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Abstract—Unprecedented expansion of renewable, energy stor-
age, and fast charger system applications has diversified the bidi-
rectional converter designs over the past decade. This article
presents a new dual-active bridge (DAB) converter topology, which
employs parallel and series switches arrangements for low-voltage
bridge configurations. The additional switch inclusion provides
high dc conversion gain, which enables attractive fast charger ap-
plications. The performance of the proposed DAB-based converter
with wide dc range has been investigated through several design
techniques and comparisons. The use of use of silicon carbide (SiC)
devices in higher power conversion significantly improves switch-
ing losses. However, unsupervised design will result in significant
switching losses and increased electromagnetic emissions. Since
the DAB-based converter’s high switching frequency allows op-
eration with smaller magnetics, the system stray capacitance plays
a critical role. The common-mode current propagated through the
system’s stray capacitance generates undesired electromagnetic in-
terferences (EMI) and impacts the soft-switching achievable range.
To overcome the common-mode current circulation issue, design
solutions have been employed to reduce the emergence of system
stray capacitance. A harmonic analysis is further discussed along
with evaluation of transformer design comparisons. The experi-
mental results show the performance of the DAB-based converter
in bidirectional operation and improved common mode current
generation with respect to EMI emissions. The simulation and
experimental results have been performed using a 5 kW rated
power DAB-based converter with SiC power semiconductors.

Index Terms—Bidirectional dc–dc converter, common-mode
current, dc conversion gain, dual active bridge, electromagnetic
compatibility, parallel-series DAB-based converter.

I. INTRODUCTION

MODERN applications of electric vehicles chargers, so-
lar photovoltaics (PV), and 5G wireless dc networks

require the integration of advanced power electronic convert-
ers to energy storage systems. The dual active bridge (DAB)
dc–dc isolated converter shows significant advantages including
bidirectional power flow, soft-switching operation, and high-
power density. The DAB topology and its advantages have been
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introduced and discussed in the literature [1], [2]. The issues
of the DAB converter achieving zero voltage switching (ZVS)
and reactive power due to circulation currents has also been
discussed ([3], [4], [5], [6], [7], [8], [9]). The converter topology
arrangements with bridge parallel input–output structure for
higher current operation can be achieved [10], [11], [12], [13],
[14]. Modular dc–dc converters and input–output terminals can
be configured with the combination of input-parallel output
parallel, input-parallel output-series [15]. The parallel bridge
input and series output transformer winding connection provides
the advantage of current circulation elimination between parallel
bridges [16], [17], [18], [19].

The stray capacitance in the galvanically isolated converters
with high-frequency transformers can lead to insulation deterio-
ration, early failures, and undesired electromagnetic emissions.
The drawbacks of common-mode voltage in DAB converters
have been investigated with analytical models and compared
with different modulation strategies. For example, the dc input
and the converter ac output are decoupled during the converter
zero state to reduce the fluctuations of the common-mode
voltages [18], [19], [20], [21], [22], [23]. However, additional
power devices are required, leading to overall increased con-
verter cost. The power inductor can be placed in each of two
high carry current paralleled bridges [24], consequently with
the construction disadvantage of two inductors rated for high
current. The topology arrangement can be further improved by
placing the power inductor in the high-voltage side with lower
current rating, series connected between the two transformer
windings.

Fig. 1 shows the conventional DAB topology 1) and the
proposed parallel-series DAB-based architecture derivation 2)
with two parallel-LV full-bridge approach to allow half-current
distribution in a high-power design and configurable output volt-
age. The LV stage employs parallel switches (Qp1 , Qp2 ) and a
series switch (Qs ) to allow flexible voltage configuration. The
DAB-based topology shown in Fig 1(b) has an increased number
of components compared with the conventional topology. How-
ever, the DAB-based converter allows higher current operation
in the design requirements for high conversion ratio between
input–output. As shown in Fig. 1(c), the proposed DAB-based
topology allows double voltage range extension (Vn +ΔVext)
thanks to the parallel-series switch combination. This significant
high-gain advantage expands the ranges of applications for the
DAB-based converters.

The common-mode current (CMC) circulation has undesired
negative effects, such as increased electromagnetic emissions,
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Fig. 1. Bidirectional dual-active bridge topologies. (a) Conventional topology.
(b) Proposed parallel-series DAB-based converter. (c) Voltage extension range
with the proposed architecture.

decrease of signal-to-noise ratio with a direct impact on con-
verter stability, and transformer saturation. Therefore, the DAB-
based CMC mitigation has been addressed in this article with
a proposed design methodology. The main contributions of this
article are 1) an introduction of the DAB-based converter with
parallel-series LV-bridge configuration for high dc conversion
gain (doubled compared to conventional topology), 2) harmon-
ics analysis and design with reduced stray capacitance, and
3) the converter’s performance analysis in bidirectional power
flow with reduced common-mode current circulation and soft-
switching devices operation for high efficiency operation. The
rest of this article is organized as follows. Section II introduces
the proposed DAB-based converter topology with wide dc range.
Section III analyses the converter’s harmonics and improve-
ments in common-mode current generation. The experimental
validation and performance of the DAB-based converter with
parallel LV-bridges is examined in Section IV. Finally, Section V
concludes this article.

II. PARALLEL-SERIES DAB-BASED CONVERTER TOPOLOGY

DESCRIPTION

The parallel-series DAB-based converter topology is shown
in Fig. 2. The DAB-based converter has been expanded to three
full-bridge converters. Due to the high currents developed in
the low-voltage (LV) side, the bridge is expanded to two, where
each bridge channel handles half of the rated power. The current

sharing of each LV bridge must be ensured to avoid volt-second
imbalances of transformers T1 and T2 , which can cause mag-
netics saturation. The high-voltage secondaries of transformers
T1 and T2 are series connected, as shown in Fig. 2. The inductor
L, which allows the power flow control, interconnects the series
secondaries to the HV bridge. As shown in Fig. 2, the power
inductor current (iH ) delivered during each switching period
(T ) is given by

diH (t)

dt
=

vα (t)− vβ (t)

L
. (1)

The DAB-based average active power (P ) generation during
one switching period (T ) is given by the contribution of two
LV-bridges

P =
1

T

∫ T

0

p1 (t) dt+
1

T

∫ T

0

p2 (t) dt (2)

where p1(t) + p2 (t) = p(t) is the active power delivered from
the two LV-bridge converters. In charge mode, the average power
can be described with the contribution of LV1 and LV2 bridges

Pcharge =
1

T

∫ T

0

vβ (t) iH (t) dt (3)

and in discharge mode, the average power can be similarly
described, considering the high voltage vα(t), and inductor
current iH(t)

Pdischarge =
1

T

∫ T

0

vα (t) iH (t) dt. (4)

The calculated active power transfer in charge, and discharge
of the DAB-based converter is given by

P = n
V1V2

2πfL
δ

(
1− |δ|

π

)
(5)

where n = (2n1)/n2 is the total magnetics (T1, T2) turns-ratio.
The expression (5) shows the relationship between the active
power transferred as function of the phase-shift (δ) between the
HV- and LV-bridges, the converter switching frequency and the
energy transfer inductance. The maximum power transfer occurs
under the condition of dP

dδ = 0 as given by

P1max =
2n1

n2
V1V2

1

8fL
. (6)

The maximum power occurs at δ = ±π/2 and the phase-shift
can in general be expressed as

δ =
π

2

⎛
⎝1−

√
1− n2

2n1

8fL |P |
V1V2

⎞
⎠ . (7)

Fig. 2 shows the inclusion of switch qsp = {Qp1 , Qp2, Qs}
within the proposed parallel-series DAB-converter, and it can be
configured as follows:

qsp =

{
Qp1 ∧Qp1 = 0, Qs = 1, if V2 < VDSmax

Qp1 ∧Qp1 = 1, Qs = 0, if V2 ≥ VDSmax
. (8)

It is interesting to note that the switch qsp state is a function
of the maximum drain-source voltage VDSmax of power devices
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Fig. 2. Proposed parallel-series DAB-based topology designed for high DC gain and reduced common-mode current generation.

Fig. 3. Control block diagram of parallel-series DAB-based converter with wide DC voltage range capability.

B1 ÷B2 and C1 ÷ C2, namely the maximum safe operation
area.

The addition of the configurable switch qsp within the energy
storage DAB-converter features a wide dc operational range of
the converter.

For example, in charge mode the dc conversion gain is given
by

m =

{
nV2

V1
, if qsp = (Qp1 ∧Qp2 = 1)

2nV2

V1
, if qsp = (Qs = 1) .

(9)

As it can be seen from (9), the dc conversion gain is doubled,
compared with the traditional approach, hence, the LV port can
operate over a wide voltage range. The high converter gain,
enables attractive fast charger applications, and allows converter
operation over a variety of energy storage batteries.

Fig. 3 shows the control strategy implementation of the en-
ergy storage bidirectional DAB-based converter. The reference
set-points for the voltage, v∗1 for discharge and v∗2 for charge,
and current, i∗1 for discharge and i∗2 for charge, are configurable
parameters based on the required charge or discharge modes of
operation. The voltage and current regulators (Gv(s), Gi(s))

TABLE I
TOPOLOGY COMPARISONS

control the outer phase-shift (δ) between the HV bridge and
LV-bridges to establish the power flow as per (7). With the
introduction of the inner phase-angles α and β, the two-level
voltage switching waveforms are transformed to three-level volt-
age modulation (vα(t), vβ(t)). The closed loop control structure
must regulate and respond quickly to maintain the desired volt-
age and current setpoints v∗1/v

∗
2, i∗1/i

∗
2. The modulator control

variables are the outer phase-shift δ and the inner phase-angles
α and β, as shown in Fig. 3.



SERBAN et al.: ANALYSIS AND DESIGN OF BIDIRECTIONAL PARALLEL-SERIES DAB-BASED CONVERTER 10373

Fig. 4. Power-voltage converter characteristic: operation example of parallel-
series DAB-based converter with voltage extension range.

Table I shows the comparison between a) the conventional
DAB converter, b) partial parallel DAB ([17], [24]), and c)
proposed parallel-series DAB-based converter. The last two
mentioned converters [i.e., b) and c)] designed with two trans-
formers and two LV-bridges, provide reduced current/power
stress on components, uniformity in power loss distribution,
and improved efficiency. Therefore, the power converter can
be designed with reduced cooling/heatsink solutions, higher
switching frequency, and operation with an increased ambient
temperature (e.g., 55 °C at rated power). The proposed parallel-
series DAB-based converter [i.e., c)] advantageously doubles
the dc voltage range through parallel-series combination of the
LV-bridges, at the expense of extra switches and higher cost.

Fig. 4 shows the power-voltage characteristics with compar-
isons between the following topology configurations: 1) DAB
with parallel LV-bridges, 2) DAB with series LV-bridges, and 3)
DAB-based parallel-series LV-bridges. Fig. 4 shows the device
voltage rating VR including the following.

1) ΔVup is the under-performance range with power limited
due to constant current (MOSFET device specification) and
reduced voltage operation.

2) ΔVop is the nominal operational range at rated power.
3) ΔVc is the power curtailment range under power limit

operation due to increased voltage (>70%) operation of
the MOSFET devices.

4) ΔVno is the nonoperational range of the power converter
The DAB-based power capability from Fig. 4 can be described

by (10) shown at the bottom of this page, where the converter

starts to operate from the minimum voltage Vmin with maxi-
mum current Imax and derated power Plim. Beyond the low
voltage limit VlimL the converter can deliver nominal power
Pn up to the high voltage limit VlimH . If the desired voltage is
further increased, the converter curtails the power (Plim) up to
the maximum voltage Vmax. For higher voltage operation, the
DAB-based converter allows the transition from parallel-LV to
series-LV configuration.

If Vn is the considered converter’s nominal voltage at the
lower voltage range, the corresponding voltage levels are scaled-
up with kv = (1 +ΔVext/Vn), defined as extension voltage
range factor (e.g., ΔVext = Vn, kv = 2).

Hence, the proposed DAB-based converter allows configu-
ration through voltage set-points for wide voltage operation.
For example, this feature is highly important for fast charger
applications, where different battery types are accommodated.

III. ANALYSIS AND DESIGN OF BIDIRECTIONAL DAB-BASED

CONVERTER

The converter control analyzed in this article includes outer
phase-shift and inner phase-angle control, which allows an addi-
tional degree of freedom for achieving soft-switching, current-
stress optimization, and electromagnetic compatibility (EMC).
Therefore, this provides major advantages in achieving high
efficiency and reliability of power converters.

The ac voltages and inductor current contain only the odd
harmonics and can be expressed based on the Fourier transfor-
mation with the following periodic function:⎧⎨
⎩
vα (t) =

∑
k=0

4V1

(2k+1)π cos
(

(2k+1)α
2

)
sin ((2k + 1)ω0t)

vβ (t) =
∑

k=0
4(nV2)
(2k+1)π cos

(
(2k+1)β

2

)
sin[(2k+1) (ω0t−δ)]

.

(11)
Fig. 5 shows the fast Fourier transform (FFT) analysis at

rated charge power with single phase-shift. The fundamental
components of the switching waveforms, vα1(t) and vβ2(t), are
shown in channel C1 of Fig. 5 and can be derived from (8), as
follows: {

vα1 (t) = 4V1

π cos
(
α
2

)
sin (ω0t)

vβ1 (t) = 4(nV2)
π cos

(
β
2

)
sin (ω0t− δ1)

. (12)

The harmonic amplitudes of the converter switching wave-
forms are shown in C2 and C3 of Fig. 5. The total active power is
the sum of the components generated through the odd harmonics
derived from the fundamental of the switching frequency.

Fig. 6 shows the FFT analysis at rated charge power with
dual phase-shift and implemented to achieve soft-switching for

p (v) =

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

0, if v < Vmin

VminImax

[
1 + v−Vmin

VlimL−Vmin

(
Pn

VminImax
− 1

)]
, if Vmin ≤ v < VlimL

VnIn, if VlimL ≤ v < kvVlimH

Pn

(
1 + 1

2
v−kvVlimH

kvVlimH−kvVmax

)
, if VlimH ≤ v < kvVmax.

0, if v ≥ kvVmax

(10)
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Fig. 5. FFT DAB-based converter analysis with single phase-shift control
(SPS). Test conditions: charge mode, V 1 = 380 V, V 2 = 50 V.

Fig. 6. FFT DAB-based converter analysis with dual phase-shift (DPS) con-
trol. Test conditions: charge mode V 1 = 380 V, V 2 = 50.

cases where single phase-shift ends in hard-switching. The fun-
damental components of the switching waveforms, vα1(t) and
vβ2(t), respectively, are shifted by the fundamental component
of phase-shift δ1, where this angle is the main contributor to the
active power generation within the converter. The soft-switching
of HV and LV bridges can be considered for the following switch
pairs: (A1, A2), (A3, A4),

B1, B2

C1, C2
, and (B3, B4)/(C3, C4).

The ZVS boundary conditions are a function of operation mode,
conversion ratio (voltage amplitudes), outer phase-shift, and
inner phase-angles. It is important to note that the switching
characteristics of SiC devices still represent an issue due to losses
generation, which will be shown in the experimental section.
The energy required to achieve ZVS requires charging and
discharging the output capacitanceCoss of the power devices and

the parasitic transformer capacitance Cw and is approximated
by

Emin ≥ 1

2
(2Coss)V

2
1 +

1

2
(Cw)V

2
1 . (13)

From (13), both stray elements, Coss and Cw, respectively,
disadvantageously affect the power conversion efficiency. The
output capacitance Coss is given by the device manufacturer,
while other stray capacitances (e.g.,Cw) are related to the design
approach. In this article, one of the goals is the mitigation of the
overall stray capacitance.

The soft-switching events of the HV and LV bridges have been
achieved through the control of the inner phase-angles α and β.
The phase-angles are calculated as a function of input–output
voltages and output power, as shown in Figs. 3 and 7. The
soft-switching can be achieved at rated input–output voltage
and power using only the SPS. Dual phase shift (DPS) and
triple phase-shift (TPS) have been implemented for different
corner cases of converter operation, as shown in Fig. 3. The
soft-switching modulation schemes with innerangles deduction
have been discussed in the literature ([3], [8], [25], [26]).

It can be observed that the interwinding capacitance Cw has
a direct impact on reducing the soft-switching range. One of the
goals in this article is to reduce the stray transformer capacitance
to improve overall converter performance. The built-in parasitic
interwinding capacitance of the two transformers facilitates
paths for common-mode current propagation between the LV
side and the HV side. The common mode voltage developed
between positive/negative conductors of the converter and the
ground protective earth (PE) generates leakage currents through
the equivalent total parasitic capacitanceCt. The voltage fluctua-
tion at the positive and negative terminals becomes the generator
source for the leakage currents. Its conduction path is formed
through the input and output EMI capacitors (Cy1 and Cy2). The
CMC generation and circulation concerns the electromagnetic
interference, and is given by

iCM (t) = Ct
dVCM

dt
. (14)

As per (14), the reduction of CMC can be achieved through the
reduction of both the total parasitic capacitance and the dV/dt
rate of change. The total parasitic capacitance is given by

Ct = 2(CW + CHS) (15)

whereCw andCHS are the interwinding capacitance introduced
by transformers T1 and T2, respectively, and the heatsink to
power devices stray capacitance. The stray capacitance CHS

is developed across the selected surface mount power devices
(D2PAK TO-263-7), printed circuit board and thermal interface
material. Due to the relatively large overlap area between the
drain-source power devices and heatsink, the stray capacitance
can be considerably high. Typical designs have the heatsinks di-
rectly connected to the ground or enclosure, where the heatsinks
are attached on the chassis enclosure. In this proposed design, to
further reduce the total stray capacitance, the heatsink mounting
is unbonded from the PE ground and the converter enclosure.
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Fig. 7. (a) DAB-based converter control of inner phase angles α and (b) β for soft-switching operation. (c) Devices’ typical switching characteristics.

Fig. 8. Power transformer design details with (a) schematic diagram, (b) transformer windings and layers disposition, (c) magnetomotive force diagram, and
(d) prototype wire-wound shielded transformer photograph with the associated legend.

Fig. 9. Simulation results of DAB-based converter in discharge mode: (a) hard-switching (SPS control) and (b) soft-switching (DPS/TPS control). Test conditions:
V1 = 370 V, V2 = 50 V, I2 = 20 A, P1 = 1 kW.
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Fig. 10. Common-mode current comparison: experimental results of DAB-based converter design with copper-foil (WL1, WL2) transformer in discharge mode
(P < 0) under (a) hard-switching (SPS control) and (b) soft-switching (DPS/TPS control). C1 – Common-mode current iCMC C2 - AC voltage measured to LV
T1 transformer terminals C3 – Gate drive voltage waveforms VgsA2, VgsB2. Test conditions: discharge mode, V1 = 370 V, V2 = 50 V, P1 = 1 kW.

Fig. 11. Common-mode current comparison: experimental results of DAB-based converter design with wire-wound (WL1, WL2) shielded transformer in
discharge mode (P < 0) under (a) hard-switching (SPS control) and (b) soft-switching (DPS/TPS control). C1 – Common-mode current iCMC , C2 - AC voltage
measured to LV T1 transformer terminals, C3 – Gate drive voltage waveforms VgsA2, VgsB3. Test conditions: V1 = 370 V, V2 = 50 V, P1 = 1 kW.

Fig. 12. DAB-based converter design with wire-wound shielded transformer
experimental results in discharge mode (P < 0 and control with TPS): C1
– Transformer LV currents iT 1 , iT 2 . C2 – Gate drive voltage waveforms
V gA1, V gB4.

Therefore, the CMC is reduced to iCM (t) = 2CW
dVCM
dt since

the stray capacitance between drain-source of the power devices
to PE ground has been mitigated (heatsinks are unbounded
to PE). Fig. 7(a) and (b) shows the DAB-based converter’s
inner phase-angles distribution for the LV and HV bridges. The

Fig. 13. DAB-based converter experimental 50% step load response in dis-
charge mode (P < 0): C1 - HV port voltage V 1 . C2 - HV port load current
I1. C3 – Inductor current iH .

soft-switching can be achieved by introducing the inner phase-
angles α within the HV-bridge and β within the LV1-bridge and
LV2-bridge. The inner phase-angles variables are controlled as
a function of the DAB power (P ) range and low-voltage (e.g.,
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V2 = 42− 58 V) range. High voltage (e.g., V1 = 380 V) is
specified at a constant operational level. As can be seen in
Fig. 7(a), the inner phase-angles α within the HV-bridge need
to be controlled only at light load and lower voltage range.
Fig. 7(b) shows the inner phase-angles β within the LV1-bridge
and LV2-bridge. In the control structure implementation, both
inner phase-angles, α and β, are controlled independently, as
shown in Fig. 3, and soft-switching for the end-goal of high
efficiency operation is achieved. Unsupervised design can lead
to mismatches in signals applied to inductor volt-second arising
in both T1 and T2 transformers. The mismatched volt-seconds
accumulate over the converter’s switching operation, which
may lead to significant impact through saturation of magnetic
components.

The proposed DAB-based architecture considered the design
of signals integrity, dead-time, and phase angles calculation to
avoid dc volt-second development, which can result in power
magnetics saturation.

The phase-shift variation is implemented in correlation to
dead-band time, as shown in Fig 7(c). The issue of the shoot-
through type of failures between the complementary gate drive
signals of power devices is eliminated by maintaining the dead-
band time (Td)

Td = tf.max + toff.max − tdon.min +Δtpd (16)

where the power device specification is characterized by maxi-
mum turn-OFF switching time tf.max, maximum turn-OFF delay
toff.max (influenced by gate turn-OFF resistor Rg.off and gate-
source voltage Vgs), minimum turn-ON delay tdon.min (influenced
by gate turn-OFF resistorRg.on and gate-source voltage Vgs) and
gate drive circuit propagation delay Δ tpd = tpd.max − tpd.min.
The power devices’ gate signals are controlled with 50% duty-
ratio while the dead-band is maintained constant during phase-
angle variation.

Fig. 8 shows the power transformer design with parallel
low-voltage windings and series high-voltage windings. The
transformer design consists of four separate windings, namely
two high-voltage (WH1, WH2) windings and two low-voltage
(WL1, WL2) windings. The windings (WL1, WL2, WH1, and
WH2) are separated by three shields of copper-foil layersS1, S2,
and S3 to achieve a low interwinding capacitance ensured
by design. All the copper-foil layers (S1, S2, S3) have been
connected to a common potential. The magnetic cores PQ40/40
are finally assembled with the windings and copper-foil shields
to complete the design. The specific construction of the high cur-
rent windings WL1 and WL2 can be designed with wire-wound
or copper-foil, and a comparison is provided in the following
section.

IV. SIMULATION AND EXPERIMENTAL RESULTS

The simulation and experimental results are investigated with
the DAB-based converter with LV-bridges configured in parallel
only, and with the parameters shown in Table II. The isolation
transformer designed with copper-foil has approximately five
times higher interwinding capacitance than the wire-wound

TABLE II
MAIN PARAMETERS OF DAB-BASED CONVERTER

construction, as shown in Table II, measurements. The DAB-
based converter soft-switching operation can relatively easily
achieve soft-switching at rated input–output voltages and power
operation.

In this article, the experimental results are evaluated at lower
power operation, in the range of 10% and 20% rated power to
investigate worst-case scenarios of parallel-series DAB-based
converter operation.

A. DAB-Based Converter Operation in Discharge Mode.
Transformer Construction Comparison

Fig. 9 shows the key waveforms of the DAB-based converter
operation in discharge mode (P < 0). The implementation of
inner phase-angles, as shown in Fig. 9(b), allows soft-switching
commutation for the power devices. In addition, under the same
operating conditions, the root mean square (rms) current stress is
reduced by 15% ( IT1.rms =IT1.rms = 14.9Arms from 17.5Arms

as can be observed in Fig. 9).
Fig. 10 shows the parallel-series DAB-based converter oper-

ation using the copper-foil (WL1, WL2) transformer (T1 , T2)
design. The copper-foil transformer current-mode current in
hard-switching operation is shown in Fig. 9(a). As shown in
Fig. 10(b), the CMC generation is reduced using the inner
phase-angles from Figs. 3 and 7 for soft-switching converter
operation.

Fig. 11 shows the parallel-series DAB-based converter op-
eration with wire-wound (WL1, WL2) shielded transformer
(T1 , T2) design. The results from Fig. 11(a), corresponding to
hard-switching (wire-wounded) demonstrate lower CMC than
Fig. 10(a) with copper-foil (WL1, WL2) transformer. Further-
more, the CMC is further reduced thanks to soft-switching
operation, as shown in Fig. 11(b).

The measured efficiency has been improved from 91.4%
(hard-switching with SPS control), to 95.6% (soft-switching
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Fig. 14. Simulation results of DAB-based converter in charge mode: (a) hard-switching(SPS) and (b) soft-switching (DPS/TPS). Test conditions: V1 =
380 V, V2 = 52 V, I2 = 10 A, P2 = 520 W.

TABLE III
DAB-BASED CONVERTER: COMPARISON BETWEEN COPPER-FOIL AND

WIRE-WOUND SHIELDED TRANSFORMER CONSTRUCTION

with DPS/TPS control) which is a significant improvement. It
is important to conclude that the switching characteristics of
SiC devices still represent an issue due to losses generation,
and they can be improved using soft-switching techniques and
design techniques to reduce in the overall stray capacitance.

Table III shows the summary of common-mode current com-
parison between the DAB-based converter with the copper-foil
and wire-wound shielded transformer construction. The sym-
metrical and equal currents iT1 and iT2 of the parallel low-
voltage transformer windings are shown in Fig. 12. The problem
of asymmetrical currents (iT1 , iT2 ) in the parallel low-voltage
transformer windings can lead to irreversible LV/HV bridge
converter failures.

It is a common design convenience to include dc blocking
capacitors in the LV and HV side of the transformer to eliminate
the dc-bias and magnetics saturation issue. However, in this
article, the dc-blocking capacitors were not employed for the
obvious advantages of cost and size reduction. As demonstrated
in Fig. 12, the identical currents are ensured by eliminating

the dc-bias magnetizing current through converter controls of
phase-angle generation, high efficiency gate-driver design ([27],
[28]) and signal integrity since all signals are subject to effects
such as distortion, noise, loss in resolution, and accuracy.

Fig. 13 shows the DAB-based converter under 50% transient
step-load test in discharge mode. The closed-loop control struc-
ture (see Fig. 3) adequately regulates the voltage at the HV port
under a step-load from 1 to 3.5 kW.

B. DAB-Based Converter Operation in Charge Mode.
Common Mode Current Mitigation and Online Parallel to
Series Power Transfer

The DAB-based converter allows bidirectional energy flow
and the charge mode of operation (P > 0) is shown in the
simulation results from Fig. 14. The implementation of inner
phase-angles, as shown in Fig. 14(b), allows soft-switching
commutation for the power semiconductor devices. In addition,
the rms current stress is reduced by 11% [ IT1.rms =IT1.rms =
12.4Arms from 13.9Arms as can be observed in Fig. 14(a) and
(b)].

The performance of the DAB-based converter with the pro-
posed transformer design is shown in the charge mode exper-
imental results. Figs. 15 and 16 show the experimental test
results, comparing between hard-switching [see Figs. 15(a) and
16(a)] and soft-switching [see Figs. 15(b) and 16(b)] operation.
At light loads of 10% of nominal power, the DAB-based con-
verter efficiency has been significantly increased from 81.5%
hard-switching commutation [see Figs. 15(a) and 16(a)] to 92%
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Fig. 15. DAB-based converter design with wire-wound shielded transformer experimental results in charge mode (P > 0): (a) hard-switching (SPS) and
(b) soft-switching (DPS/TPS). C1 – Gate drive voltage waveforms V gsA2,V gsB3.C2 – Transformer LV-side current iT 1 . Test conditions:V 1 = 380V, V 2 =
52V, P 2 = 520W.

Fig. 16. DAB-based converter design with wire-wound shielded transformer experimental results in charge mode (P > 0): (a) hard-switching (SPS) and
(b) soft-switching (DPS/TPS). C1 – Gate drive voltage waveforms V gA4, V gB1.C2 – Transformer current iT 1 . Test conditions: V 1 = 380 V, V 2 =
52 V, P 2 = 520 W.

soft-switching devices commutation [see Figs. 13(b) and 16(b)]
operation.

Through the implementation of the soft-switching algorithm
from Fig. 3 and the proposed three-layer shield transformer
design, the effect of CMC emissions has been reduced by 12 dB,
as can be seen in Fig. 16(a) and (b) comparisons, using the
FFT frequency-domain analysis. The CMC emissions reduction
has been effective in the range of up to 40 MHz, which falls
mainly under the conducted emissions standards within 150 kHz
to 30 MHz in the FCC and CISPR 22 requirements.

Fig. 17 shows the FFT experimental results in charge mode
and under light load conditions ( V1 = 380 V, V2 = 50 V,
P2 = 550 W).

The switching waveforms vα(t) and vβ(t) are shown in
Fig. 17 under FFT spectrum analysis, where the ac voltages
contain only the odd harmonics [as described by (8)]. Fig. 17
shows the spectrum comparison between LV-1, LV-2 bridges ac
voltage operation under inner phase-angle shift β = 150◦ and
HV-bridge without inner phase-angle shift, i.e., α = 180◦.

Fig. 18 shows the proposed DAB-based converter perfor-
mance with respect to electromagnetic interference emissions.
The experimental results show the DAB-based converter’s op-
eration at five power levels, from 0.25 to 2 kW. The con-
verter passes the class A standard limits by using the proposed
transformer construction with copper shields (see Fig. 8) and
soft-switching techniques (see Fig. 7).

The common-mode peak emissions are caused by the switch-
ing energy generated by the converter’s power devices related
to the dvCM/dt rate of change. As shown in Fig. 18, the peak
emissions are associated with harmonics of the fundamental
switching frequency, fs = 83 kHz of the power devices from
Fig. 2. Therefore, the DAB-based power converter design com-
plies for electromagnetic compatibility standard requirements
by using the proposed design techniques.

Fig. 19 shows the DAB-based converter’s performance with
an online transition from LV-bridges parallel-connected ( qsp =
Qp1 = Qp2 = 0, Qs = 1) to LV-bridges series-connected
( qsp = Qp1 = Qp2 = 1, Qs = 0), where the voltage is
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Fig. 17. FFT experimental results of DAB-based proposed converter with TPS
control C1:β = 30◦ (LV-1 and LV-2 bridges) and C2:α = 5◦ (HV-bridge). Test
conditions: charge mode V 1 = 380V , V 2 = 50V , P 2 = 550W .

Fig. 18. Conducted emissions experimental results of DAB-based proposed
converter with wire-wound shielded transformer in charge mode operation at
0.25 kW, 0.5 kW, 1 kW, 1.5 kW, and 2 kW output power.

instantly doubled from 50 to 100 V. During the transition (i.e.,
after t1), with a load current I2 programmed at 1A/μs slew rate
change, the converter continues to maintain5kW constant power
delivery. The DAB-based converter demonstrates flexible online
instantaneous voltage change capability, while the dc power is
constantly maintained (i.e., LV port current I2 reduces to a half
to maintain constant power operation).

C. DAB-Based Converter Efficiency Performance
Measurements

Figs. 20 and 21 show the efficiency performance of the DAB-
based converter in parallel LV-bridge configuration. The experi-
mental tests were carried out in both charge and discharge modes
of operation. The measurements were conducted including all
the necessary auxiliary power supplies and cooling fan. The
efficiency results were recorded over a wide LV voltage range
(42 V ÷ 58 V) and load range from 0.25 to 5 kW, measuring a
power conversion peak efficiency of 97.5%. The experimental
performance validates the simulation results and demonstrates
the validity of the theoretical and practical DAB-based proposed
design presented in this article.

Fig. 19. DAB-based converter simulation results with online instantaneous
transfer: parallel to series LV-bridges configuration, and output voltage change
50 V → 100 V. Test conditions: charge mode V1 = 380 V, V2 = 50 V →
100 V, I2 = 100 A → 50 A (1 A/μs slew rate), P2 = 5 kW.

Fig. 20. Efficiency measurements in charge mode operation. Test conditions:
V 1 = 380 V, V 2 = (42÷ 58)V.

Fig. 21. Efficiency measurements in discharge mode operation. Test condi-
tions: V 1 = 370 V, V 2 = (42÷ 58)V.
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V. CONCLUSION

This article presented the research and development of a
new DAB-based energy storage converter architecture, which
allows parallel and series LV-bridge configurations. The dc port
comprised of two LV-bridges allows flexibility in operation
through a specific switch arrangement. Therefore, DAB-based
augmented with a switch structure doubles the voltage utiliza-
tion range, enabling a wide range of applications for batteries
(e.g., 48-V, 120-V or accordingly scaled for higher voltages).
A comparison between the DAB-based converter and the con-
ventional DAB converter has been provided through a graphical
approach.

The research continued with the converter’s switching key
waveforms investigation through harmonics analysis and the
evaluation of two different transformer designs. The perfor-
mance of the typical copper-foil transformer used in high current
magnetics has been compared with a new transformer construc-
tion. The emergence of capacitive transformer coupling between
primary, and secondary has been reduced by five times thanks
to the windings layer disposition and three-layer shield design.
The proposed wire-wound shielded transformer design used
in the two parallel LV-bridges and series HV-bridge demon-
strated improved performance with respect to common-mode
current circulation and electromagnetic compatibility. The stray
capacitance has been reduced through the arrangement of the
cooling heatsinks and the three-layer shield transformer de-
sign for leakage current mitigation and increased soft-switching
range. The analysis continued with the comparisons between
hard-switching and soft-switching power devices operation at
lower power operation, as being the worst-case scenarios of the
DAB-based converter operation.

Finally, the proposed DAB-based converter topology and
design with high dc gain and power capability provides an
attractive solution for energy storage applications.
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