinctly at different IOV. When both vB and vH are low (see
Fig. 10(a)), the relatively large difference between vB and vH
results in a low Ds, thus limiting the power transfer windows of
CFDAB and DT-CFDAB. As a result, their conduction losses are

high. In contrast, the two-stage Boost+LLC features lower con-
duction losses because its power transfer window is unaffected
by Ds. Similarly, the proposal utilizes an LC stage, which is
independent of Ds, to share the power for the DAB stage, which
also offers low conduction losses. As vB increases, the situation
changes [see Fig. 10(b)]. The relatively small gap between vB
and vH yields a Ds close to 0.5, which enables CFDAB and DT-
CFDAB to transfer power over the entire switching cycle. Bene-
fiting from single-stage power transfer, CFDAB and DT-CFDAB
have lower conduction losses compared to Boost+LLC. Even
so, the proposal can further reduce the conduction losses via two
current-balanced power channels. Fig. 10(c) and (d) demonstrate
the conduction loss performances at higher vH ( vH = 400 V).
Higher vH leads to lower Ds, which in turn imposes large
current stresses on CFDAB and DT-CFDAB. Moreover, high
vH causes high backflow power on the auxiliary transformer
of DT-CFDAB, which further aggravates the conduction losses.
In contrast, the two-stage topology and the proposal are more
adaptable to higher vH . It can be concluded that the proposal
combines the merits of CFDAB and Boost+LLC, and therefore
adapts well to the wide IOV and power variations.

B. Switching Performance Analysis

Different switches of the proposed converter have different
switching performances. For S1 and S2, the currents on them
(i.e., iS1 and iS2) can be expressed as ±(iLk − iL1), where iLk

has two different waveforms (see Fig. 3). Hence, iS1 and iS2
have two different modes, as depicted in Fig. 11. In mode I, at
S1 turn-ON and S2 turn-OFF moment [t0 in Fig. 11(a)], iS1 and
iS2 are equal to −iL1(t0) and iL1(t0), respectively. This reveals
that S1 can easily achieve ZVS turn-ON, while the S2 turn-OFF

loss will not exceed that of a typical boost converter. On the other
hand, at S1 turn-OFF and S2 turn-ON moment [t2 in Fig. 11(a)],
iS1 and iS2 are equal to positive and negative iLk(t2)− iL1(t2),
respectively. According to the power allocation strategy, the
DAB phase-shift ratio ϕ is able to render iLk(t2) higher than,
but not excessively higher than, iL1(t2). This is because, if
ϕ = ϕZVS , iLk(t2) will be modulated to be only slightly higher
than iL1(t2); whereas, ifϕ = ϕcb , the current balancing strategy
will suppress the value of iLk(t2). As a result, S2 can achieve
ZVS turn-ON, while S1 has low turn-OFF loss. For mode II, the
situations are similar, except for a slightly increased turn-OFF

loss on S2. The switching performances of S3, S4 are consistent
with those of S1, S2. It is worth noting that the soft-switching
of S1–S4 can be realized independently of the load power as
long as the boost stage inductors L1,2 are not overly large, as
demonstrated in [13].

For S5 and S6, which are only involved in the LC stage,
their switching currents are close to zero. Therefore, ZCS can
be realized. Besides, ZVS of S5,6 can also be achieved via the
magnetic current as long as the magnetic inductance of LC stage
transformer is properly designed [27]. For Q3 and Q4, they
are only involved in the DAB stage. And their switching currents
are also close to zero, as shown in Fig. 2. Thus, Q3 and Q4 can
also realize ZCS. If ZVS is required for Q3,4, the optimized
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switching patterns in [16] can be employed on DAB stage to
replace the basic trapezoidal modulation in this article.

For Q1 and Q2, which are shared by the DAB and LC stages,
their switching performances depend on both iLk and iLr.
Furthermore, since iLr is close to zero at the switching moments,
iLk dominates the switching performances. At heavy loads, ZVS
can be easily achieved on Q1,2 due to the negative peak value of
iLk, as shown in Fig. 2. However, if the load is too light, the peak
value of iLk will be insufficient to fully discharge the junction
capacitors on Q1,2, and Q1,2 will operate at incomplete ZVS.
The load range that enables complete ZVS ofQ1,2 is determined
by the value of Lk. A larger Lk results in a higher power on Lk,
thus guaranteeing the full discharge of Q1,2 junction capacitors
even if iLk,peak (or load power) is relatively low. In this article,
Lk is designed to guarantee the complete ZVS of Q1,2 for a
load power higher than 1/3 of the rated power in the worst case,
as detailed in Appendix A. Therefore, when Ptot > 500 W, Q1,2

can achieve complete ZVS in arbitrary conditions. Furthermore,
since the proposal avoids high iLk, Q1 and Q2 will not suffer
from high turn-OFF currents, thus avoiding high turn-off losses
as well.

In summary, the proposed converter can realize ZVS or ZCS
turn-ON for all the switches. Moreover, ZCS turn-OFF or low-
loss turn-OFF can also be realized. In contrast, Boost+LLC is
subject to the boost stage hard-switching, while CFDAB and
DT-CFDAB cannot guarantee low turn-OFF losses.

C. Switching Device and Transformer Capacity Analysis

Compared to single-stage CFIBDCs, the proposed topology
requires an additional half-bridge and transformer. However, the
proposal is more cost-effective for wide IOV operation thanks
to the lower transformer current. To prove this, we will calculate
the total capacity of the switching devices and transformers at
different given powers over wide IOV range. The IOV range and
hardware parameters are shown in Table II.

The total switching device capacity of the proposal is ex-
pressed as follows:

UIsw =
vH,max

n

6∑
x=1

|iSx
|max + vH,max

4∑
x=1

|iQx
|max (21)

where UIsw denotes the total switching device capacity, vH,max

represents the maximum value of vH, and |iSx
|max and |iQx

|max

are the absolute maximum currents on the switches over the
entire IOV range.

Obviously, |iS1
|max and |iS2

|maxappear at the lowest vB and
vH . Therefore, |iS1

|max and |iS2
|max are actually the peak values

of iS1
and iS2

at vB = 24 V, vH = 200 V. The peak value
moments can be obtained from Fig. 11. Thereafter, based on (2),
(3) and Table I, |iS1

|max and |iS2
|max at different given powers

can be computed. |iS3
|max and |iS4

|max have same values as
|iS1

|max and |iS2
|max. Following a similar principle, |iQ3

|max

and |iQ4
|max are the peak value of iLk at vB = 24 V, vH =

200 V, which can be calculated from (3) and Table I.
The situations are different for the remaining four switches.

For |iS5
|max and |iS6

|max, they are determined by the maximum
value of iLr,peak over the entire IOV range. iLr,peak is higher

Fig. 12. Maximum current on S5 at different given powers.

Fig. 13. Maximum current on Q1 at different given powers.

Fig. 14. Total capacity of (a) switching devices and (b) transformers.

when vH is lower, but its relationship with vB is not evident.
Thus, we can first fix vH at 200 V, then compute iLr,peak at
different vB and load powers through (8), and finally extract
the maximum value of iLr,peak at different given powers by
traversing the surface of iLr,peak, as demonstrated in Fig. 12.
Following a similar procedure, |iQ1

|max and |iQ2
|max at different

given powers can also be extracted (see Fig. 13).
Finally, by substituting the obtained |iSx

|max and |iQx
|max

into (21),UIsw at different given powers can be calculated.UIsw

of three other CFIBDCs are also computed for comparison.
The comparison results are shown in Fig. 14(a). As can be
seen, the proposal features a lower total switching device ca-
pacity compared to the conventional single-stage CFIBDC (i.e.,
CFDAB), despite employing an additional half-bridge. Note that
this conclusion is only for the wide IOV range scenario.

Following a similar procedure, the total transformer capacity
(labeled as UItr) can be calculated. For the proposed converter,
UItr is expressed as follows:

UItr =
vH,max

n
|iLk|max +

vH,max

2n
|iLr|max. (22)
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Fig. 15. Efficiency curves of different CFIBDCs at (a) vH = 200 V, vB = 24
V; (b) vH = 200V, vB = 48V; (c) vH = 400V, vB = 24V; (d) vH = 400V,
vB = 48 V.

The detailed calculations for |iLk|max and |iLr|max have been
provided in the above-mentioned discussion, and the final ob-
tained UItr is depicted in Fig. 14(b). As can be observed, com-
pared to CFDAB, the proposal offers a lower total transformer
capacity in spite of using an auxiliary transformer. This is
because neither transformer in the proposal will carry excessive
current.

However, it is worth noting that excessively large boost in-
ductors L1,2 will eliminate the device capacity advantage of the
proposal compared to CFDAB. If L1,2 are excessively large, the
current ripples on iL1 and iL2 will be oversuppressed, which
will excessively increase the valley values of iL1 and iL2. Based
on (12), the peak value of DAB stage current iLk depends on
the valley values of iL1 and iL2 at ZVS strategy. Hence, overly
high valley values of iL1 and iL2 will force DAB stage to carry
excessive power and idle the LC stage, which will ultimately
increase the converter device capacity. As a result, it is not
recommended to use excessively largeL1,2. Even for conduction
loss reduction, smaller boost inductors are adequate at the target
operating conditions, as discussed in paper [14].

D. Efficiency Analysis and Comparison

Fig. 15 exhibits the efficiency comparison between the pro-
posal and the other two state-of-the-art CFIBDCs. All the effi-
ciency curves are obtained based on the methodology provided
in [2] and the hardware parameters in Table II. As can be seen, the
proposal presents the highest efficiency over wide IOV range and
load range. The full-load efficiency of the proposal can reach up
to 97.3% at vB = 48V, vH = 200V. Even in the worst case, the
full-load efficiency can be maintained at over 94.2%. In contrast,
the efficiency of DT-CFDAB is quite sensitive to the IOV ratio,
since a large IOV difference yields high conduction losses on it.
Whereas, the efficiency of Boost+LLC is quite sensitive to vH ,
because its hard-switching losses are dependent on the dc-bus
voltage.

Fig. 16 demonstrates the power loss breakdown of the pro-
posal. It is observed that, at heavy-load condition, conduction
loss and copper loss dominate the total power losses. Whereas,
for light-load condition, the switching loss and core loss are the

Fig. 16. Power loss breakdown for the proposed CFIBDC.

Fig. 17. Photograph of the experimental setup.

dominant losses. Moreover, the variation of vB significantly af-
fects the conduction loss and inductor copper loss; the variation
of vH significantly impacts the switching loss, transformer core
loss and copper loss.

Table III compares the proposal with several recently pre-
sented CFIBDCs. It can be observed that the proposal maintains
relatively high efficiency over twice the input and twice the
output voltage ranges without employing a complex control
scheme.

V. EXPERIMENTAL RESULTS

To further verify the performance of the proposed converter
with its power allocation strategy, an experimental setup rated
at 1500 W is constructed (see Fig. 17). As discussed above, the
operation principle of the converter remains consistent regard-
less of the power flow direction. Consequently, the experimental
waveforms only demonstrate the power flows from LVS to HVS.
The HVS port of the converter is connected to an adjustable
resistive load, and the output voltage vH is controlled by the
converter in this scenario. Based on the target Ptot and vH ,
the adjustable load resistance can be determined. The hardware
parameters are summarized in Table II.

A. Steady-State Operation

The steady-state operating waveforms of the converter at dif-
ferent IOV and load conditions are shown in Figs. 18 –21. Here,
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TABLE III
COMPREHENSIVE COMPARISON BETWEEN DIFFERENT CFIBDCS

Fig. 18. Steady-state operating waveforms of the proposal at vB = 24 V,
vH = 200 V with (a) Ptot = 1500 W; (b) Ptot = 750 W.

Fig. 19. Steady-state operating waveforms of the proposal at vB = 24 V,
vH = 400 V with (a) Ptot = 1500 W; (b) Ptot = 750 W.

the voltage and current waveforms are displayed separately in
the upper and lower scope windows in one figure.

In Fig. 18, the converter is operating at vB = 24 V, vH =
200 V. The corresponding boost stage duty ratio Ds is close to
0.24, and the DAB stage is operating under mode I. According
to the power allocation strategy in Section III, ZVS is required
to be prioritized. Hence, the peak value of iLK in Fig. 18 is

Fig. 20. Steady-state operating waveforms of the proposal at vB = 48 V,
vH = 200 V with (a) Ptot = 1500 W; (b) Ptot = 750 W.

Fig. 21. Steady-state operating waveforms of the proposal at vB = 48 V,
vH = 400 V with (a) Ptot = 1500 W; (b) Ptot = 750 W.

modulated slightly higher than the valley value of iL1 (or iL2),
which satisfies the ZVS constraint for S2 in (11). Meanwhile,
the ZVS ofS1 can be achieved by the positive iL1 in Fig. 18. The
ZVS situations of S3 and S4 are consistent with those of S1 and
S2. For the LC stage switches S5, 6 and Q1, 2, soft-switching
can be achieved via iLr and iLk, respectively, because iLr is
close to zero while iLk reaches its peak value at their switching
moments. For Q3 and Q4, soft-switching can also be achieved
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because iLk is close to zero at their switching moments. As can
be seen, under the operating condition in Fig. 18, soft-switching
of all the switches are guaranteed. It is worth noting that, since
vB is low in Fig. 18, iL1 and iL2 are relatively high. To facilitate
the boost stage ZVS, iLk is also relatively high. In such a
case, the rms value of iLk is higher than the rms value of iLr,
and the current balancing aim of the power allocation strategy
cannot be accommodated.

Fig. 19 shows the operating waveforms of the converter at
vB = 24 V, vH = 400 V. The corresponding Ds is close to
0.12, the DAB stage is operating under mode I. Similar to the
waveforms in Fig. 18, the peak value of iLk is modulated higher
than the valley value of iL1, thus ensuring boost stage ZVS. And
the remaining switches can also be soft-switched, as discussed
above. In addition, since vB is low and iL1,2 are high, iLk that
satisfies the ZVS constraint has a higher rms value compared to
iLr. The power allocation strategy prioritizes ZVS over current
balancing.

Fig. 20 exhibits the operating waveforms at vB = 48V, vH =
200V. The correspondingDs is close to 0.48, and the DAB stage
is operating under mode II. In this case, a relatively high vB
results in relatively low iL1,2. And the relatively low iL1,2 render
the boost stage ZVS easy to be implemented, as illustrated in
(11). As a result, current balancing as well as soft-switching can
be achieved simultaneously via the power allocation strategy. It
can be observed from Fig. 20 that iLk and iLr have approximate
rms values, which indicates that the current balancing aim is
attained. Furthermore, soft-switching is implemented for all the
switches.

Fig. 21 shows the operating waveforms of the converter at
vB = 48 V, vH = 400 V. The corresponding Ds is close to
0.24, and the DAB stage is operating under mode I. Similar to
the operating condition in Fig. 20, iL1,2 is relatively low, which
makes the ZVS constraint of the power allocation strategy easy
to be satisfied. Therefore, current balancing and soft-switching
can be ensured simultaneously.

From Figs. 18–21, one can conclude that the experimental
results of the converter agree well with the theoretical waveforms
(see Fig. 2), which validates the theoretical analysis in Section II.
In addition, the soft-switching performance of the converter as
well as the measured rms values of iLk and iLr at different
operating conditions verify the effectiveness of the proposed
power allocation strategy.

B. ZVS Verification At Maximum Voltage and Light Load

To validate the worst-case ZVS performance of the proposal,
experiments at the maximum voltage and light loads are per-
formed. The HVS output voltage vH is set at its maximum
value, i.e., 400 V (also resulting in the maximum vL). The
maximum vH and vL make it most difficult to discharge the
junction capacitors on the switches. And the load power is set
at 25% rated power (i.e., 375 W) in Fig. 22(a) and (b), and
10% rated power (i.e., 150 W) in Fig. 22(c) and (d). As for the
LVS input voltage vB , since it has no explicit contribution to
the worst case, experiments based on different vB (i.e., vB = 24
and 48 V) are performed. As shown in Fig. 22, even if vH is

Fig. 22. Operating waveforms of the proposal at maximum vH and light loads
when (a) Ptot = 375 W, vB = 24 V; (b) Ptot = 375 W, vB = 48 V; (c) Ptot =
150 W, vB = 24 V; (d) Ptot = 150 W, vB = 48 V.

at its maximum, S1 and S2 can achieve ZVS independent of
the load power and vB . The same holds for S3 and S4. As for
Q1 (or Q2), when vB = 24 V and Ptot = 375 W, ZVS can be
completely realized due to the relatively high peak value of iLk

[see Fig. 22(a)]. However, when vB = 48 V and Ptot = 375 W,
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Fig. 23. Dynamical operating waveforms of the proposal. (a) Load step-
changed with resistive load. (b) Output voltage ramp-changed. (c) Power regu-
lation when connected to a 400 V voltage source load.

Fig. 24. Measured efficiency curves of the proposal at (a) vH = 200 V, vB =
24 V; (b) vH = 200 V, vB = 48 V; (c) vH = 400 V, vB = 24 V; (d) vH =
400 V, vB = 48 V.

the peak value of iLk is insufficient to enable complete ZVS
for Q1 [see Fig. 22(b)]. The same holds for situations with very
light loads [see Fig. 22(c) and (d)]. The experimental results are
consistent with the ZVS analysis in Section IV-B.

C. Dynamical Operation

Fig. 23(a) shows the dynamic waveforms of the converter
operating at vB = 48 V, vH = 400 V with a load step from
800 to 1500 W. As can be seen, a step increase in load leads
to step rises in iL1 and iL2. Meanwhile, under the regulation
of the power allocation strategy, iLk and iLr rise in appro-
priate proportions. From the zoomed-in waveforms, it can be
observed that soft-switching as well as current balancing are
maintained despite the load step-changing. Moreover, as can
be observed from the zoomed-in waveforms of vH and vL, the
load step-changing does not significantly affect the output volt-
age vH due to the closed-loop control, and vL is well-matched
with vH due to the LC stage. The settling time for the output
voltage vH is measured to be 3.1 ms.

Fig. 23(b) shows the dynamic waveforms of the converter
operating at vB = 48 V with the output voltage vH ramping
up from 200 to 400 V. During this process, the resistive load
is fixed at 106 Ω. Accordingly, the load power increases from
377 to 1500 W. As can be seen, as vH rises, the boost stage
duty ratio Ds decreases from 0.48 to 0.24, and the DAB stage
operation mode is switched from mode II to mode I. Although
the voltage and current states vary considerably during this
process, the converter is still able to maintain proper operation
while ensuring soft-switching and current balancing.

Fig. 23(c) shows the power regulation process of the proposal
when connected to a 400 V voltage source load. In this case,
vB = 48 V, vH = 400 V, and Ptot is regulated from 800 to
1500 W. As can be seen in Fig. 23(c), vH is sustained by the
voltage source load, and thus remains constant at 400 V. The
average value of iB is step-increased from about 17 to 32 A
with a step increase in reference power. And iLk and iLr increase
synchronously. The proposal is able to operate properly when
connected to a voltage source load.

D. Measured Efficiency

To confirm the validity of the efficiency comparison in Fig. 15,
the experimental efficiencies of the proposed converter are
measured and exhibited in Fig. 24. The calculated efficiencies
in Fig. 15 are also depicted in Fig. 24 for comparison. It is
admitted that there are some deviations between calculated and
measured efficiencies, especially at light loads. This is mainly
caused by the stray losses in the experimental setup, the nonideal
characteristics of the components, and the estimation errors of
the magnetic losses. Nevertheless, the trends of the calculated
and measured efficiency curves are consistent. Besides, effi-
ciency estimation errors could also exist in the topologies used
for comparison in Fig. 15. It can be asserted that under the
same experimental condition, the efficiency superiority of the
proposed topology is verified.

VI. CONCLUSION

In this article, a high-efficiency CFIBDC for wide IOV range
operation is proposed and studied. By sharing switches, the
proposed topology integrates a CFDAB and an LCRC, and thus
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has two power channels with different characteristics. These two
channels are able to leverage their own benefits to maintain high
efficiency for the converter over wide IOV range via dynamic
power allocating. First, the DAB channel enables single-stage
power transfer, which guarantees its efficiency when the IOV
difference is relatively small. However, when IOV differ sig-
nificantly, this channel suffers from large conduction losses.
Fortunately, since the LCRC channel is independent of IOV,
it can share more power for the DAB channel when the IOV
difference is large, thus suppressing the conduction losses. Sec-
ond, the DAB channel can ensure ZVS over wide IOV range,
but is subject to large turn-OFF currents. The LCRC channel, on
the other hand, can share the current for the DAB channel while
enabling ZCS, thus reducing the DAB turn-OFF currents and
turn-OFF losses. In addition to the efficiency improvement, the
LCRC channel can also simplify the control loop due to its unity
voltage gain. Detailed conduction losses analysis, switching
performance analysis and efficiency comparisons were carried
out to prove the superiority of the proposal. Total device capacity
was calculated to demonstrate that the superiority of the proposal
does not require excessive costs. Experimental results validate
the effectiveness of the proposed converter and the power allo-
cation strategy.

APPENDIX A
DESIGN CONSIDERATIONS FOR HARDWARE PARAMETERS

This Appendix illustrates the design considerations for critical
hardware parameters in Table II. The critical hardware parame-
ters include: LC stage resonant inductance Lr and capacitance
Cr; DAB stage leakage inductance Lk; boost stage inductances
L1 andL2. As for the dc-bus capacitancesC1–C4, they only need
to be sufficient to suppress excessive dc-bus voltage fluctuations.
Since the parameter design is not the major concern of this paper,
this design guideline only guarantees the proper operation of the
proposal instead of optimizing the performance.

A. Design Consideration of Lr and Cr

Since the LC stage of the proposal simply operates at series
resonant state, the resonant tank parametersLr andCr only need
to satisfy

1

2π
√
LrCr

= fs. (23)

In low voltage scenarios, Cr can be designed larger in order
to make Lr smaller. A smaller Lr is easier to be integrated into
the transformer as leakage inductance.

B. Design Consideration of Lk

In this article, Lk is designed with three considerations:
First, to guarantee that iLk is sufficient to facilitate boost stage

ZVS at the worst operating conditions,Lk cannot be overly large.
As shown in (13), if Lk is overly large, the left-hand-side of (13)
will be overly small, and the inequality may not be realizable
at the worst operating conditions. The restriction for Lk can be

derived from (13), as follows:

Lk <
vLTϕ

Ptot
2vB

− vB(1−Ds)T
L1

. (24)

As can be seen, the not-yet-designed parameterL1 is involved
in the restriction for Lk. To decouple the parameter design,
we assume that L1 is at its worst value for boost stage ZVS
realization, that is, L1 is infinity. Accordingly, the maximum
value of Lk has to satisfy the following:

Lk,max < min

{
vBvLTsϕupper

Ptot

}
. (25)

where ϕupper is the upper limit of ϕ. When Ds > 0.25, the upper
limit of ϕ is 0.5, otherwise, ϕupper = 2Ds = 2vB/vL. Finally,
to guarantee the realizability of the boost stage ZVS at the worst
operating conditions, Lk has to satisfy

Lk,max <
2vB,min

2Ts

Ptot,max
. (26)

Second, to guarantee the ZVS range of HVS switches at light
loads, Lk cannot be overly small. According to Section IV-B,
iLk determines the ZVS performances of HVS switches Q1,2.
If Lk is overly small, the energy on Lk will be too low to fully
discharge the junction capacitor on Q1 (or Q2) at light loads. If
the junction capacitor on Q1 (or Q2) can be fully discharged by
iLk, the following constraint [28] must be satisfied:

1

2
LkiLk(t1)

2 > Coss,Q1vH
2. (27)

where iLk(t1) is the peak value of iLk (see Fig. 2), and Coss,Q1

is the junction capacitor on Q1. At light loads, iLk can be
approximated as a three-level square wave due to the low DAB
stage phase-shift ratio ϕ. Then, the peak value of iLk can be
approximately calculated from the power, as follows:

iLk,peak ≈ PDAB

2DsvL
. (28)

Thereafter, by combining (27), (28), and (9), theLk restriction
that enables full discharge of Q1 junction capacitor is derived,
as follows:

Lk >
8vB

2vH
2Coss,Q1

K2Ptot
2 (29)

where K is the DAB stage power proportion under current bal-
ancing strategy, and K = KLC /(KDAB +KLC). As indicated
in (29), the lighter the load, the larger Lk is required to fully
discharge the junction capacitor. It is impossible to ensure full
discharge of junction capacitor over the entire load range. In this
article, we guarantee the full ZVS of Q1,2 under at least the load
conditions of Ptot > Ptot,max/3 in the worst case ( vB = 48 V,
vH = 400 V).

Third, to reduce the DAB stage current iLk, a smaller Lk

is preferable. For DAB-based converter, large leakage inductor
leads to high circulating power. Therefore, Lk should be de-
signed smaller within the acceptable range.
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TABLE IV
CRITICAL PARAMETERS OF MAGNETIC COMPONENTS

C. Design Consideration of L1 and L2

Since L1 and L2 share the same value, only the parameter
design of L1 is illustrated here. In this paper, L1 is designed
based on general engineering experience. To avoid excessive
boost stage current ripple as well as excessive inductor value,
the maximum boost stage input current ripple is set to 20% at
full load. Then, we have

vB(1− 2Ds)Ts

2L1
≤ Ptot,max

vB
∗ 20%. (30)

Since Ds = nvB/vH, the restriction for L1 can be deduced
as follows:

L1,min ≥ max

{
vB

2(vH − 2nvB)Ts

2vHPtot,max ∗ 20%
}
. (31)

The right-hand-side of (31) reaches its maximum at vB = 48
V, vH = 400 V. And L1 is finally designed at its lower limit
shown in (31).

APPENDIX B
DESIGN OVERVIEW OF MAGNETIC COMPONENTS

This Appendix provides the critical parameters of magnetic
components for power loss investigation. The parameters are
designed based on the methodology presented in [29] and [30],
and the power losses are estimated via the approaches provided
in [2] and [30]. The design results are shown in Table IV.

REFERENCES

[1] C. Wang, P. Zheng, and J. Bauman, “A review of electric vehicle auxiliary
power modules: Challenges, topologies, and future trends,” IEEE Trans.
Power Electron., vol. 38, no. 9, pp. 11233–11244, Sep. 2023.

[2] X. Pan, H. Li, Y. Liu, T. Zhao, C. Ju, and A. K. Rathore, “An
overview and comprehensive comparative evaluation of current-fed-
isolated-bidirectional DC/DC converter,” IEEE Trans. Power Electron.,
vol. 35, no. 3, pp. 2737–2763, Mar. 2020.

[3] F. Z. Peng, H. Li, G.-J. Su, and J. S. Lawler, “A new ZVS bidirectional
DC-DC converter for fuel cell and battery application,” IEEE Trans. Power
Electron., vol. 19, no. 1, pp. 54–65, Jan. 2004.

[4] A. K. Rathore, A. K. S. Bhat, and R. Oruganti, “Analysis, design and
experimental results of wide range ZVS active-clamped L-L type current-
fed DC/DC converter for fuel cells to utility interface,” IEEE Trans. Ind.
Electron., vol. 59, no. 1, pp. 473–485, Jan. 2012.

[5] H. Xiao and S. Xie, “A ZVS bidirectional DC–DC converter with phase-
shift plus PWM control scheme,” IEEE Trans. Power Electron., vol. 23,
no. 2, pp. 813–823, Mar. 2008.

[6] 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.

[7] U. R. Prasanna, A. K. Rathore, and S. K. Mazumder, “Novel zero-current-
switching current-fed half-bridge isolated DC/DC converter for fuel-cell-
based applications,” IEEE Trans. Ind. Appl., vol. 49, no. 4, pp. 1658–1668,
Jul./Aug. 2013.

[8] P. Xuewei and A. K. Rathore, “Novel bidirectional snubberless naturally
commutated soft-switching current-fed full-bridge isolated DC/DC con-
verter for fuel cell vehicles,” IEEE Trans. Ind. Electron., vol. 61, no. 5,
pp. 2307–2315, May 2014.

[9] J.-Y. Lee and H.-J. Chae, “6.6-kW onboard charger design using DCM
PFC converter with harmonic modulation technique and two-stage DC/DC
converter,” IEEE Trans. Power Electron., vol. 61, no. 3, pp. 1243–1252,
Mar. 2014.

[10] Q. Zhu, L. Wang, A. Q. Huang, K. Booth, and L. Zhang, “7.2-kV single-
stage solid-state transformer based on the current-fed series resonant
converter and 15-kV SiC mosfets,” IEEE Trans. Power Electron., vol. 34,
no. 2, pp. 1099–1112, Feb. 2019.

[11] M. Soleimanifard and A. Y. Varjani, “A bidirectional buck-boost converter
in cascade with a dual active bridge converter to increase the maximum
input and output currents and extend zero voltage switching range,” in
Proc. 11th Power Electron., Drive Syst., Technol. Conf., 2020, pp. 1–6.

[12] B. N. Alajmi, I. Abdelsalam, M. I. Marei, and N. A. Ahmed, “Two
stage single-phase EV on-board charger based on interleaved cascaded
non-inverting buck-boost converter,” in Proc. IEEE Conf. Power Electron.
Renewable Energy, 2023, pp. 1–6.

[13] D. Sha, F. You, and X. Wang, “A high-efficiency current-fed semi-dual-
active bridge DC–DC converter for low input voltage applications,” IEEE
Trans. Ind. Electron., vol. 63, no. 4, pp. 2155–2164, Apr. 2016.

[14] J. Guo et al., “Design considerations for PPS controlled current-fed DAB
converter to achieve full load range ZVS and low inductor current stress,”
IEEE Trans. Ind. Appl., vol. 57, no. 6, pp. 6261–6276, Nov./Dec. 2021.

[15] Z. Guo, K. Sun, T.-F. Wu, and C. Li, “An improved modulation scheme
of current-fed bidirectional DC–DC converters for loss reduction,” IEEE
Trans. Power Electron., vol. 33, no. 5, pp. 4441–4457, May 2018.

[16] D. Sha, X. Wang, and D. Chen, “High-efficiency current-fed dual active
bridge DC–DC converter with ZVS achievement throughout full range of
load using optimized switching patterns,” IEEE Trans. Power Electron.,
vol. 33, no. 2, pp. 1347–1357, Feb. 2018.

[17] D. Sha, J. Zhang, and K. Liu, “Leakage inductor current peak optimization
for dual-transformer current-fed dual active bridge DC–DC converter with
wide input and output voltage range,” IEEE Trans. Power Electron., vol. 35,
no. 6, pp. 6012–6024, Jun. 2020.

[18] T. Chaudhury and D. Kastha, “H5-CFDAB: A current-fed dual-active-
bridge converter for application in modular DC solid-state transformer,”
IEEE Trans. Power Electron., vol. 38, no. 6, pp. 7271–7284, Jun.
2023.

[19] L. Zhu, H. Bai, and A. Brown, “Model and control of a current-fed dual
active bridge based ultrawide-voltage-range auxiliary power module for
400 V/800 V electric vehicles,” IEEE Trans. Power Electron., vol. 39,
no. 3, pp. 3263–3276, Mar. 2024.

[20] V. K. Goyal and A. Shukla, “Two-stage hybrid isolated DC–DC
boost converter for high power and wide input voltage range applica-
tions,” IEEE Trans. Ind. Electron., vol. 69, no. 7, pp. 6751–6763, Jul.
2022.

[21] J. Wen et al., “An iterative-based dead-time compensation method for in-
tegrated interleaved boost-LLC converter,” in Proc. IEEE Energy Convers.
Congr. Expo., 2023, pp. 3341–3348.

[22] L. Zhu, H. Bai, A. Brown, and M. McAmmond, “Design a 400 V–12 V
6 kW bidirectional auxiliary power module for electric or autonomous
vehicles with fast precharge dynamics and zero dc-bias current,” IEEE
Trans. Power Electron., vol. 36, no. 5, pp. 5323–5335, May 2021.

[23] G. Xu, Y. Lin, L. Yuan, W. Xiong, and Y. Sun, “Dead-time optimization and
magnetizing current design for a current-fed dual active bridge DC–DC
converter to secure full load range ZVS in wide voltage range,” IEEE
Trans. Transp. Electrific., vol. 9, no. 2, pp. 2164–2176, Jun. 2023.

[24] Y. Shi, R. Li, Y. Xue, and H. Li, “Optimized operation of current-fed dual
active bridge DC–DC converter for PV applications,” IEEE Trans. Ind.
Electron., vol. 62, no. 11, pp. 6986–6995, Nov. 2015.

[25] D. Sha, J. Zhang, X. Wang, and W. Yuan, “Dynamic response improve-
ments of parallel-connected bidirectional DC–DC converters for electrical
drive powered by low-voltage battery employing optimized feedforward
control,” IEEE Trans. Power Electron., vol. 32, no. 10, pp. 7783–7794,
Oct. 2017.

[26] S. Mukherjee, A. Kumar, and S. Chakraborty, “Comparison of DAB and
LLC DC–DC converters in high-step-down fixed-conversion-ratio (DCX)
applications,” IEEE Trans. Power Electron., vol. 36, no. 4, pp. 4383–4398,
Apr. 2021.



13428 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 10, OCTOBER 2024

[27] T. Guillod, D. Rothmund, and J. W. Kolar, “Active magnetizing current
splitting ZVS modulation of a 7 kV/400 V DC transformer,” IEEE Trans.
Power Electron., vol. 35, no. 2, pp. 1293–1305, Feb. 2020.

[28] M. Kasper, R. M. Burkart, G. Deboy, and J. W. Kolar, “ZVS of power
MOSFETs revisited,” IEEE Trans. Power Electron., vol. 31, no. 12,
pp. 8063–8067, Dec. 2016.

[29] J. Xue, F. Wang, D. Boroyevich, and Z. Shen, “Single-phase vs. three-phase
high density power transformers,” in Proc. IEEE Energy Convers. Congr.
Expo., 2010, pp. 4368–4375.

[30] MAGNETICS, 2018. [Online]. Available: https://www.mag-inc.com/
Media/Magnetics/File-Library/Product%20Literature/Powder%20Core
%20Literature/Magnetics-Powder-Core-Catalog-2020.pdf

Cong Li (Graduate Student Member, IEEE) received
the B.S. degree in electrical engineering from North-
west Polytechnic University, Shaanxi, China, in 2018.
He is currently working toward the Ph.D. degree in
Xi’an Jiaotong University, Xi’an, China.

His current research interests include the topology
and control of multiport converters, and wide range
dc– converters.

Jinjun Liu (Fellow, IEEE) received the B.S. and
Ph.D. degrees in electrical engineering from Xi’an
Jiaotong University (XJTU), Xi’an, China, in 1992
and 1997, respectively.

He then joined the XJTU Electrical Engineering
School as a faculty. From late 1999 to early 2002, he
was with the Center for Power Electronics Systems,
Virginia Polytechnic Institute and State University,
Blacksburg, VA, USA, as a Visiting Scholar. In late
2002, he was promoted to a Full Professor and then
the Head of the Power Electronics and Renewable

Energy Center, XJTU, which now comprises more than 20 faculty members
and more than 200 graduate students and carries one of the leading power
electronics programs in China. From 2005 to early 2010, he served as an
Associate Dean of Electrical Engineering School at XJTU, and from 2009 to
early 2015, the Dean for Undergraduate Education of XJTU. He is currently an
XJTU Distinguished Professor of Power Electronics. He coauthored 3 books
(including one textbook), published more than 500 technical papers in peer-
reviewed journals and conference proceedings, holds more than 70 invention
patents (China/US/EU), and delivered for many times plenary keynote speeches
and tutorials at IEEE conferences or China national conferences. His research
interests include modeling, control, and design methods for power converters
and electronified power systems, power quality control and utility applications
of power electronics, and microgrids for sustainable energy and distributed
generation.

Dr. Liu was the recipient many governmental awards at national level or
provincial/ministerial level for scientific research/teaching achievements, the
2006 Delta Scholar Award, the 2014 Chang Jiang Scholar Award, the 2014
Outstanding Sci-Tech Worker of the Nation Award, the 2016 State Council
Special Subsidy Award, the IEEE Transactions on Power Electronics 2016 and
2021 Prize Paper Awards, the Nomination Award for the Grand Prize of 2020
Bao Steel Outstanding Teacher Award, and the 2022 Fok Ying Tung Education
and Teaching Award. He served as the IEEE Power Electronics Society Region
10 Liaison and then China Liaison for 10 years, an Associate Editor for IEEE
TRANSACTIONS ON POWER ELECTRONICS since 2006, 2015–2019 Executive
Vice President and 2020–2021 Vice President of IEEE PELS. He was on
the Board of China Electrotechnical Society 2012–2020 and was elected the
Vice President in 2013 and the Secretary General in 2018 of the CES Power
Electronics Society. He was 2013–2021 Vice President for International Affairs,
China Power Supply Society, and since 2016, the inaugural Editor-in-Chief of
CPSS Transactions on Power Electronics and Applications. He was elected the
President of CPSS in November 2021. Since 2013, he has been serving as the
Vice Chair of the Chinese National Steering Committee for College Electric
Power Engineering Programs.

Sixing Du (Member, IEEE) received the B.S. degree
from the Taiyuan University of Science and Tech-
nology, Taiyuan, China, in 2009, and the M.S. and
Ph.D. degrees from Xi’an Jiaotong University, Xi’an,
China, in 2011 and 2014, respectively, all in electrical
engineering.

He is currently a member of the teaching fac-
ulty with Xi’an Jiaotong University. From 2015 to
2019, he was a Postdoctoral Research Fellow with
the Department of Electrical and Computer Engineer-
ing, Ryerson University, Canada, and University of

Toronto, Canada, respectively. His research interests include high-power convers
and their applications to medium-voltage motor drives and power systems.

Ning Guo (Graduate Student Member, IEEE) re-
ceived the B.S. degree in electrical engineering in
2021 from Xi’an Jiaotong University, Xi’an, China,
where he is currently working toward the Ph.D. degree
in electrical engineering.

His current research interests include topology,
control, and design of isolated dc–dc converters.

Zhifeng Deng (Graduate Student Member, IEEE)
received the B.S. degree in electrical engineering in
2019 from Xi’an Jiaotong University, Xi’an, China,
where he is currently working toward the M.S. degree
in electrical engineering.

His current research interests include multilevel
converters and control techniques in medium-voltage
motor drive applications.

Hengkai Dang (Graduate Student Member, IEEE)
received the B.S. degree in electrical engineering
from Northwestern Poly-technical University, Xi’an,
China, in 2020. He is currently working toward the
Ph.D. degree in Xi’an Jiaotong University, Xi’an,
China.

His research interests include battery energy stor-
age system and resonant converter.

https://www.mag-inc.com/Media/Magnetics/File-Library/Product%20Literature/Powder%20Core%20Literature/Magnetics-Powder-Core-Catalog-2020.pdf
https://www.mag-inc.com/Media/Magnetics/File-Library/Product%20Literature/Powder%20Core%20Literature/Magnetics-Powder-Core-Catalog-2020.pdf
https://www.mag-inc.com/Media/Magnetics/File-Library/Product%20Literature/Powder%20Core%20Literature/Magnetics-Powder-Core-Catalog-2020.pdf


<<
  /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


