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Abstract—Hard-switching-induced switching loss can con-
tribute significantly to the power loss of an isolated bidirectional
dual-active-bridge (DAB) dc–dc converter operating at high fre-
quency. An LC-type series resonant DAB converter based on a
switch-controlled-inductor (SCI) is proposed to mitigate the loss
arising from hard switching under wide-range variations in output
voltage and current. Zero-voltage switching is achieved at the pri-
mary side (high voltage), while at the secondary side (low voltage),
zero-current switching is preferred to reduce excessive ringing due
to circulating current and switching loss. In order to achieve re-
duced conduction loss, a nominal operating point is chosen where
the root-mean-square resonant tank current is the minimum. To
validate the proposed topology and modulation scheme, an LC-
type series resonant DAB converter based on SCI operating at
100 kHz is designed to interface a 400-V dc bus to a supercapacitor-
based energy storage. Simulation and experimental results validate
the effectiveness of the proposed topology for charging/discharging
a supercapacitor with an output voltage variation of between 10
and 48 V and a maximum rated power of 480 W. A maximum
efficiency of 94.6% is achieved using the proposed topology and
modulation scheme.

Index Terms—Dual-active-bridge (DAB) converter, supercapac-
itor, switch-controlled inductor, zero-current switching (ZCS),
zero-voltage switching (ZVS).

I. INTRODUCTION

B IDIRECTIONAL power flow is expected to be an essen-
tial feature in future electric power systems where bidi-

rectional power conversion systems play a significant role. The
increasing penetration of renewable energy generation arises
due to its positive impact on the environment by providing low
carbon emissions and this has led to the development of mi-
crogrid systems [1], [2]. A generic microgrid system is mainly
composed of distributed renewable energy resources and stor-
ages as shown in Fig. 1. These renewable energy resources
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Fig. 1. Bidirectional power flow and distributed generation in a microgrid
system.

are highly dynamic in nature and need to be equipped with en-
ergy storages to achieve stable and uninterruptible power supply.
Bidirectional power conversion systems can be used to integrate
these storage devices to the dc bus in a microgrid and in this con-
text many bidirectional power converters have been proposed.
Dual-active-bridge (DAB) converter has shown many advan-
tages over its counterpart topologies in terms of device stress,
ease of control, galvanic isolation, and power density. It was
first proposed in [3] and with recent advancements in semicon-
ductor and magnetic devices it has attracted more attention for
its use in medium-voltage microgrid systems [4]–[7]. A DAB
converter based on the LC-type series resonant tank uses an
inductor and a capacitor as energy transfer elements [8], but
under wide variations in output voltage and current, this topol-
ogy undergoes hard switching in certain operating regions and
causes switching loss that deteriorates converter’s performance
in terms of efficiency. Hard switching in the conventional DAB
converter is mainly due to the out-of-phase relationship between
the series resonant tank’s current and bridge voltages [9]. There
is an increase in the trend of high-frequency operation of the
DAB converter due to the rise of new semiconductor devices
with extremely low gate charge such as SiC (Silicon-Carbide)
and GaN (Gallium-Nitride) [11], [12]. When operating at high
frequencies, these devices can suffer from excessive switching
loss.

Many modulation methods and converter topologies have
been proposed to extend soft-switching region but they cover

See http://www.ieee.org/publications standards/publications/rights/index.html for more information.
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Fig. 2. Conventional DAB converter based on an LC -type series resonant tank.

only limited operating regions. Single-phase-shift modulation
is used in [8] for the design of the LC-type series resonant DAB
converter. It uses one degree of freedom to modulate power
and fails to provide full-range soft switching especially un-
der light-load condition and nonunity voltage gain operation.
In order to reduce circulating current, an extended-phase-shift
(EPS) modulation is introduced in [13]–[15], which uses an
internal-phase-shift within the primary or secondary bridges,
and an external-phase-shift between the primary and secondary
bridges of a DAB converter for power modulation. Investigation
of zero-voltage switching (ZVS) and non-ZVS operating regions
under dual-phase-shift (DPS) modulation has been presented
in [16] and is implemented in [17]–[19]. Power characterization
of a DAB converter using triple-phase-shift (TPS) is presented
in [20]–[22]. With EPS, DPS, and TPS, however, soft switch-
ing can only be achieved for certain operating regions and also
at the cost of complex modulation schemes. Fundamental duty
modulation (FDM) and fundamental-optimal strategy based on
fundamental component analysis (FCA) are explained in [23]
and [24], which also achieve ZVS of all switches under certain
operating regions only. The main objective of FDM based on
FCA is to reduce circulating current and computational com-
plexities involving online and offline calculations as proposed
in [15], [20], and [21].

In this paper, an LC-type series resonant DAB converter
incorporating a switch-controlled inductor (SCI) is proposed
to achieve soft switching for wide-range variations in output
voltage and current. ZVS at the primary side (high voltage) and
zero current switching (ZCS) at the secondary side (low voltage)
are achieved for charging/discharging a 48-V supercapacitor
module from a 400-V dc bus. ZCS is preferred over ZVS at
the secondary side, where high current flows, to avoid excessive
ringing and current surge due to circulating current arising from
the out-of-phase relationship between bridge voltage and tank
current at the secondary side leading to significant energy stored
in parasitic inductances [10], [25]. When designing the proposed
converter, conduction loss has been minimized by choosing the
nominal operating point that gives the minimum root-mean-
square (rms) resonant tank current at the maximum value of
output current over the entire range of voltage conversion ratio.
In Section II, both the conventional LC-type series resonant

DAB converter and the proposed topology based on an SCI are
analyzed to identify their ZVS and ZCS conditions. To reduce
conduction loss, the design of nominal operating point with
the minimum rms tank current is explained in Section III. The
design of experimental prototype, simulation, and experimental
results for charging/discharging a supercapacitor module are
presented in Section IV. Finally, concluding remarks are given in
Section V.

II. ANALYSIS OF CONVENTIONAL AND PROPOSED

DAB TOPOLOGY

A. Conventional Topology Based on an LC Series
Resonant Tank

A conventional LC-type series resonant DAB converter is
shown in Fig. 2. Switches S1–S4 form the primary side of the
converter and are modulated to generate vp(t). The secondary
side of the converter, which is composed of Q1–Q4 , generates
a phase-shifted vs(t) as shown in Fig. 4. The magnitude and
direction of power flow are determined by the phase shift θ be-
tween vp(t) and v′

s(t). Power is assumed to be transferred by the
fundamental components of the resonant tank current and bridge
voltages, which leads to simplified analytical expressions of re-
sults [23]. Therefore, FCA is used to determine the converter’s
behavior, and an equivalent circuit along with the corresponding
phasor diagrams showing the voltages and currents of interest
are shown in Fig. 3. The respective equations for the primary-
reflected resonant tank current and bridge voltages are given
by (1)–(3)

vp(t) =
4Vp

π
sinωt (1)

v
′
s(t) =

4MVp

π
sin(ωt − θ) (2)

ip(t) =
4Vp

πX
(− cos ωt + M cos(ωt − θ)) (3)

where M = nVs

Vp
, X = ωL − 1

ωC , θ is the phase shift between

vp(t) and v
′
s(t), and n is the transformer’s turn ratio.

1) Required Soft-Switching Conditions: From Fig. 2, in or-
der to achieve ZVS operation during the switching instances of



YAQOOB et al.: EXTENSION OF SOFT-SWITCHING REGION OF DUAL-ACTIVE-BRIDGE CONVERTER BY A TUNABLE RESONANT TANK 9095

Fig. 3. (a) Equivalent circuit of the conventional DAB converter. (b) Phasor representation for hard switching. (c) Phasor representation for soft switching.

Fig. 4. Operating waveforms of the DAB converter based on an LC -type series resonant tank. (a) Hard switching. (b) Soft switching.

S1 and S4 , the corresponding body diodes should conduct before
S1 and S4 are turned ON, implying that ip(t) must be negative
when S1 and S4 are turned ON. As for the secondary side, ip(t)
must be positive to achieve ZVS and zero for ZCS when Q1
and Q4 are turned ON. Similarly, for S2 and S3 , ip(t) should be
positive, and negative or zero for Q2 and Q3 . Operating wave-
forms depicting hard-switching and soft-switching behavior of
the conventional DAB converter are shown in Fig. 4. Thus, eval-
uating (3) at ωt = 0 (i.e., when S1 and S4 are turned ON) and
θ (i.e., when Q1 and Q4 are turned ON) lead to the required
conditions for achieving ZVS for the primary-side switches and
ZVS/ZCS for the secondary-side switches

ip(0) =
4Vp

πX
(−1 + M cos θ) < 0 ⇒ cos θ <

1
M

(4)

ip

(
θ

ω

)
=

4Vp

πX
(− cos θ + M) ≥ 0 ⇒ θ ≥ cos−1 M. (5)

On the primary side, the required condition can be met for all
M ≤ 1 by ensuring

nVs (m a x )

Vp
≤ 1, but from (5), it can be seen

that the secondary-side switches will experience hard switching
for wide-range variations in M and θ.

B. Proposed Topology Based on an SCI

The proposed topology of the DAB converter and the cor-
responding FCA-based equivalent circuit are shown in Figs. 5
and 6, respectively. It can be seen that the SCI is inserted at the
secondary side to split the secondary-reflected current nip(t)
into is(t) and isci(t), and their relationship is given by

is(t) =
n4Vp

πX
(− cos ωt + M cos(ωt − θ)) − isci(t). (6)

The general description and working principle of the SCI have
been discussed in [26] and operating waveforms illustrating the
use of an SCI in the proposed topology are shown Fig. 7. The
phase shift β between the voltage across the SCI (i.e., vs(t)) and
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Fig. 5. Proposed topology based on an SCI.

Fig. 6. (a) Equivalent circuit of the proposed DAB converter. (b) Phasor representation for ZCS. (b) Phasor representation for ZVS.

Fig. 7. Operating waveforms of the SCI for its use in DAB converter. (a) Firing-angle β = 90◦. (b) Firing-angle 90◦ < β < 180◦. (c) Firing-angle β = 180◦.
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Fig. 8. (a) Ip ,rm s ,p .u /Io ,p .u versus M for different choices of nominal operating points θ. (b) Average values of Ip ,rm s ,p .u /Io ,p .u versus θ within given range
of M .

Fig. 9. (a) Variation of the output current Io ,p .u with respect to change from nominal operating point θ. (b) Operating region of the proposed DAB converter’s
topology.

the driving signal for Ta determines the effective inductance,
and hence, the current isci(t) flowing through Lsci . Setting β =
90◦ gives the maximum isci(t) and minimum effective effective
inductance of Lsci and at β = 180◦ SCI becomes inactive with
isci(t) = 0 and Lsci → ∞.

1) Required Soft-Switching Conditions: The required condi-
tion to achieve ZVS at the primary side would remain the same,
whereas the condition for achieving ZVS/ZCS at the secondary
side is given by

is

(
θ

ω

)
=

n4Vp

πX
(− cos θ + M) − I ′sci ≥ 0 (7)

where I ′sci is the peak value of the current flowing through SCI,
which occurs at the zero crossing of vs(t) (i.e., t = θ

ω ) and is
given by

I
′
sci =

Vs

2πfLsci
(β − π) (8)

where T is the switching period.
The required β to achieve ZVS/ZCS is given by (9) and the

corresponding phasor diagrams are shown in Fig. 6

β ≤ 8n2fLsci

X
− 8n2fLsci cos θ

MX
+ π. (9)
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TABLE I
SPECIFICATIONS OF THE CONVERTER PROTOTYPE

Input voltage Vi 400 V
Output voltage Vo 10–48 V
Transformer ratio n 8.3
Proposed resonant tank (L , C , and L s c i ) (753 μH , 6.6 nF , and 4.71 μH)
Switching frequency fs 100 kHz
Maximum rated output current Io 10 A
Maximum rated output power Pav g , o 480 W
Primary-side IGBTS STGW19NC60WD (600 V, 19 A)
Secondary-side and SCI MOSFETs FDPF085N10A (100 V, 40 A, 6.5 mΩ)
Gate drivers Infineon 2ED020I12-F2
Inductor’s core shape and material FC3 Ferrite (ETD-44 Core)
Transformer’s core shape and material FC3 Ferrite (ETD-44 Core)
Supercapacitor Maxwell Technologies (48 V, 83 F)
Controller 32-bit ARM Cortex-M3 PSoC 5LP by Cypress Semiconductor
Voltage and current sensors LEM Sensors (LV25-P and LA55-P)

Fig. 10. Simulation results. (a) Charging with Vp = 400 V, Vs = 14 V, Io = 9.75 A, M = 0.29, θ = 60◦, β = 134.2◦, Ip ,rm s = 1.36 A, Is ,rm s = 11.2 A,
and Isci,rm s = 1.25 A. (b) Charging with Vp = 400 V, Vs = 30 V, Io = 4.83 A, M = 0.625, θ = 25.7◦, β = 151.8◦, Ip ,rm s = 0.77 A, Is ,rm s = 6.13 A,
and Isci,rm s = 1.35 A. (c) Charging with Vp = 400 V, Vs = 45 V, Io = 2.72 A, M = 0.937, θ = 15.1◦, β = 180◦, Ip ,rm s = 0.36 A, Is ,rm s = 3 A, and
Isci,rm s = 0 A.

Furthermore, it can be seen from Fig. 7 that the switches
Ta and Tb are both turned ON and turned OFF at zero current
[26], hence ZCS is always achieved in the SCI switches. The
initial fixed value of Lsci is obtained from (9) by keeping the
SCI’s firing angle β = 90◦ at the required minimum M and θ to
produce the required output current. More explanation will be
given in Section IV.

The selection of the nominal operating θ for the conventional
DAB converter lies in the range of 0–90◦, but under wide-range
variations in the output voltage and current, there is a need to
operate with low conduction loss (i.e., minimum rms value of
the primary-side resonant tank current under the specified range
of M ). The selection of nominal operating point θ for reduced
conduction loss is discussed in the next section.

III. DESIGN OF NOMINAL OPERATING POINT FOR REDUCED

CONDUCTION LOSS AT MAXIMUM OUTPUT CURRENT

In the following analysis, normalized variables (i.e., per-unit
values) are used to generalize the results for all power levels. To
perform FCA in normalized form, the following base values are
used: VB = Vp, ZB = n2(Vo/Io) and IB = VB /ZB . Equations

(10)–(12) give the normalized forms of (1)–(3) for a generalized
analysis

vp,p.u(t) =
4
π

sin ωt (10)

v
′
s,p.u(t) =

4M

π
sin(ωt − θ) (11)

ip,p.u(t) =
4

πXp.u
(− cos ωt + M cos(ωt − θ)) (12)

where Xp.u = X/ZB .
The rms value of the primary-side resonant tank current

ip,p.u(t) is derived from (12) by setting its first derivative to
zero and dividing the peak tank current by

√
2, and the result is

given by

Ip,rms,p.u =
4

πXp.u
√

2
(− cos ωptp + M cos(ωptp − θ))

(13)
where ωptp is given by

ωptp = tan−1
( −M sin θ

1 − M cos θ
+ π

)
. (14)
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Fig. 11. Hardware realization of the proposed DAB converter topology.

Fig. 12. Experimental results for charging at Vp = 400 V, Vs = 14 V, Io = 9.30 A, M = 0.29, and θ = 60◦. (a) Without SCI, efficiency = 77.9%, Ip ,rm s =
10.2 A, Is ,rm s = 10.1 A, and Isci,rm s = 0 A. (b) With SCI, β = 133.8◦, efficiency = 78.5%, Ip ,rm s = 10.3 A, Is ,rm s = 10.2 A, Isci,rm s = 0.35 A, and
total power loss of SCI Ptot ,sci = 0.5 W [27], [28].

The instantaneous and average output power being transferred
from the primary side to the secondary side of the DAB converter
can be evaluated from either side of the resonant tank and the
results are given by

Pint,p.u(t) = vp,p.u(t)ip,p.u(t)

=
−16

π2Xp.u
(sin ωt cos ωt − M sin ωt cos(ωt − θ))

(15)

Pavg ,p.u =
1
2π

∫ 2π

0
vp,p.u(t)ip,p.u (t)

=
8M

π2Xp.u
sin θ. (16)

The rated per-unit output current Io,p.u can also be obtained
from (16) by dividing the per-unit average output power by the
per-unit output voltage. It can be seen from (17) that Io,p.u is
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Fig. 13. Experimental results for charging at Vp = 400 V, Vs = 30 V, Io = 4.9 A, M = 0.625, and θ = 26◦. (a) Without SCI, efficiency = 88.73%,
Ip ,rm s = 6.03 A, Is ,rm s = 6.05 A, and Isci,rm s = 0 A. (b) With SCI, β = 150◦, efficiency = 90.38%, Ip ,rm s = 6.21 A, Is ,rm s = 5.96 A, Isci,rm s =
1.55 A, and total power loss of SCI Ptot ,sci = 1.6 W [27], [28].

Fig. 14. Experimental results for charging at Vp = 400 V, Vs = 45 V, Io = 3.1 A, M = 0.937, and θ = 16.6◦. (a) Without SCI, efficiency = 91.80%,
Ip ,rm s = 3.40 A, Is ,rm s = 3.41 A, and Isci,rm s = 0 A. (b) With SCI, β = 175◦, efficiency = 94.3%, Ip ,rm s = 3.50 A, Is ,rm s = 3.47 A, Isci,rm s =
0.33 A, and total power loss of SCI Ptot ,sci = 0.49 W [27], [28].
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Fig. 15. Experimental results for discharging at Vp = 400 V, Vs = 35 V, Io = 4.0 A, M = 0.73, and θ = −22.0◦. (a) Without SCI, efficiency = 90.25%,
Ip ,rm s = 5.01 A, Is ,rm s = 5.02 A, and Isci,rm s = 0 A. (b) With SCI, β = 155◦, efficiency = 91.57%, Ip ,rm s = 5.07 A, Is ,rm s = 4.70 A, Isci,rm s =
1.59 A, and total power loss of SCI Ptot ,sci = 1.63 W [27], [28].

independent of the output voltage

Io,p.u =
8

π2Xp.u
sin θ. (17)

In the proposed topology, the impedance Xp.u is fixed, M is
dependent on the output voltage, and θ is used to control the out-
put current. The per-unit rms tank current Ip,rms,p.u expressed
in terms of Io,p.u can be evaluated by substituting Xp.u from
(17) into (13) and the result is given by

Ip,rms,p.u

Io,p.u
=

π

2
√

2 sin θ
(− cos ωptp + M cos(ωptp − θ)).

(18)
From (18), the normalized behavior of Ip,rms,p.u/Io,p.u with

respect to variations in M can now be analyzed and their quan-
titative relationship is plotted in Fig. 8(a) using (18). Again the
normalization ensures that the result and any conclusion that
it leads to will hold for all power levels. It is apparent from
Fig. 8(a) that a desired nominal operating point with reduced
conduction loss can be chosen by identifying the value of θ
that gives the minimum average value of Ip,rms,p.u/Io,p.u over
a given range of M , as shown in the following equation:

(
Ip,rms,p.u

Io,p.u

)
avg

=
1

Mmax − Mmin

∫ Mm a x

Mm in

Ip,rms,p.u

Io,p.u
dM.

(19)

IV. SIMULATION AND EXPERIMENTAL RESULTS

In order to verify the feasibility of the proposed idea, a DAB
converter based on an SCI is designed to charge/discharge a
supercapacitor with a variation of M from 0.208 to 0.83. The
nominal operating point with reduced conduction loss over the
given range of M can be obtained by plotting (19) against dif-
ferent values of θ as shown in Fig. 8(b) and such an operating
point is identified to be that with θ = 60o or 1.047 rad. Hence,
θ = 60o is used to calculate the value of Xp.u required to de-
liver the maximum rated per-unit output current. From (17),
the desired value of Xp.u is 0.7019 Ω and using this value of
Xp.u , the variation of the per-unit output current with respect
to θ is plotted using (17) and is shown in Fig. 9(a). It can be
seen that the maximum value of Io,p.u occurs at the selected
nominal operating point and θ should be decreased to reduce
the output current, which is usually needed when it is required
to charge/discharge supercapacitor slowly or as its voltage ap-
proaches the rated maximum value (i.e., 48 V). Fig. 9(a) also
compares the output current calculated using (17) to that gen-
erated by circuit simulation, where the actual current waveform
is considered. The close agreement between the two results im-
plies that the error incurred by applying FCA is small and power
is mainly transferred by the fundamental component of the tank
current.

The specifications of the proposed topology are given in
Table I based on which the required base values are VB = 400 V
and ZB = n2(V 2

o /Po) = 330.67 Ω. The equivalent impedance
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Fig. 16. Experimental results for charging at Vp = 400 V, Vs = 35 V, Io = 4.2 A, M = 0.73, and θ = 20.2◦. (a) ZCS, β = 161◦, efficiency = 92.40%,
Ip ,rm s = 5.04 A, Is ,rm s = 4.91 A, and Isci,rm s = 0.97 A. (b) ZVS, β = 154◦, efficiency = 90.80%, Ip ,rm s = 5.04 A, Is ,rm s = 4.89 A, Isci,rm s =
1.44 A, and total power loss of SCI Ptot ,sci = 1.5 W [27], [28].

of the LC series resonant tank is X = Xp.uZB = 232.1 Ω.
The value of Lsci is chosen to be 4.71 μH with M = 0.2083
(Vo = 10 V) at the maximum rated output current of Io = 10 A
and β = 90◦.

The hard-switching region covered by the chosen Lsci is
shown in Fig. 9(b) plotted using (9) and the Region A above
the green curve undergoes soft switching by naturally meeting
the required condition of (5). The relatively small adjustable
Region C (i.e., depends on Lsci) under the gridded Region B
corresponds to the low output current Io at low voltage that is
not covered by the SCI designed previously as supercapacitor
does not typically operate in this region and ZCS can be trig-
gered with the aid of the energy stored in the MOSFETs’ para-
sitic inductances during hard-switching operation at low output
voltages [9]. During hard switching at low voltages, there will
still be ringing due to reverse recovery effects but the losses
are relatively low because of small reverse recovery charge and
parasitic inductances limit the slew rate of the currents through
the secondary-side MOSFETs as shown in Fig. 12 [9], [10]. If
needed the value of Lsci can be redesigned to extend the soft-
switching region to Region C at the expense of increased Isci ,
and hence, conduction loss in the SCI switches.

A. Simulation Results

The proposed DAB converter is simulated using PSIM and
the main operating waveforms are shown in Fig. 10. Fig. 10(a)
corresponds to the case of charging the supercapacitor at a

voltage of 14 V with the maximum rated output current of
10 A, while Fig. 10(b) and (c) represents the cases of charg-
ing with reduced output current as the supercapacitor’s voltage
approaches its rated value of 48 V. It is evident that ZVS is
achieved for the primary-side switches and ZCS is achieved for
the secondary-side switches for the depicted values of M and
Io . It can be seen in Fig. 10(c) that the SCI essentially becomes
inactive and ip(t) becomes identical to is(t) as the DAB con-
verter can achieve natural soft switching at increased values of
M and Io by operating in Region A of Fig. 9(b). Under this
condition, the proposed SCI-based DAB converter reverts to the
conventional LC-type series resonant DAB converter with the
SCI’s firing-angle β approaching 180◦, the effective inductance
Lsci approaching ∞ and isci(t) tending to zero as shown in
Fig. 10(c).

B. Experimental Results

The hardware prototype of the proposed SCI-based DAB con-
verter topology with the specifications given by Table I is shown
in Fig. 11. The primary-side or high-voltage-side switches are
realized by IGBTs, and MOSFETs are used for the secondary-
side or low-voltage-side switches. Programmable system-
on-chip (PSoC) is used to generate the required pulsewidth
modulation signals for the switches and to adjust the firing angle
of SCI based on the sensed output voltage and current. The mea-
sured waveforms of vp(t), vs(t), ip(t), is(t), and isci(t) with SCI
and without SCI are shown in Figs. 12–14. Fig. 12 (M = 0.29
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Fig. 17. Measured efficiencies of the DAB converter with and without the
use of an SCI at M and θ falling within the conventional hard-switching region
(i.e., region B) shown in Fig. 9(b).

and Io = 9.30 A) depicts the case in which the improvement in
efficiency by using an SCI is less significant, since at relatively
low output voltages, the energy stored in parasitic inductances
of the secondary-side MOSFETs are generally large enough to
initiate partial ZCS even under the condition of hard switching
[9]. A lower efficiency of 91.80% (M = 0.937 and Io = 3.1 A)
is achieved without the use of an SCI as compared to 94.3% with
the use of an SCI and is shown in Fig. 14. As shown in Fig. 13
(M = 0.625 and Io = 4.9 A), a higher efficiency of 90.38% is
obtained due to the use of an SCI and 88.73% without the use
of it. Discharging of the supercapacitor with and without the
use of an SCI is given in Fig. 15, which shows the effectiveness
of the proposed topology for reverse power flow as well.

The measured waveforms show that ZVS and ZCS are
achieved for the primary-side and secondary-side switches, re-
spectively. The reason for avoiding ZVS at the secondary-side
switches is to reduce circulating current and parasitic-induced
ringing as shown in Fig. 16. The minor difference between the
simulated and measured output current Io is due to the conduc-
tion loss caused by the parasitic resistances of semiconductor
devices, copper loss, and phase-drift phenomenon caused by the
dead-time between two complementary switches in the bridge
legs. Converter efficiencies with and without the use of an SCI
for the values of M and θ that fall into the conventional hard-
switching region are plotted in Fig. 17. The increase in efficiency
with increasing M can be explained by the fact that, at lower
M , and hence, at lower output power (since the output current is
constant and depends on θ only), the conduction loss due to the
parasitic resistances of semiconductor devices and PCB traces

are constant for a given output current and poses more weight
in efficiency as compared to the cases of higher M .

V. CONCLUSION

DAB converter operating at high frequency can experience
significant switching loss due to hard switching. A modified
topology of the DAB converter is proposed to achieve ZVS
and ZCS for the primary-side and secondary-side switches, re-
spectively, over wide-range variations in the output current and
output voltage. The proposed topology utilizes the SCI in such
a way that the required ZVS and ZCS conditions are met in
the conventional hard-switching region. The nominal operating
point is chosen to minimize conduction loss over a wide range
of M for improving system’s efficiency. To check the feasibility
and validity of the proposed topology and its design method,
simulation and experimental results at different values of su-
percapacitor’s output voltages and output charging/discharging
currents are presented, where a maximum efficiency of 94.6%
is obtained.
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