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Abstract—In applications of the dual-active bridge (DAB) con-
verters, minimizing circulating current and maximizing zero-
voltage switching (ZVS) capability are crucial to ensure high ef-
ficiency and reliable operation. To address these challenges, this
article proposes an optimal triple-phase-shift modulation scheme
for the DAB converter. The proposed scheme minimizes rms cur-
rent and achieves ZVS with minimal increase in circulating current
across the entire load range. Building on previous modulation
strategies, this article introduces a comprehensive ZVS analysis.
It establishes precise ZVS criteria by rigorously accounting for
the nonlinear voltage characteristics of parasitic MOSFET capac-
itances and the dynamic circuit behavior during the dead time,
factors often simplified or overlooked in prior approaches. Using
nonlinear optimization constrained by these precise ZVS criteria,
the proposed modulation scheme guarantees a wide ZVS range
without requiring excessive circulating current for complete ZVS,
significantly reducing both switching and conduction losses. For
experimental validation, a 20 kW/50 kHz SiC-based DAB converter
was built, where the converter achieved a peak efficiency of 98.8%,
thereby confirming the effectiveness of the proposed method.

Index Terms—Dual-active bridge (DAB), dynamic circuit behav-
ior, triple-phase-shift (TPS), zero-voltage switching (ZVS).

I. INTRODUCTION

DUAL-ACTIVE bridge (DAB) is a dc–dc converter topol-
ogy utilized in high-power applications [1], known for its

bidirectional power transfer capability and galvanic isolation.
With its wide voltage conversion range and flexibility in power
flow direction, the DAB offers significant advantages in appli-
cations where high efficiency and high power density is crucial,
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such as electric vehicle (EV) charging, interfacing with energy
storage systems, and dc distribution systems.

The operation and resulting efficiency of the DAB are closely
related to the modulation strategy. From single-phase-shift
(SPS) modulation, which simply adjusts the phase-shift angle
between the two full bridges [2], [3], the control methods
of the DAB have evolved to offer greater controllability. The
dual-phase-shift (DPS) [4], [5] and extended-phase-shift [6],
[7] modulation schemes both utilize two degrees of freedom
(DOF), while triple-phase-shift (TPS) modulation employs three
DOFs to control the phase-shift angle and the duties of both
full-bridges [8]. Additional DOFs can be achieved by varying
the frequency [9], [10] or adopting asymmetric modulation [11],
although these approaches increase computational complexity
and challenges in practical implementation. TPS modulations,
in particular, have been extensively studied, with optimization
of the three DOFs for various objectives to improve efficiency.

Efficiency can be primarily enhanced by overcoming large
circulating current and loss of zero-voltage switching (ZVS)
under unmatched voltage gain and light- to medium-load condi-
tions [12]. Literature has explored TPS modulation schemes to
minimize circulating current based on optimization [13], [14],
[15], [16], [17], [18], [19], [20], [21], [22], [23], [24], [25],
[26], [27], [28], [29], [30]. To reduce the circulating current,
it is crucial to select an appropriate parameter indicating the
amount of it, such as power loss [13], [14], reverse power [27],
rms value of the inductor current [16], [17], [18], [19], [20],
[21], [22], [23], current stress [24], [25], [26], [27], [28], and
multiobjective optimization combining several metrics [30].
Optimal modulation parameters that minimize such objectives
are derived either through analytic derivation using Lagrange
multiplier method [13], [15], [18], [19], [20], [21], [23], [24],
[25], [26], [27], [28] or through numerical optimization [14],
[16], [17], [22], [30]. Among these optimization targets, the
inductor rms current is directly related to conduction loss, which
constitutes a significant portion of the total loss [23]. However,
optimizing rms current leads to a complicated, nonconvex op-
timization problem, whereas using peak current stress as the
objective simplifies both calculation and optimization [25]. To
effectively address this challenge, this article adopts a numerical
optimization approach, ensuring greater accuracy and practical-
ity in rms current optimization.
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Based on the loss analysis presented in [15], switching losses
contribute significantly to the overall losses, particularly under
light-load conditions, in addition to conduction losses. Although
zero-current switching (ZCS) can be achieved with rms-current-
minimized approaches [15], [16], [17], [22], achieving ZVS is
preferred over ZCS for MOSFET-based switching converters
due to the considerable stored energy that results from parasitic
capacitances [31]. Furthermore, smoothed voltage waveforms
under accomplishment of the ZVS can suppress high-frequency
crosstalk and electromagnetic compatibility issues [21]. Conse-
quently, numerous studies have incorporated ZVS constraints
into the optimization process of TPS modulation to expand the
ZVS range of the DAB [14], [18], [19], [20], [21], [23], [24],
[25], [26], [28], [29], [30].

Achieving ZVS in switches comes at the cost of increased cir-
culating current. Therefore, it is crucial to minimize the turn-OFF

current required to discharge the MOSFET parasitic capacitance
and realize complete ZVS, commonly referred to as “ZVS-
current” [21]. In this article, techniques for calculating ZVS-
current and establishing the ZVS boundary are revisited through
a detailed review of previous works. The simplest method for
determining the ZVS boundary considers only the direction of
the turn-OFF current [26], [28], which neglects the influence
of parasitic capacitances. Determining the ZVS-current solely
based on inductive energy or capacitive charge [18], [19], [20],
[24], [30] may still yield inaccurate results. To refine the ZVS
boundary calculations, the effects of the secondary-side circuitry
are incorporated in [10] and [14]. However, these studies omit
the impact of dead time, which, if too short, can prevent complete
ZVS, or if too long, can cause re-resonance. Dead-time control,
proposed in [25], addresses this issue by factoring in the effect of
dead time to achieve ZVS. Although it eliminates unnecessary
circulating current during antiparallel diode commutation, the
complexity of dead-time control poses challenges for practical
implementation. Recent works [11], [21], [23], [32] further
investigate current commutation during the dead time. However,
these studies overlook the time-dependent dynamic behavior of
the circuit during dead time, such as the nonlinear drain-source
voltage dependence of MOSFET parasitic capacitances. By sim-
plifying circuit operation during this period, these approaches
introduce excessive margins in optimizing ZVS-current, limiting
the accuracy of ZVS constraints and expansion of the ZVS
region.

To address the lack of comprehensive analysis in establishing
an accurate ZVS boundary for enhanced efficiency, this article
introduces an optimal TPS modulation scheme combined with
an in-depth ZVS analysis for the practical realization of complete
ZVS. The key contributions of this work are as follows.

1) This article presents a comprehensive quantitative analysis
of dynamic circuit behavior during dead time. Accurate
ZVS constraints are derived by considering dead time
effects, MOSFET parasitic capacitances, and switch be-
havior across various operating conditions.

2) An optimal TPS modulation scheme is proposed to min-
imize rms current while ensuring ZVS. This approach
reduces conduction and switching losses, expands the
ZVS region across a wide range of loads and operating
voltages, and improves overall efficiency.

Fig. 1. Circuit diagram of the DAB converter.

Fig. 2. (a) Equivalent circuit diagram of DAB. (b) AC voltage waveforms of
H1 and H2 for the DAB under TPS modulation.

3) The proposed method is experimentally validated across
a broad operating voltage range and up to a rated power
of 20 kW. A detailed analysis of the results confirm its
effectiveness and practical advantages.

The rest of this article is organized as follows. Section II
describes the operating principles of the DAB converter un-
der TPS modulation. Section III provides a detailed analysis
of ZVS operation, establishing the requirements for achieving
complete ZVS and introducing a piecewise approximation of
inductor current during dead time for precise calculation of the
ZVS-currents. Section IV presents the proposed TPS modula-
tion scheme, which enhances ZVS and minimizes rms current.
Section V experimentally validates the proposed method using
a 20 kW DAB prototype, demonstrating its effectiveness across
diverse operating conditions. Finally, Section VI concludes this
article.

II. OPERATING PRINCIPLES OF THE DAB CONVERTER WITH

TPS MODULATION

This section discusses the operation principles of the DAB
converter under TPS modulation. The DAB consists of two
full-bridge circuits connected via a high-frequency transformer,
as illustrated in Fig. 1. The dc voltages on the primary and
secondary sides are denoted as Vp and Vs, respectively. The
leakage inductance referred to the primary side and turns ratio of
the transformer are denoted as L and n. A simplified equivalent
circuit of the DAB is shown in Fig. 2(a). In TPS modulation,
as depicted in Fig. 2(b), the power transferred through the
DAB is controlled by three variables: The duty cycles of both
full-bridges, Dp and Ds, and the phase-shift ratio between the
two full bridges, Dφ.
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The rest of this section presents both time-domain and
frequency-domain analyses, deriving useful expressions for the
nonlinear optimization discussed in Section IV.

A. Time-Domain Analysis of DAB Operation

Through time-domain analysis, the operating modes of the
DAB converter are categorized based on their voltage and current
waveforms [16], [33]. Building on the literature, this article
introduces five operating modes with low circulating currents:
Modes I, II, III, IV, and V. For each mode, the inductor current
at switching instants and the relationships between modula-
tion parameters are detailed in this section, forming the basis
for defining the operating mode and ZVS constraints in the
optimization problem discussed in Section IV. The operating
waveform under each mode is illustrated in Fig. 3 for both
buck- and boost-type operation. In this section, only buck-type
powering operation is addressed, where Dp ≤ Ds and Dφ > 0,
without loss of generality.

In each mode, as in Fig. 3, the current at the switching of
a switch Sxy is denoted as either −Ixy (primary) or Ixy (sec-
ondary), with Ixy defined to be positive when ZVS is achieved.
Here, “x” can be either “p” (for primary) or “s” (for secondary),
and “y” can be any of {1, 2, 3, 4}, as illustrated in Fig. 1. To be
specific, Sp1 and Sp4 are turned ON at the positive and negative
rising edges of vp, respectively, while Ss1 and Ss4 are turned ON

at the corresponding rising edges of nvs.
As depicted in Fig. 3, the operating mode transitions from

mode I to mode V as the output power increases, evolving
from light-load to heavy-load operation. Three distinct operating
regions are defined based on the number of switches achieving
ZVS and the output power level as follows.

1) Light-Load Operation: In the light-load region, the DAB
operates in modes I and II, achieving ZVS for all switches
(referred to as “all-ZVS”). The switch currents, Ip1,
Ip4, Is1, and Is4, can take positive values, as shown in
Fig. 3(a)–(d). As power increases, Ds reaches 0.5 as in
Fig. 3(c), and the operating mode is switched from mode
I to mode II.

2) Medium-Load Operation: In the medium-load region, the
DAB operates in modes II and III, achieving ZVS for up
to six switches (referred to as “six-ZVS”). While mode II
ensures all-ZVS under light-load operation, this becomes
infeasible as the load increases. A detailed analysis of the
ZVS capabilities in modes II is provided in Section IV.
As the load further increases as in Fig. 3(e), the operating
mode shifts to mode III when the positive rising edges
of vp and nvs coincide as Dφ increases. Since −Ip1, Is1,
and Is4 are equal, the operation with mode III leads to
the loss of ZVS capability for the corresponding switches.
Therefore, all-ZVS is intrinsically impossible to achieve
with mode III operation. Either six switches can fulfill
ZVS if Ip1 is negative, or four switches can fulfill ZVS
(referred to as “four-ZVS”) if Is1 and Is4 are negative.
Fig. 3(e) and (f) show the six-ZVS case, which is adopted
for the proposed modulation scheme.

Fig. 3. Operating waveforms of ac voltages and inductor current under buck-
type and boost-type operation modes. (a) Mode I-Buck. (b) Mode I-Boost.
(c) Mode II-Buck. (d) Mode II-Boost. (e) Mode III-Buck. (f) Mode III-Boost.
(g) Mode IV-Buck. (h) Mode IV-Boost. (i) Mode V-Buck. (j) Mode V-Boost.

3) Heavy-Load Operation: In the heavy-load region, the
DAB operates in modes IV and V, where all-ZVS is achiev-
able as power increases, as illustrated in Fig. 3(g)–(j).
When the positive rising edge of vp leads that of nvs as
Dφ increases as in Fig. 3(g), the operation is altered from
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TABLE I
CATEGORIZATION OF STEADY-STATE OPERATING MODES AND EXPRESSIONS OF INDUCTOR CURRENTS

modes III to IV. As depicted in Fig. 3(i),Dp increases until
it reaches 0.5 and the DAB starts to operate in mode V,
which is in fact referred to as SPS modulation in literature.

The constraints for each mode and the inductor currents
normalized to Vp

2fsL
are summarized in Table I for both buck-

and boost-type operations, where M denotes the voltage ratio,
nVs/Vp, and fs refers to the switching frequency. A detailed
discussion of practical ZVS capability in each operating region
is provided in Section IV, based on the derived mode constraints
and inductor currents.

B. Frequency-Domain Analysis of DAB Operation

To formulate a nonlinear optimization problem for mini-
mizing rms current, frequency-domain analysis is employed to
derive expressions for rms current and power. These frequency-
domain equations are presented in simplified forms, offering
greater consistency compared to the time-domain expressions,
which vary across operating modes. This simplification facili-
tates the nonlinear optimization process.

In the frequency domain, the voltage and current phasors of
the DAB are expressed as the sum of harmonic components.
The hth harmonic components of the ac voltage and current are
expressed as follows:

�Vp,h =
4Vp

hπ
sin(Dphπ) sin(0.5hπ) (1)

�Vs,h =
4MVp

hπ
sin(Dshπ) sin(0.5hπ)e

−jDφh2π (2)

�IL,h =
�Vp,h − �Vs,h

j2πhfsL

=
2Vp sin(0.5hπ)

L(hπ)2fsj

[
sin(Dphπ)−M sin(Dshπ)e

−jDφh2π
]

(3)

where all expressions of the voltage and current phasors are
referred to the primary side, as shown in Fig. 2(a).

The total rms value of the current is calculated as follows:

I2L,rms =
∞∑

h=1,3,···

∣∣�IL,h

∣∣2/2. (4)

The hth harmonic active power is calculated using (1) and (3)
as follows:

Ph =
Re(�Vp,h · �IL,h)

2

=
4MV 2

p sin(Dphπ) sin(Dshπ) sin(Dφh2π)

L(hπ)3fs
. (5)

The power and rms current of the DAB can be approximated
using harmonic component analysis for simplicity of the ex-
pressions. For accurate approximation, harmonic components
of current and transferred power are calculated considering up
to the 3rd and 5th harmonics, respectively [22], as follows:

I2L,rms
∼=

∑
h=1,3

∣∣�IL,h

∣∣2
2

=

∣∣�IL,1

∣∣2 + ∣∣�IL,3

∣∣2
2

(6)

Po
∼=

∑
h=1,3,5

Ph = P1 + P3 + P5. (7)

III. COMPREHENSIVE ZVS ANALYSIS FOR WIDE ZVS RANGE

This section presents a comprehensive analysis of ZVS op-
eration, deriving accurate ZVS-current requirements using a
proposed approximation of inductor current. As discussed in
the previous section, achieving all-ZVS across the entire load
range of the DAB is infeasible. To extend the ZVS region and
minimize the required inductor current, it is essential to establish
precise criteria for the ZVS capability of the switches. Hence,
it is crucial to determine accurate ZVS-current, the minimum
current required at turn-OFF to fulfill complete ZVS operation.

The section begins by examining the dynamic circuit behavior
during dead time, assuming no voltage drop across the antipar-
allel diodes. Given that the magnetizing inductance of the trans-
former, denoted as Lm, is typically much larger than the leakage
inductance, its effect is considered negligible. The conditions
necessary for ZVS are then identified. By comprehensively
integrating these requisites into the analysis, the ZVS-current is
computed using the proposed approximation, enabling a more
precise and practical assessment of ZVS feasibility.
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Fig. 4. Dynamic behavior of the DAB circuit during the dead time.
(a) Transient voltages and current throughout the dead time. (b) Resonance
between leakage inductance and MOSFET parasitic capacitances (top inset),
followed by diode commutation after resonance (bottom inset).

Fig. 5. (a) Parasitic output capacitance Coss(vds) and (b) charge Qoss(vds)
of SiC MOSFET IMZA120R007M1H used in the investigated 20 kW DAB
converter.

A. Analysis of Dynamic Circuit Behavior During Dead Time

Without loss of generality, the dynamic behavior of inductor
current is demonstrated investigating the leading leg on the
primary side (Sp1, Sp2) under buck-type mode I operation, as
illustrated in Fig. 4. As shown in Fig. 4(a), the other switching
legs are assumed to maintain their initial state throughout the
dead time. The antiparallel diode of a MOSFET switch Sxy is
denoted as Dxy , while its parasitic capacitance is represented
as Cxy , as depicted in Fig. 1. Here, Cxy varies as a nonlinear
function of the drain-source voltage vds, as shown in Fig. 5(a).
The charge stored in Cxy , denoted as Qxy , represents the stored
charge Qoss, which is an integral of Coss with respect to vds, as
shown in Fig. 5(b).

The detailed ZVS process is outlined as follows.
1) Turn-off of Sp2: Gate-source voltage of the lower switch

decreases below the threshold voltage, turning OFF Sp2.
2) Resonance between L, Cp1, and Cp2: During resonance,

the current charges Cp2 until vds,p2 reaches Vp, and dis-
charges Cp1 until vds,p1 reaches 0 V, as depicted in the
top inset of Fig. 4(b). The relations of the voltage and the
current during resonance are stated as

Vp = vds,p1 + vds,p2 (8)

iL = Cp1(vds,p1)
dvds,p1
dt

− Cp2(vds,p2)
dvds,p2
dt

(9)

where the direction of current is defined positive when iL
is flowing towards the leakage inductance, as depicted in
Fig. 4. Integrating (9) during the resonance yields∫
Toss

iLdt =

∫ 0

Vp

Coss(vds)dvds −
∫ Vp

0

Coss(vds)dvds

= −2

∫ Vp

0

Coss(vds)dvds = −2Qoss(Vp)

(10)

where Toss is the duration of the resonance. Qoss(Vp)
refers to the charge stored in Cp2 when vds,p2 has reached
Vp. For ZVS-ON of Sp1, the resonance must complete
within the dead time, Tdt. In other words, integrated area
of the inductor current is needs to reachQzvs = 2Qoss(Vp)
before the dead time ends, as in Fig. 4(a).

3) Current commutation through Dp1: After resonance, the
current begins flowing through the antiparallel diode Dp1,
as shown in the bottom inset of Fig. 4(b). The duration
of the body diode commutation phase is denoted as Tcom.
During this process, the current direction may reverse,
potentially leading to re-resonance and failure of complete
ZVS [29].

4) ZVS turn-on of Sp1: At the end of the dead time, the gate-
source voltage of the upper switch increases while vds,p1
remains at zero, thereby accomplishing the complete ZVS-
on of Sp1.

B. Considerations for Complete ZVS Operation

For the primary-side switch Sp1 to achieve complete ZVS
at its switching instant tp1, the following requisites must be
satisfied simultaneously. These criteria apply to other switches
as well.

1) Direction of the current: To initiate the ZVS process,
the current at the beginning of the dead time should be
negative as

iL(0) ≤ 0. (11)

2) Completion of resonance before dead time: To fully charge
and discharge Coss of the switching leg, the resonance
must complete within the dead time as

0 < Toss ≤ Tdt. (12)

If the dead time is shorter than the resonance duration
(Tdt < Toss),Sp1 is forced to turn ON before vds,p1 reaches
zero, resulting in incomplete ZVS (iZVS), as illustrated in
Fig. 6(a).

3) Prevention of re-resonance: To avoid reversal of the res-
onance, the initial direction of the current should be con-
served post-resonance as

iL(Tdt) ≤ 0. (13)

If the dead time is too long, the direction of the current is
reversed before the dead time, charging and discharging
Cp1 and Cp2 respectively. This re-resonance results in
iZVS as well, as depicted in Fig. 6(b).
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Fig. 6. Effect of dead time on ZVS operation. (a) Incomplete ZVS (iZVS) due
to partial hard switching under short dead time. (b) iZVS due to re-resonance
under long dead time.

Fig. 7. Achieving complete ZVS and dynamic circuit behavior during the dead
time under different operating conditions. (a) Buck-type mode I. (b) Buck-type
mode IV.

4) Dynamic circuit behavior during the dead time: The cir-
cuit behavior during the turn-ON transient of each switch
varies depending on the operating mode. Fig. 7(a) and (b)
illustrate the inductor current during turn-ON transients
of Sp1 and Ss1 under buck-type mode I and mode IV
operations, respectively. The charge required for ZVS
differs between the primary and secondary sides, denoted
as Qp

zvs and Qs
zvs, respectively.

In addition, as highlighted in the red-edged insets of Fig. 7,
the required ZVS-current Ip1 varies depending on the dis-
tinct current waveform in each operating mode. Therefore,
to ensure complete ZVS, the ZVS-current must be deter-
mined separately for each switch, considering its specific
operating conditions and dynamic circuit behavior.

C. Proposed Approximation of Dead-Time Inductor Current

In this section, a piecewise approximation of the dynamic
inductor current during the dead time is proposed, as shown in
Fig. 8. The current slope varies depending on the switching state
and operating mode, which is expressed as

diL
dt

=
vp − nvs

L
. (14)

Fig. 8. Proposed approximation of dynamic current behavior during the dead
time and requisites for complete ZVS.

TABLE II
SLOPES OF INDUCTOR CURRENT UNDER BUCK-TYPE MODE I OPERATION

As depicted in Fig. 8, during the turn-ON transient of Sp1,
the current slope transitions from s−p1 to s+p1. Here, s−xy and s+xy
denote the current slopes before and after the dead time for each
switch Sxy , respectively. Table II summarizes the current slopes
before and after the dead time for each switch, under buck-type
mode I operation as an example.

During resonance, vds can be approximated to increase or
decrease linearly with time, as in Fig. 8, considering the sym-
metry of the parasitic capacitances of the two complementary
switches in the same leg. By integrating the linearly approxi-
mated inductor voltage, the inductor current iL is approximated
as a quadratic function of the time during the resonance between
L and Coss as follows:

iL(t) = at2 + bt+ c (0 ≤ t < Toss). (15)

Substituting the initial condition of the inductor current,
iL(0) = −Ixy (or Ixy for the secondary side), and the bound-
ary conditions for the slope of current, i′L(0+) = s−xy and
i′L(Toss−) = s+xy , the coefficients are derived as follows:

a =
s+xy − s−xy
2Toss

(16)

b = s−xy (17)

c =

{
−Ixy, for the primary side

Ixy, for the secondary side.
(18)

Meanwhile, during diode current commutation, the slope of
the current remains consistent as s+xy . Therefore, the current is
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calculated as a linear function of time as follows:

iL(t) = a′(t− Toss) + b′ (Toss ≤ t < Tdt) (19)

where the coefficients are derived from the continuity of the
current as follows:

a′ = s+xy (20)

b′ =

⎧⎨
⎩

(s−xy+s+xy)Toss

2 − Ixy, for the primary side
(s−xy+s+xy)Toss

2 + Ixy, for the secondary side.
(21)

D. Accurate Solutions for Minimum ZVS-Current

To accurately determine the ZVS-current, the proposed in-
ductor current approximation is applied, incorporating the ZVS
requirements outlined in Section III-B and illustrated in Fig. 8.
First, the condition for initiating the ZVS process, where Ixy
satisfies (11), is given by

Ixy ≥ 0. (22)

Next, to achieve complete resonance between L and Coss

within the dead time, the ZVS-current is derived using the
proposed inductor current approximation from (15). For the
primary-side switches, Toss can be calculated from∫ Toss

0

iL(t)dt =
1

3
aT 3

oss +
1

2
bT 2

oss + cToss

=
2s−xy + s+xy

6
T 2
oss − IxyToss

= −2Qoss(Vp). (23)

Substituting (23) into (12), the condition for Ixy to satisfy
(12) for the primary side is obtained as follows:

Ixy ≥ Ichxy,zvs �
2Qoss(Vp)

Tdt
+

2s−xy + s+xy
6

Tdt (24)

where Ichxy,zvs refers to the ZVS-current based on charge ex-
change, considering the dynamic circuit behavior during the
dead time.

Since the direction of the current is inverted and its magnitude
is n times larger for the secondary side, the ZVS condition for
the secondary-side switch is obtained as follows:

Ixy ≥ Ichxy,zvs �
2Qoss(Vs)

nTdt
− 2s−xy + s+xy

6
Tdt. (25)

To maintain a consistent current direction during the dead
time, the ZVS-current is further refined using the proposed
current approximation. (13) can be rewritten as

iL(Tdt) = −Ixy +
s−xy + s+xy

2
Tdt ≤ 0 for both sides. (26)

This formulation ensures Toss = Tdt, minimizing the body
diode commutation period during the dead time. By reducing
the turn-OFF current of switch Sp2, ZVS operation is enhanced
across a broader range of operating conditions while limiting
body diode conduction losses. Consequently, the ZVS-current

TABLE III
SPECIFICATIONS OF THE DAB CONVERTER HARDWARE

Fig. 9. ZVS-current Ixy,zvs for switch Sxy under each operating mode for
wide operating voltages when Toss = Tdt. (a) Sp1. (b) Sp4. (c) Ss1. (d) Ss4.

considering the dead time and the prevention of re-resonance
during body diode commutation, Idtxy,zvs, is derived as

Idtxy,zvs �
s−xy + s+xy

2
Tdt for both sides. (27)

Thus, the required ZVS-current for each switch to achieve
complete ZVS, Ixy,zvs, is determined as

Ixy,zvs = max
{
0, Ichxy,zvs, I

dt
xy,zvs

}
. (28)

Based on the specifications of the DAB converter summarized
in Table III, the ZVS-current of each switch under different
operating conditions is calculated, as illustrated in Fig. 9. Con-
sidering the switching device characteristics, the dead time is
set to Tdt = 300 ns, with the diode commutation period mini-
mized by reducing the required ZVS-current. By dynamically
adjusting the ZVS-current according to the operating conditions,
as depicted in Fig. 9, precise ZVS criteria are established. This



PARK et al.: ZVS-ENHANCED AND RMS-CURRENT-MINIMIZED OPTIMAL MODULATION SCHEME OF DUAL-ACTIVE BRIDGE CONVERTER 9011

approach effectively expands the ZVS range while minimizing
the associated increase in rms current.

IV. PROPOSED ZVS-ENHANCED AND

RMS-CURRENT-MINIMIZED OPTIMAL TPS MODULATION

Building on the accurate ZVS-current calculations that ac-
count for dynamic circuit behavior during the dead time, the
proposed TPS modulation enhances the efficiency of the DAB
converter by maximizing ZVS capability with minimal increase
in circulating power.

A. ZVS Capability in the Operating Regions

This article presents an accurate calculation of ZVS-currents
to maximize ZVS capability. ZVS region is analyzed through
nonlinear optimization, identifying the operating boundaries for
the three distinct regions. These boundaries are determined by
finding the supremum and infimum operating powers where all
switches achieve ZVS, considering the number of ZVS-enabled
switches and operating modes I-V. The optimization problem is
formulated as follows:

min
x

fo(x) s.t.

⎧⎪⎨
⎪⎩
Ax ≤ b, Aeqx = beq

c(x) ≤ 0, ceq(x) = 0

lb ≤ x ≤ ub

(29)

where x � [Dp Ds Dφ]
� represents the control variables, c(x)

and ceq(x) denote nonlinear constraints, and (A,b) and
(Aeq,beq) define linear constraints. The linear constraints are
specified from the mode constraints and the ZVS constraints
as detailed in Table I. The boundary conditions for x consist
of the lower boundary lb = [0 0 0]�, and the upper boundary
ub = [0.5 0.5 0.25]�.

To determine the supremum power for achieving all-ZVS op-
eration in the light-load region, denoted as P zvs

sup,ll, the objective
function fo is set as the output power Po(x) using (7). The
constraints for achieving all-ZVS in mode II are defined by the
mode constraints in Table I and the ZVS condition Ixy ≥ IIIxy,zvs,
to ensure complete ZVS. Similarly, to find the infimum operating
power of all-ZVS achievable in the heavy-load region, denoted
as P zvs

inf,hl, fo is set as −Po(x), with the mode and ZVS con-
straints for mode IV operation, as specified in Table I.

Fig. 10 illustrates the ZVS region with maximized ZVS
capability for Vp = 600V and 800 V, while other parameters
given in Table III. The results indicate that all-ZVS operation is
only achievable either below P zvs

sup,ll (light load) or above P zvs
inf,hl

(heavy load). In the light-load all-ZVS region, the operating
mode transitions from mode I to mode II as load increases.
Likewise, in the heavy-load all-ZVS region, the operating mode
shifts from mode IV to mode V. In the medium-load range,
where achieving all-ZVS is infeasible, a six-ZVS strategy is
employed to maximize the number of ZVS-enabled switches and
minimize switching losses. Here, the operating mode transitions
from mode II to mode III.

Fig. 10. ZVS region of the proposed modulation scheme with enhanced ZVS
capability, illustrated for Vp = 600 V and 800 V. The boundary between buck-
and boost-type operations is marked at M = 1.

Fig. 11. Summary of the proposed TPS modulation to derive optimal mod-
ulation parameters for maximum number of ZVS-achieved switches and mini-
mization of rms currents.

B. Proposed Optimal Modulation Scheme

Based on the derivation of the ZVS region, the optimal
modulation parameters for the proposed rms-current-minimized
and ZVS-enhanced TPS modulation are determined, as out-
lined in Fig. 11. The optimization process is conducted using
“fmincon” nonlinear optimization solver in MATLAB to ob-
tain the optimal solution for specified operating voltage ranges
and power ratings. The procedure is as follows.

1) The ZVS type (all-ZVS or six-ZVS) and the operating mode
are identified based on the maximized ZVS region.

2) Linear constraints, (A,b) and (Aeq,beq), are set as mode
and ZVS constraints based on the categorization
a) All-ZVS: Include ZVS constraints for all switches.
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TABLE IV
OPTIMIZATION FOR ALL-ZVS OPERATION UNDER BUCK-TYPE MODE I

Fig. 12. Optimal modulation parameters obtained for the edge operating
points. (a) Boost-type operation (Vp, Vs) = (600, 500) V, where M = 1.56.
(b) Buck-type operation (Vp, Vs) = (800, 300) V, where M = 0.7.

b) Six-ZVS: Exclude the ZVS constraint for the switch
that cannot achieve ZVS, where hard-switching is
applied instead. Depending on the voltage ratio M ,
either Sp1 or Ss4 loses ZVS capability for buck- or
boost-type operation, respectively.

3) Nonlinear constraint, ceq(x) = 0, is specified as a power
constraint to ensure the desired power output, i.e.,
Po(x) = Pref , where Pref is the reference power.

4) Objective function, fo(x), is defined as the rms current,
considering both the 1st and 3rd harmonic components,
as defined in (6).

5) Optimal modulation parameters xopt are obtained by
minimizing the rms current (step 4) while satisfying the
constraints in steps 2 and 3.

As an example, Table IV summarizes the constraints and
objective function for all-ZVS operation under buck-type mode
I, where I I-buck

xy,zvs represents the ZVS-current of switch Sxy in this
mode.

For practical implementation, the optimization is performed
using ZVS-currents Ixy,zvs calculated for Toss = 0.5Tdt. This
approach ensures sufficient energy for ZVS accounting for
uncertainties in parasitic components and actual dead time in
switching legs, while minimizing excessive circulating currents.

Figs. 12 and 13 illustrate the optimal modulation parameters
and the corresponding inductor currents for both buck- and
boost-type operations. As output power increases, the operation
transitions from light-load all-ZVS (modes I to II) to six-ZVS

Fig. 13. Optimized inductor currents obtained for the edge operating points.
(a) Boost-type operation (Vp, Vs) = (600, 500)V, whereM = 1.56. (b) Buck-
type operation (Vp, Vs) = (800, 300) V, where M = 0.7.

Fig. 14. Comparison on different approximation methods to derive ZVS-
current for ZVS operation based on different considerations. (a) Direction of
current [26]. (b) Charge in equivalent capacitors [30]. (c) Effect of dead time [21].
(d) Proposed method, considering dynamic behavior of current during the dead
time.

(mode II to mode III) in shaded area, and finally to heavy-load
all-ZVS (mode IV → V). In the six-ZVS region, as shown in
Fig. 13(a), Ss4 fails to achieve ZVS in boost-type operation
due to insufficient inductor current, where Is4 smaller than
the required ZVS-current. Similarly, Sp1 loses ZVS capability
for buck-type operation, as illustrated in Fig. 13(b). However,
all other switches successfully achieve ZVS, as their currents
exceed the required ZVS thresholds.

C. Comparison With Other TPS Modulations

To validate the effectiveness of the proposed method, a com-
prehensive comparison with existing TPS modulation schemes
from the literature is presented in Table V. Among them, the
modulation scheme in [22] does not impose ZVS constraints,
while other approaches differ in their methods of enhancing
ZVS. The simplest approach determines ZVS operation based
on current direction [26], as illustrated in Fig. 14(a). However,
since it does not account for charge exchange and dead time, ZVS
may not always be achieved, resulting in non-ZVS (i.e., hard
switching), as described in Fig. 14(a). Charge-exchange-based
methods assume a constant inductor current during the dead
time [30], equating the charge transfer to the required ZVS
charge, as depicted in Fig. 14(b). However, because inductor
current varies dynamically during dead time, this assumption can
lead to unintentional incomplete ZVS (iZVS). To address this,
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TABLE V
PROPOSED OPTIMAL MODULATION SCHEME WITH OTHER EXISTING APPROACHES

the method in [21] accounts for both dead-time effects and in-
ductor voltage (i.e. the slope of current) to prevent re-resonance
and iZVS, achieving complete ZVS as illustrated in Fig. 14(c).
However, this approach overestimates the required ZVS-current,
resulting in excessive circulating power that degrades efficiency,
particularly under light-load conditions. In contrast to the afore-
mentioned approaches, the proposed method precisely calcu-
lates the ZVS-current, as shown in Fig. 14(d), ensuring complete
ZVS while minimizing unnecessary circulating current.

The effectiveness of this accurate ZVS-current calculation is
demonstrated by comparing the rms current of the proposed
method with state-of-the-art rms-minimized TPS modulation
schemes from [21] and [22]. Fig. 15(a) and (b) illustrates the rms
currents under boost- and buck-type operations, respectively,
where P ∗ := Po/Prated represents the per-unit power with a
base transmission power of Prated = 20 kW. The modulation
scheme in [21] employs excessively large ZVS-currents, leading
to higher rms currents due to increased circulating current.
Conversely, the scheme in [22] achieves the lowest rms currents
among the compared methods but does not guarantee maximum
efficiency. The absence of a nonzero ZVS-current results in
hard switching, degrading overall performance. The proposed
method strikes an optimal balance by significantly reducing rms
current compared to [21] through precise ZVS-current calcula-
tion, while preserving ZVS capability. This minimizes excessive
circulating current, reducing conduction losses associated with
ZVS enhancement.

Fig. 15. Comparison on the rms current of different modulation schemes.
(a) Boost-type operation (Vp, Vs) = (600, 500)V, whereM = 1.56. (b) Buck-
type operation (Vp, Vs) = (800, 300) V, where M = 0.7.

Beyond minimizing conduction loss, accurate ZVS-current
calculation also reduces switching loss by expanding the all-
ZVS region, as shown in Fig. 16. As highlighted in Table V,
while most TPS modulation schemes in prior studies achieve
all-ZVS under light- and heavy-load conditions, many do not
account for ZVS operation under medium-load conditions,
where all-ZVS operation is infeasible. In these cases, six-ZVS
is adopted in [21] and [25] to maximize the number of switches
achieving ZVS. However, in [21], excessive margin applied
to ZVS-current constraints underestimates the all-ZVS region,
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Fig. 16. Comparison on ZVS capability of different modulation schemes when
Vp = 800 V, where A denotes the operating point (1 pu, 0.7) and B denotes
(0.5 p.u., 1.18). (a) For the operating points A and B, six-ZVS is achieved with
modulation scheme in [21]. (b) For the points A and B, all-ZVS is achieved with
the proposed modulation scheme.

as depicted in Fig. 16(a). In contrast, the proposed method,
leveraging accurate ZVS-current calculations, expands the all-
ZVS region, as shown in Fig. 16(b). At operating points A
(P ∗ = 1 pu,M = 0.7) and B (P ∗ = 0.5 pu,M = 1.18), all-
ZVS is achieved with the proposed method, whereas six-ZVS is
observed for the scheme in [21].

The efficiency of each method summarized in Table V is
heavily influenced by hardware specifications such as power
ratings, switching frequencies, and power devices. In some
cases, efficiency is constrained by hardware limitations rather
than modulation schemes. For instance, the method in [21] em-
ploys 1200-V SiC MOSFETs (IMZ120R030M1H) for both the
primary- and secondary-side switches. This leads to suboptimal
efficiency, as the device voltage rating (1200 V) far exceeds the
actual operating voltage (below 400 V). In contrast, [25] utilizes
650-V SiC MOSFETs (SCT3060AR), which better match the
operating conditions and thus achieve higher efficiency.

To ensure a fair comparison, the state-of-the-art modulation
schemes from [21] and [22] are implemented using the same
power hardware as the proposed method. Their efficiencies are
experimentally measured under identical conditions. The precise
ZVS-current calculation of the proposed method improves its
feasibility for practical implementation by balancing rms cur-
rent minimization and ZVS performance. This balance leads to
enhanced overall efficiency, as further discussed in Section V.

V. EXPERIMENTAL RESULTS

For the experimental verification of the proposed modulation
scheme, a 20 kW/50 kHz SiC-based DAB converter hardware
was built, as shown in Fig. 17. The DAB converter was controlled
using a TMS320F28377 DSP, while a LeCroy HDO8108 oscillo-
scope and a Yokogawa WT-5000E power analyzer were used to
measure operating waveforms and efficiency, respectively. The
detailed specifications of the DAB converter are summarized in
Table III.

Fig. 17. 20 kW/50 kHz SiC-based DAB converter hardware.

Fig. 18. Dynamic behavior of current during the dead time when Toss varies
as 166 ns, 198 ns, 235 ns, and 273 ns, with decreasing Ip1, where Vp = 800 V
and Vs = 300 V. (a) Experimental waveforms of vds,p1 and inductor current
during the dead time. (b) Comparison of the experimental results (solid lines)
with the proposed approximation (dashed lines).

This section first validates the accuracy of the proposed in-
ductor current approximation during the dead time by comparing
experimental current waveforms with the predicted values. Next,
a comparative analysis of steady-state operating waveforms is
conducted to assess rms current and ZVS capability, demonstrat-
ing the effectiveness of the proposed TPS modulation scheme.
Finally, measured efficiency results highlight the efficiency im-
provements achieved with the proposed method.

A. Verification of Accurate ZVS-Current Calculation

Fig. 18(a) presents an experimental waveform illustrating
the inductor current dynamics during the dead time when Sp2

turns OFF and Sp1 subsequently turns ON in buck-type mode I
operation. The waveforms are obtained employing the proposed
modulation scheme with varying Toss values in the ZVS-current
calculation. When a longer Toss is used, the turn-OFF current of
Sp2 is smaller, requiring more time for the resonant transition
to fully charge and discharge the parasitic capacitors. As the
absolute value of the turn-OFF current Ip1 decreases from 11.7 to
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Fig. 19. Waveforms of buck-type mode I operation for Vp = 800 V and Vs = 300 V (M = 0.7), where P ∗ = 0.1 pu (Po = 2 kW). (a) TPS modulation in [22].
(b) TPS modulation in [21]. (c) Proposed modulation scheme.

Fig. 20. Waveforms of boost-type mode I operation for Vp = 600 V and Vs = 500 V (M = 1.56), where P ∗ = 0.1 pu (Po = 2 kW). (a) TPS modulation
in [22]. (b) TPS modulation in [21]. (c) Proposed modulation scheme.

5.0 A, the resonance time Toss increases from 166 to 273 ns,
as shown in Fig. 18(a). This experimentally observed behavior
confirms the close relationship between ZVS-current and the
achievement of complete ZVS, highlighting the importance of
accurate ZVS-current calculation.

In Fig. 18(b), the drain-source voltage vds,p1 and the inductor
current iL from Fig. 18(a) are plotted alongside the proposed
approximation of the dynamic current. The approximated wave-
forms of iL are represented by red and blue dashed lines for
Toss = 166 ns and 273 ns, respectively. Here, iL is modeled as
a piecewise combination of quadratic and linear functions, as
proposed in Section III. The red and blue shaded areas in the
bottom inset of Fig. 18(b) correspond to the charge required
for complete Coss discharge to achieve complete ZVS. The
close agreement between the experimental and approximated
waveforms validates the accuracy of the proposed ZVS-current
calculation, which effectively accounts for dynamic current
behavior during the dead time.

B. Steady-State Operating Waveforms

This section highlights the minimal circulating current re-
quired for all-ZVS operation using the proposed method by
comparing steady-state waveforms under both buck- and boost-
type operations with those from state-of-the-art modulation
schemes. By leveraging precise ZVS-current calculation, the
proposed method ensures complete ZVS with minimal increase
in circulating current.

Fig. 19 illustrates the operating waveforms of each mod-
ulation scheme at (Vp, Vs) = (800, 300) V (M = 0.7), and
P ∗ = 0.1 pu (Po = 2 kW). When only rms current is minimized
without considering ZVS [22], as shown in Fig. 19(a), the lowest
rms current of 7.1 A, is achieved. However, only two switches

Sp3 andSp4 achieve ZVS, leading to increased switching losses.
Conversely, in Fig. 19(b), when the ZVS-current is overesti-
mated with excessive margin [21], the rms current rises to 11 A,
enabling all-ZVS operation but at the cost of higher conduction
losses. In contrast, the proposed method achieves all-ZVS with
minimal circulating current, resulting an rms current of 8.6 A,
as depicted in Fig. 19(c), which is 22% lower than the all-ZVS
scenario in 19(b).

Similarly, Fig. 20 presents the operating waveforms at
(Vp, Vs) = (600, 500) V (M = 1.56), and P ∗ = 0.1 pu (Po =
2 kW). In Fig. 20(a), the lowest rms current of 7.2 A is achieved,
but only two switches achieve ZVS, resulting in higher switching
losses. In Fig. 20(b), excessive ZVS-current calculation leads to
all-ZVS operation, but with a significantly increased rms current
of 14 A. The proposed method, as shown in Fig. 20(c), achieves
all-ZVS with an rms current of 9.8 A, which is 30% lower than
the rms current in Fig. 20(b).

C. Characteristic Waveforms of ZVS Operation

Accurate ZVS-current constraints not only reduce rms current
for ZVS operation, but also expand the ZVS region, as discussed
in Section IV-C. To verify the enhanced ZVS capability of the
proposed method, the inductor current (iL), gate-source voltage
(vgs), and drain-source voltage (vds) were measured for each
switch. The operating points A and B are marked in Fig. 16,
where point A refers to the buck-type operation with (Vp, Vs) =
(800, 300) V (M = 0.7) and P ∗ = 1 pu (Po = 20 kW); and
point B refers to the boost-type operation with (Vp, Vs) =
(800, 500) V (M = 1.18) and P ∗ = 0.5 pu (Po = 10 kW).

Fig. 21 illustrates the ZVS waveforms at the buck-type oper-
ating point A. This point lies within the six-ZVS region near
the ZVS boundary in Fig. 16(a) due to excessive margin in
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Fig. 21. ZVS waveforms compared at operating point A in Fig. 16: (Vp, Vs) =
(800, 300) V (M = 0.7) and P ∗ = 1 pu (Po = 20 kW). (a) Six-ZVS achieved
using modulation in [21]. (b) All-ZVS achieved with the proposed method.

the ZVS-current calculation. Therefore, achieving all-ZVS is
deemed infeasible with the modulation method in [21], and the
optimal modulation parameters are derived under this assump-
tion to minimize inductor current. As shown in Fig. 21(a), the
primary-side switchSp1 fails to achieve complete ZVS, reaching
iZVS, where vgs begins rising before vds has fully dropped
to zero. This incomplete ZVS is due to an insufficient current
caused by inaccurate ZVS-current calculations. However, with
the accurate ZVS criteria and maximized ZVS capability of the
proposed method, the same point shifts to heavy-load all-ZVS
region in Fig. 16(b). As a result, Fig. 21(b) shows that the
proposed method achieves complete ZVS for all switches under
buck-type mode IV operation.

Fig. 22 presents the ZVS waveforms at the boost-type op-
erating point B. Similar to point A, point B lies within the
six-ZVS region near the ZVS boundary in Fig. 16(a) due to
inaccurate ZVS-current calculation. As depicted in Fig. 22(a),
the secondary-side switch Ss4 fails to achieve ZVS, instead
reaching iZVS. However, with the accurate ZVS criteria of the
proposed method, this point moves into the light-load all-ZVS
region in Fig. 16(b). Consequently, Fig. 22(b) confirms that the
proposed method enables complete ZVS for all switches under
boost-type mode II operation.

In summary, the proposed method maximizes ZVS capability
in practice, ensuring complete ZVS across all switches and
thereby reducing switching losses.

D. RMS Currents and Efficiencies

Fig. 23 compares the experimentally measured rms currents of
the proposed method with those of the TPS modulation schemes
in [21] and [22], evaluated under edge operating voltages. The
scheme in [21] exhibits the highest rms currents, primarily due

Fig. 22. ZVS waveforms compared at operating point B in Fig. 16: (Vp, Vs) =
(800, 500) V (M = 1.18) and P ∗ = 0.5 pu (Po = 10 kW). (a) Six-ZVS
achieved using modulation in [21]. (b) All-ZVS achieved with the proposed
method.

Fig. 23. Experimentally measured rms inductor current curves of the pro-
posed methods and the TPS modulation schemes in [21] and [22], at the
edge operating voltages. (a) (Vp, Vs) = (600, 300) V, where M = 0.94.
(b) (Vp, Vs) = (600, 500) V, where M = 1.56. (c) (Vp, Vs) = (800, 300) V,
where M = 0.7. (d) (Vp, Vs) = (800, 500) V, where M = 1.18.

to excessive margin in ZVS-current calculations, which signif-
icantly increases rms current. In contrast, the method in [22]
achieves the lowest rms current by eliminating circulating power.
However, it neglects ZVS in the optimization process, leading
to increased switching losses from hard switching. Unlike these
approaches, the proposed method accurately determines the
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Fig. 24. Experimentally measured efficiency curves of the proposed methods
and the TPS modulation schemes in [21] and [22], at the edge operating
voltages. (a) (Vp, Vs) = (600, 300) V, where M = 0.94. (b) (Vp, Vs) =
(600, 500)V, whereM = 1.56. (c) (Vp, Vs) = (800, 300)V, whereM = 0.7.
(d) (Vp, Vs) = (800, 500) V, where M = 1.18.

minimal required ZVS-current and circulating power to achieve
ZVS, effectively reducing both conduction and switching losses.
As a result, the rms current of the proposed method falls between
those of the other two schemes, aligning with the analysis in
Section IV-C. For buck-type mode I operation at (Vp, Vs) =
(800, 300) V, the proposed method calculates ZVS-currents of
Ip1 = 6.7 A and Is1 = 5.3 A for the primary and secondary
sides, respectively. These values reduce unnecessary circulating
power compared to the ZVS-currents computed in [21], where
Ip1 = 13.7 A and Is1 = 8.2 A are used. Consequently, both rms
and switching currents in the proposed method are significantly
lower than in [21], leading to reduced conduction and switching
losses.

Fig. 24 shows the experimentally measured efficiency curves
for the proposed method and the compared TPS modula-
tion schemes. In most operating conditions, the proposed
method achieves the highest efficiency, except at (Vp, Vs) =
(600, 300) V where the voltage conversion ratio approaches
unity (M = 0.95), as depicted in Fig. 24(a). Compared to [22],
the proposed method significantly enhances efficiency by mini-
mizing switching losses through complete ZVS operation with-
out a notable increase in rms current. Furthermore, the proposed
method outperforms the scheme in [21], especially under light-
load conditions. In these conditions, the impact of conduction
losses from circulating current during ZVS operation have a
large impact on efficiency. For instance, at P ∗ = 0.1 pu, the
proposed method achieves an efficiency of 97.16% for buck-type
operation at (Vp, Vs) = (800, 300) V, which is 1.61%p and
1.75%p higher than the compared TPS modulation schemes [21]

and [22] respectivly, as depicted in Fig. 24(c). As a result, due
to significant enhancement in light-load efficiency, the proposed
method attained the average measured efficiency of 97.9% for
the entire load range at the edge operating voltages, which is
0.3%p and 0.4%p higher than those of the compared schemes.

In summary, the experimental results validate the superior
performance of the proposed method, demonstrating its ability
to achieve high efficiency through optimized ZVS operation with
minimal circulating power.

VI. CONCLUSION

This article presents a TPS modulation scheme designed to
enhance the efficiency of a DAB converter by incorporating
precise ZVS criteria. The operating modes and load regions
are systematically categorized based on steady-state waveforms
and ZVS capability. Through a comprehensive ZVS analysis,
an accurate approximation of the inductor current is proposed,
addressing critical aspects of ZVS operation, including dynamic
current behavior during dead time. The derived ZVS-currents,
representing the minimum inductor current required for com-
plete ZVS, establish precise ZVS constraints that minimize
circulating currents while ensuring optimal ZVS performance.
By integrating these precise ZVS calculations, the proposed TPS
modulation scheme employs nonlinear optimization to minimize
rms current and conduction losses. The method maximizes ZVS
capability of the converter by increasing the number of switches
achieving ZVS and expanding the all-ZVS operating region.
Experimental results validate the effectiveness of the proposed
scheme, demonstrating significant efficiency improvements over
state-of-the-art approaches.
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