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Optimized Quadruple Phase-Shift Modulation of
3/2LNPC-DAB Converters for Full-Power-Range
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Abstract—The symmetrical phase-shift modulation of the three-
to-two-level neutral-point-clamped (NPC) dual-active-bridge
(DAB) dc–dc converter has more controllable control variables
than that of the conventional two-level DAB converter. The increase
in control variables leads to an increase in the number of operating
modes and inequality constraints, significantly complicating
the modulation optimization process. To enhance the efficiency
of the converter, this article proposes an optimized quadruple
phase-shift (OQPS) modulation considering both conduction losses
and switching losses. Five effective operating modes that have the
potential to achieve zero-voltage-switching (ZVS) for all switching
devices are screened based on the ZVS inequality constraints.
The inductor peak current is used as an optimization objective to
minimize the conduction losses while satisfying the ZVS inequality
constraints. The boundary of the feasible region satisfied by the
optimal solution is derived by numerical optimization. Based on
this, an improved Lagrange function and Karush–Kuhn–Tucker
conditions are proposed to solve the analytical solution of OQPS
modulation. Finally, the proposed OQPS modulation is applied
to a 1.6-kW prototype to verify the improvement of efficiency.
The designed prototype can achieve 96.9% peak efficiency at
300-V input and 150-V output voltages. Compared with previous
modulations, the proposed OQPS modulation can achieve the
highest efficiency in the full power range.

Index Terms—Multilevel dual-active-bridge (DAB) converters,
optimal modulation, peak current, quadruple phase shift (QPS),
soft switching.

I. INTRODUCTION

THE dual-active-bridge (DAB) converters are widely em-
ployed in applications, such as solid-state transformers,
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Fig. 1. Topology of the 3/2LNPC-DAB converter.

dc microgrids, and electric vehicles, due to their soft-switching
capability, bidirectional power flow, and inherent electrical iso-
lation [1], [2], [3]. In conventional two-level DAB converters,
each switching device is subjected to the full port voltage [4]. To
adapt to high-voltage input applications, the multilevel topology
[5], [6] and the input-series output-parallel (ISOP) structure [7],
[8] are commonly adopted to enhance the voltage withstand
capability at the input side. Compared to the ISOP structure,
the three-to-two-level neutral-point-clamped dual-active-bridge
(3/2LNPC-DAB) converter, shown in Fig. 1, eliminates the issue
of power imbalance among submodules, while also reducing
the number of switching devices on the low-voltage side and
high-frequency transformers [9]. Although the previous mod-
ulations of the conventional two-level DAB converter can be
adapted to the 3/2LNPC-DAB converter, they fail to achieve
optimal efficiency. Hence, to improve the converter efficiency,
modulation optimization of the 3/2LNPC-DAB converter should
be prioritized.

Symmetrical phase-shift modulation is widely used in DAB
converters for transferred power control [10], [11]. Based
on the number of control variables, symmetrical phase-shift
modulation can be sequentially classified as single-phase-shift
(SPS) modulation [12], double-phase-shift (DPS) modulation
[13], triple-phase-shift (TPS) modulation [14], [15], and
quadruple-phase-shift (QPS) modulation [16], [17]. Therein,
the SPS modulation has only one control variable, which
is uniquely determined by the transferred power. For other
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multiple phase-shift modulations, extra control variables have
the potential to widen the zero-voltage-switching (ZVS) range
or reduce the inductor current to optimize the performance of the
converter. The increase in the number of control variables leads
to an increase in the number of operating modes and inequality
constraints, thereby elevating the complexity of analyzing
the modulation optimization process [18]. Meanwhile, the
presentation of optimization results has also become more
intricate. For example, in TPS modulation, the control variables
in the analytical solution of modulation with current root
mean square (rms) as the optimization objective can no longer
be expressed directly in terms of transfer power and voltage
conversion ratio (k = V1/nV2) [19]. For QPS modulation, an
additional phase-shift control variable is introduced, which
further increases the optimization complexity of the modulation.

Optimization methods for modulation strategies are divided
into analytical solution [20], [21] and numerical solution [22],
[23], [24]. Benefiting from the powerful computational capa-
bilities of computers, numerical solution is often employed
to obtain the optimized modulation more conveniently. Wang
et al. [25] used the particle swarm algorithm to optimize the
peak current of a 3/3LNPC-DAB converter. However, in the
time domain, determining the objective function is challenging
due to the numerous modes. To simplify the determination of
the objective function, the research is based on DPS modulation.
The advantage of the large number of control variables is not
fully exploited. In [26], Find minimum of constrained nonlin-
ear multivariable function (Fmincon) in MATLAB is applied
to a half-bridge three-level neutral-point-clamped (NPC)-DAB
converter to achieve ZVS and reduce the inductor current rms.
However, the optimized modulation is based on TPS modulation
and is not applicable to the full-bridge three-level NPC-DAB
converter.

In the numerical solution, the optimization results need to be
precalculated offline and stored in the microcontroller. Neverthe-
less, the microcontroller’s limited memory restricts application
to the operating conditions, where the voltage conversion ratio
and the transferred power vary over a wide range. In contrast,
the application of the analytic solution can be more flexible.
The authors in [27] and [19] proposed analytical solutions for the
TPS optimal modulation strategies with peak current and current
rms as the optimization objectives, respectively. However, only
the conduction loss of the converter is considered in these
two optimized modulation strategies. In [28], a TPS-optimized
modulation strategy is proposed combining ZVS realization and
inductor current rms minimization. However, for QPS modu-
lation, the further increase in the number of control variables
elevates the complexity of solving the analytical solution. The
authors in [29] and [30] analyzed QPS modulation by combining
numerical optimization. Among them, Song et al. [29] proposed
an analytical solution for the QPS-optimized modulation strat-
egy with peak current as the optimization objective. In order to
further improve the efficiency of the converter, Song et al. [30]
considered the ZVS inequality constraint based on the previous
research to lower the switching losses. However, the control
variables in [29] are overconstrained, leading to less precise
solutions at light loads. In [30], although the overconstraints

on variables are resolved, the analysis and screening of the
optimal operating modes is not comprehensive. Comparisons
with previous optimization schemes in DAB converters are
shown in Table I. In summary, the analytical solutions for
TPS-optimized modulation are relatively mature, while those
for QPS-optimized modulation have not been fully explored.

Soft switching is an unignorable advantage in DAB con-
verters. To simultaneously reduce switching losses and con-
duction losses, this article proposes a multiobjective optimized
quadruple phase-shift (OQPS) modulation that simultaneously
achieves ZVS and inductor peak current minimization. The key
innovations of this article are summarized as follows.

1) An analytical solution for QPS modulation to minimize
the peak current of the 3/2LNPC-DAB converter under
soft switching of all switching devices is proposed. This
analytical solution is applicable across the entire voltage
and power range, significantly improving the efficiency of
3/2LNPC-DAB converters under wide input/output volt-
age variations and light load conditions.

2) Five operating modes with the potential to achieve ZVS
for all switching devices are screened. Based on numer-
ical optimization, there are two such optimal modes for
0 < k < 1, three for 1 < k < 2, and two for k > 2.

3) The improved Lagrange function and Karush–Kuhn–
Tucker (KKT) conditions are proposed to simplify solving
the analytical solutions for OQPS modulation.

The rest of this article is organized as follows. The modulation
model of the 3/2LNPC-DAB converter is developed, and the
ZVS constraints are analyzed in Section II. In Section III,
the optimal operating modes are screened based on the ZVS
constraints. The transferred power expressions and inductor
peak current expressions for each optimal operating mode are
derived. The improved Lagrange function and KKT conditions
are presented in Section IV. The boundary of the feasible region
satisfied by the optimal solution can be derived by numerical
optimization. Based on this, the analytical solution of the OQPS
modulation can be derived by solving the improved Lagrange
function and KKT conditions. The analysis of power loss is
elaborated in detail in Section V. Section VI validates the
effectiveness of the proposed OQPS modulation by experiments.
Compared to previous advanced modulations, the proposed
OQPS modulation still achieves a 2.1% efficiency improvement.
Finally, Section VII concludes this article.

II. ZVS ANALYSIS OF THE 3/2LNPC-DAB CONVERTER

A. Basic Characteristics

The power transfer characteristics of the DAB converter can
be decided by the inductor current. The inductor current varia-
tion depends on the midpoint voltage output of the full bridge
on both sides, as shown in the following equation:

diL(t)

dt
=

vab(t)− vcd(t)

L
. (1)

The analytical expressions of the inductor current can be
obtained according to the symmetry of the inductor cur-
rent during the switching cycle in steady state. Furthermore,
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TABLE I
COMPARISONS WITH PREVIOUS OPTIMIZATION SCHEMES IN DAB CONVERTERS

Fig. 2. Typical operating waveform of the 3/2LNPC-DAB converter.

the transferred power of the converter can be derived as
follows:

Ptr =
1

Th

∫ Th

0

vab (t) iL (t) dt. (2)

Fig. 2 presents a typical operating waveform of 3/2LNPC-
DAB converters under the QPS modulation. The voltage vab has
five levels ±V1, ±V1/2, and 0. The voltage vcd has three levels
±nV2 and 0. For ease of description of the control variables, the
±V1/2 level is defined as the minor level of vab and the±V1 level
as the major level. The ±nV2 level is defined as the high level
of vcd. In order to realize the control of the transferred power of
the converter as well as the performance improvement, the four
phase-shift control variables are defined as follows. Dp1 is the
duty cycle of the one-sided minor level of vab. Dp2 is the duty
cycle of the major level of vab. Ds is the duty cycle of the high
level of vcd. Dps is the phase-shift ratio between the rising edge
of the minor level of vab and that of the high level of vcd. In
addition, Th is half a switching cycle.

Since forward power transfer and reverse power transfer are
analyzed similarly, this article takes forward power transfer
as an example. For forward power transfer, the fundamental
phase-shift angle of the primary voltage and secondary voltage

Fig. 3. Typical voltage and current waveforms. (a) Forward power transfer.
(b) Reverse power transfer.

must be greater than 0. In order to reduce the reactive power
of the converter, the fundamental phase-shift angle is limited to
90° [31]. Therefore, each control variable needs to satisfy the
following constraints:⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

Dp1 ≥ 0, Dp2 ≥ 0

2Dp1 +Dp2 ≤ 1

0 ≤ Ds ≤ 1
2Dp1+Dp2−Ds

2 ≤ Dps ≤ 1+2Dp1+Dp2−Ds

2 .

(3)

B. Bidirectional Power Transfer

Bidirectional energy flow capability is one of the significant
advantages of DAB converters. When the 3/2LNPC-DAB con-
verter operates in reverse power transfer, its voltage and current
waveforms are exactly mirror images of those in forward power
transfer, as shown in Fig. 3. When forward and reverse transfer
the same power, their fundamental phase-shift angles are the
negative of each other. Thus, the control variables during forward
and reverse power transfer exhibit the relationship shown in the
following equation:{

Dp
′ = Ds, Ds1

′ = Dp1, Ds2
′ = Dp2

Dps
′ = Dps + 2Dp1 +Dp2 −Ds.

(4)

C. ZVS Constraints

ZVS can significantly reduce the switching loss of the power
switching device and thus improve the efficiency of the con-
verter. Before the switching device is turned ON, ZVS can
be realized if the inductor current can completely discharge
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the junction capacitor of the switching device. However, DAB
converters have regions where ZVS cannot be fully realized for
all switching devices during the modal transition [32]. During
the transition region, the inductor current cannot fully charge
and discharge the junction capacitors of the switches within
the dead time. Some bridge arms would work on quasi-zero-
voltage switching (QZVS) or zero-current switching (ZCS) [14].
However, QZVS and ZCS still offer a significant reduction
in switching losses compared to the hard switching. Further-
more, Song et al. [30] demonstrate that QZVS implementation
in partial power switches yields higher converter efficiency
compared to full ZVS operation. To achieve higher efficiency
while maintaining the continuity of the analytical solution across
power variations, this article adopts the QZVS conditions as the
effective ZVS criteria.

Due to the symmetry of the inductor current at steady state,
only the ZVS characteristics of the switching devices during
half a switching cycle need to be considered. Therefore, the
constraints for all switches to realize ZVS are shown as follows:{

iLN (tp0) ≤ 0, iLN (tp1) ≤ 0, iLN (tp2) ≥ 0
iLN (tp3) ≥ 0, iLN (ts1) ≥ 0, iLN (ts2) ≤ 0

(5)

where iLN(t) represents the normalized inductor current. The
normalized inductor current is defined as iLN(t) = iL(t)/IN,
where IN = nV2Th/(2L).

Notably, based on the switching sequence shown in Fig. 2,
when Dp2 = 0, switching devices P5–P8 will not operate. Thus,
for Dp2 = 0, the ZVS constraints of all switching devices are
simplified as follows:

iLN (tp0)≤0, iLN (tp3)≥0, iLN (ts1) ≥ 0, iLN (ts2) ≤ 0.
(6)

III. ZVS-OPTIMIZED OPERATING MODES

According to the different relative sizes of V1 and nV2, the
voltage transfer ratio k( = V1/(nV2)) can be divided into three
intervals: 0< k<1, 1< k<2, and k>2. Based on the constraints
of (3), the operating modes in each k-value interval of the
3/2LNPC-DAB converter can be classified into 13 modes. The
only difference between the modes in different k-value intervals
is the relative magnitude of the voltage. Taking 1 < k < 2 as an
example, all 13 operating modes are shown in Fig. 4.

Based on the ZVS constraints of (5), there are a total of
five modes that can potentially achieve ZVS for all switching
devices, as shown in Fig. 5. The modal constraints for each mode
are shown in Table II. It is worth noting that not every mode can
achieve ZVS for all switching devices in the full range of k.
When 0 < k < 1, only Modes IV and V may realize the ZVS
of all switching devices. When k > 2, only Modes I and V may
realize the ZVS of all switching devices. When 1 < k < 2, the
remaining four modes except Mode IV may realize ZVS for all
switching devices.

The inductor current expressions and transferred power ex-
pressions for each mode need to be obtained via (1) and (2) in
order to minimize the inductor peak current while realizing ZVS
of all switching devices. After obtaining the inductor current at

Fig. 4. (a)–(m) All operating modes for 1 < k < 2.

Fig. 5. Five modes that can potentially achieve ZVS for all switching devices.
(a) Mode I. (b) Mode II. (c) Mode III. (d) Mode IV. (e) Mode V.

TABLE II
MODAL CONSTRAINTS FOR MODES I–V

each switching action moment, the ZVS constraints for each
mode are shown in Table III. The normalized transferred power
is defined as P0 = Ptr/PN, where PN = nV1V2Th/(4L). The
nominal transferred power for each mode is shown in Table IV.

Combining the expressions of inductor current and transferred
power as well as the ZVS constraints, the next section will
analyze in detail the derivation process of the OQPS modulation
for achieving full-range ZVS with minimum peak current.

IV. DERIVATION OF THE PROPOSED OQPS MODULATION

A. Improved Lagrange Function and KKT Conditions

The optimization problem for the 3/2LNPC-DAB converter
to minimize peak current while achieving ZVS for all switching
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TABLE III
ZVS CONSTRAINTS FOR MODES I–V

TABLE IV
NOMINAL TRANSFERRED POWER FOR MODES I–V

devices can be described as follows:

min I0(D)

s.t. P0(D)− P ∗
0 = 0

gi(D) ≤ 0, i = 1, 2, . . . , r (7)

where D = (Dp1, Dp2, Dps, Ds) represents a set of control
variables. I0(D) and P0(D), respectively, represent the nominal
peak current and the nominal transferred power expressed by
a set of control variables D. P0

∗ represents the ideal nominal
transfer power. gi(D) represents the inequality constraints of
control variables. r is the number of inequality constraints.
The inequality constraints contain control variable definition
constraints, modal constraints, and ZVS constraints, as shown
in (5), Table II, and Table IV, respectively. The optional re-
gion of D that satisfies all inequality constraints is the feasible
region of D.

The Lagrange function and KKT conditions provide an ef-
ficient solution for solving optimization problems with con-
straints. The traditional Lagrange function and the KKT con-
ditions can be described as follows:

L(D, λ, μi) = I0(D) + λ(P0(D)− P ∗
0 ) +

r∑
i=0

μigi(D) (8)

{
∂L
∂D

∣∣
D=D∗ = 0, P0(D

∗)− P0
∗ = 0, μigi(D

∗) = 0

gi(D
∗) ≤ 0, λ �= 0, μi ≥ 0

(9)

where λ and ui represent the Lagrange multipliers. D∗ represents
a set of optimal control variables that is expected to satisfy the
KKT conditions in (9).

In the process of solving the KKT conditions for the symbolic
variables, it is normally divided into two steps. First, all the solu-
tion sets are found through the equation constraints, and then, the
optimal solutions are filtered based on the inequality constraints.
Theoretically, directly solving the equation constraints of the
traditional KKT conditions yields

∑q−1
i=0 C

i
r sets of analytical

solutions, where q is the number of control variables.
It is extremely challenging to solve the traditional KKT

conditions directly for each mode due to the large number
of inequality constraints and control variables. Taking Mode
I as an example, the number of inequality constraints reaches
as many as 15. Solving the equation constraint of the tradi-
tional KKT conditions will yield 576 sets of solutions. There-
fore, it is impractical to solve the traditional KKT conditions
directly.

In order to lower the difficulty of solving the KKT condi-
tions, an improved Lagrange function and KKT conditions are
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TABLE V
COMPARISON OF TRADITIONAL LAGRANGE FUNCTION WITH KKT

CONDITIONS AND IMPROVED LAGRANGE FUNCTION WITH KKT CONDITIONS

proposed, which can be described as follows:

L(D, λ, μi, uj) = I0(D) + λ(P0(D)− P ∗
0 ) +

m∑
i=0

μigi(D)

+

n∑
j=0

μjgj(D)=I0(D)+λ(P0(D)−P ∗
0 ) +

m∑
i=0

μigi(D)

(10){
∂L
∂D

∣∣
D=D∗ = 0, P0(D

∗)− P0
∗ = 0, λ �= 0

gi(D
∗) = 0, μi ≥ 0, gj(D

∗) ≤ 0, μj = 0.
(11)

∑r
i=0 μigi(D) in (8) can be decomposed into∑m

i=0 μigi(D)+
∑n

j=0 μjgj(D) in (10), where r = m+n.
gi(D

∗) = 0 in (10) is the boundary of the feasible region to
be satisfied by the optimal solution obtained by numerical
optimization. If the optimal solution appears on the boundary
of the feasible region, gi(D) = 0 and ui ≥ 0. Conversely,
if the optimal solution appears inside the boundary of the
feasible region, gj(D) ≤ 0 and uj = 0. In this way, the
number of inequality constraints for the KKT conditions can
be reduced from 2r to r. Solving the equality constraint of
the improved KKT conditions will only yield one set of valid
analytical solutions. In this case, the range of transferred
power corresponding to this set of optimal solutions can be
derived directly by inequality constraints. Comparison of the
traditional Lagrange function with the KKT conditions and the
improved Lagrange function with the KKT conditions is shown
in Table V.

B. Numerical Optimization Analysis for 1 < k < 2

There are different operating modes in different k-value in-
tervals. Therefore, the analytical expressions of the OQPS mod-
ulation for different k-value intervals are different. Since the
analytical steps for different k-value intervals are consistent, this
article takes the interval 1 < k < 2 as an example. The analytical
expressions of all control variables of the OQPS modulation in
all k-value ranges are then given for reference and application.

When 1< k< 2, there is a total of four modes that may achieve
ZVS for all switching devices. However, these four modes are
not necessarily all optimal modes. In order to screen out the
optimal modes, the minimum peak current of each mode for
achieving the ZVS of all switching devices can be obtained by
numerical optimization. The minimum nominal peak current

Fig. 6. Minimum nominal peak current for each mode in achieving ZVS.

TABLE VI
BOUNDARIES OF THE FEASIBLE REGION FOR ACHIEVING THE OPTIMAL

SOLUTION FOR EACH MODE

surfaces for each mode in achieving ZVS are given in Fig. 6. Ex-
ceptionally, the minimum nominal peak current when achieving
ZVS for each mode at k = 1.2 and k = 1.8 is plotted separately
for better observation of the results. It can be found that for the
same transferred power, it is always possible to find operating
points in Modes II and III with less peak current than those in
Mode I. Therefore, Mode I is not the optimal operating mode
for 1 < k < 2. Conversely, Modes II, III, and V together form
the optimal operating modes for 1 < k < 2.

Based on the results of numerical optimization, all inequality
constraints can be verified to check whether they are converted
into equality constraints, so as to determine whether the optimal
solution appears on the boundary of the feasible region. It is
verified that there are six power stages for 1 < k < 2 in total,
based on the differences in the operating modes and the feasible
region boundaries satisfied by the optimal solution. The feasible
region boundaries satisfied by the optimal solution for each mode
are shown in Table VI.
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Fig. 7. Two cases of achieving ZVS as well as peak current minimization in
Stage 1. (a) iLN_II(tp0) = 0. (b) iLN_II(tp0) < 0.

C. Analytic Solution for Optimal Modulation

According to the boundaries of the feasible region for achiev-
ing the optimal solution in Table VI, the analytical solution
of optimal modulation can be solved based on the improved
Lagrange function and the KKT conditions in Section IV-A.
The analytic solutions of the optimal modulation are all unique,
except for Stage 1. The reason and solution for the nonunique
analytical solution of the optimal modulation in Stage 1 are
elaborated as follows.

For Stage 1, the improved Lagrange function and KKT condi-
tions are shown in (12) shown at the bottom of this page and (13)
shown at the bottom of this page, respectively. Solving the KKT
conditions in (13) yields analytical expressions for each control
variable, as shown in (14) shown at the bottom of this page.
From (14), it can be found that Dps will vary synchronously
with Dp1. This means that the optimal solution to achieve the
minimum peak current while achieving ZVS for all switching
devices is not unique, as shown in Fig. 7. Regardless of the
variation of Dps and Dp1, there is always a section of the same
inductor current waveform, as shown in the green area in Fig. 7.
Obviously, if iLN(tp0) = 0, the rms value of the inductor current
in the red region will be minimized. In order to obtain a unique
set of deterministic analytical solutions, the boundary constraint
of the feasible region iLN(tp0)=0 is added to the current solution
to further reduce the conduction losses. Therefore, the feasible
region boundaries satisfied by the optimal solution for Stage 1
in Table V are corrected as follows:

iLN_II(tp0) = iLN_II(tp1) = 0, iLN_II(tp2) = iLN_II(ts1).
(15)

Fig. 8. Closed-loop control for OQPS modulation.

The analytical solution for optimal modulation of Stage 1 can
be obtained by reconstructing the improved Lagrange function
and solving the improved KKT conditions. The power range
of Stage 1 can be derived by solving the inequality constraints
of the improved KKT conditions. The optimal solution for the
remaining power stages can be solved by the same method. The
analytical expressions of the optimal modulation for 1< k< 2 is
shown in Table VII. According to the similar analytical method,
the analytical expressions of optimal modulation for k < 1
and k > 2 can be derived, as shown in Tables VIII and IX,
respectively.

D. Closed-Loop Control

To achieve a constant output voltage, the closed-loop control
structure for OQPS modulation is designed, as shown in Fig. 8.
Only the input voltage and output voltage need to be sampled
to achieve closed-loop control of the converter. The voltage
transfer ratio k is determined by two voltage sampling values.
The output signal of the proportional–integral (PI) controller is
regarded as a virtual nominal transferred power P0. In practical
applications, both P0 and k must be limited to prevent overflow
during computation. Based on the analytical solution for OQPS
modulation in Tables VII, VIII, and IX, each control variable
can be computed in the microcontroller. Finally, gate signals are
generated from four control variables.

V. ANALYSIS OF POWER LOSSES

The power losses of the 3/2LDNPC-DAB converter comprise
conduction and switching losses of active switching devices,
power diode losses, magnetic component losses, and resistor–
capacitor losses.

A. Conduction Losses of Active Switching Devices

Conduction losses are divided into conduction losses of
primary active switching devices Pon_p and secondary active

L(D, λ, μi, uj) = iLN_II(tp2) + λ(P0(D)− P ∗
0 ) + u1iLN_II(tp1) + u2(iLN_II(ts1)− iLN_II(tp2)) (12)

∂L

∂D

∣∣∣∣
D=D∗

= 0, P0(D
∗)− P0

∗ = 0, λ �= 0, iLN_II(tp2) = 0, iLN_II(ts1) = iLN_II(tp2), μi ≥ 0, gj(D
∗) ≤ 0 (13)

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

Dp2 =
I0(k2−4k+2)

(k−1)(k2−5k+2) − 1
(k−1)(k2−5k+2)

√
I0

2k2 + (k − 1) (k − 2) (k2 − 5k + 2)P0

Dps = Dp1 +
2I0(k2−4k+2)

(k−2)(k2−5k+2) − 2
(k−2)(k2−5k+2)

√
I0

2k2 + (k − 1) (k − 2) (k2 − 5k + 2)P0

Ds1 = I0(4−k(4−k)(3−2k))
(k−1)(k−2)(k2−5k+2) −

(k2−6k+4)
(k−1)(k−2)(k2−5k+2)

√
I0

2k2 + (k − 1) (k − 2) (k2 − 5k + 2)P0

(14)
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TABLE VII
ANALYTICAL EXPRESSIONS OF PROPOSED OQPS MODULATION FOR 1 < K < 2 IN THE FULL POWER RANGE

TABLE VIII
ANALYTICAL EXPRESSIONS OF THE PROPOSED OQPS MODULATION FOR 0 < K < 1 IN THE FULL POWER RANGE

TABLE IX
ANALYTICAL EXPRESSIONS OF THE PROPOSED OQPS MODULATION FOR K > 2 IN THE FULL POWER RANGE
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switching devices Pon_s. The ON-resistances of the primary and
secondary active switching devices are denoted as Rdson_p and
Rdson_s, respectively.

For the primary active switching devices, their on-time de-
pends on the adopted optimized modulation due to the presence
of NPC full-bridge power diodes. Thus, their rms currents need
to be evaluated independently, and the conduction losses of these
primary devices are calculated as follows:

Pon_p =

8∑
i=1

Irms_Pi
2Rdson_p (16)

where Irms_Pi is the rms current of primary switching device
Pi. Each secondary active switching device has a 50% duty
cycle. Thus, the conduction losses of these secondary devices
are expressed as follows:

Pon_s = 2Irms_s
2Rdson_s (17)

where Irms_s is the rms current on the secondary side of the
transformer.

B. Switching Losses of Active Switching Devices

The switching losses of active switching devices include
turn-ON losses Pturn-on and turn-OFF losses Pturn-off. Under the
proposed OQPS modulation, all switching devices operate in
ZVS or QZVS. Turn-ON losses of the devices are zero under
ZVS. To achieve complete ZVS, the switching current Isw must
satisfy

|Isw| ≥ VdcCoss(Vdc)

td
(18)

where Vdc denotes the dc bus voltage borne by the half-bridge
containing the switching device. Coss(Vx) is the junction capac-
itance of the switching device at Vx. td is the dead time.

Otherwise, the switching devices operate under QZVS. The
turn-ON losses under QZVS can be expressed as follows [33]:

Pturn−on = fs

×
(
Eoss(

Vdctd
Isw

) + Eoss(Vdc − Vdctd
Isw

)− Eoss(Vdc)

+Vdc(Qoss(Vdc)−Qoss(
Vdctd
Isw

))

)

(19)

where Eoss(Vx) represents the energy stored in the junction
capacitor of the switching device at the voltage Vx. fs is the
switching frequency.

Regardless of the operating state of the switching device, the
turn-OFF losses can be calculated using the following equation
[34]:

Pturn−off =
1

2
VdcIswtofffs (20)

where toff is the turn-OFF time of the switching device.

C. Power Diode Losses

Power diode losses can be divided into conduction losses
and reverse recovery losses. For SiC Schottky diodes, reverse
recovery losses can be neglected. Thus, only the conduction

losses need to be considered. When conducting, a diode is
equivalent to a series connection of a voltage source and a
resistor, with its equivalent voltage drop given as follows:

Vdiode = Vf +Rf id (21)

where the voltage of the equivalent voltage source Vf and the
resistor Rf can be obtained from the diode’s datasheet. id repre-
sents the instantaneous current flowing through the diode. Thus,
the power diode losses Pdiode can be expressed as follows:

Pdiode =

4∑
j=1

(VfImean_Dj + Irms_Dj
2Ron_d) (22)

where Imean_Dj and Irms_Dj represent the mean current and rms
current of the power diode Dj, respectively.

D. Magnetic Component Losses

In the design of the DAB converter, the leakage inductor of
the transformer can be designed as the power transfer inductor.
Thus, an external series inductor is not required. The magnetic
component of the converter consists solely of the transformer.
The magnetic component losses include core losses and copper
losses. According to [35], the core losses can be calculated using
the improved generalized Steinmetz equation, as follows:{

Pcore =
Ve

2Th

∫ 2Th

0 ki
∣∣dB
dt

∣∣α(ΔB)β−αdt

ki =
ks

(2π)α−1 ∫ 2π
0 |cos θ|α2β−αdθ

(23)

where Ve is the volume of the core. dB/dt is the rate of change of
magnetic flux density. ΔB is the peak-to-peak value of magnetic
flux density. ks, α, and β are the Steinmetz coefficients of the
core material.

In the high-frequency transformer, the skin effect and proxim-
ity effect of the windings cannot be neglected. The ac resistance
of the Litz wire windings can be calculated using Tourkhani’s
formula [36]. The copper losses of the transformer are expressed
as follows:

Pcopper = Irms_s
2(n2Rtr_p_ac +Rtr_s_ac) (24)

where Rtr_p_ac and Rtr_s_ac are the ac resistances of the primary
and secondary windings of the transformer, respectively.

E. Resistor–Capacitor Losses

To achieve capacitor voltage balancing of the NPC full bridge,
balancing resistors are connected in parallel across the dc-link
capacitors. The losses of these resistors are nonnegligible and
can be expressed as follows:

PR =
V1

2

2Rbalance
(25)

where Rbalance is the resistance value of the balancing resistor
connected in parallel across the dc-link capacitors.

The input and output capacitors of the DAB converter carry
current ripple at the switching frequency. The losses incurred in
these capacitors can be expressed as follows:

PC = Irms_pc
2Rpc + Irms_sc

2Rsc (26)
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Fig. 9. Prototype platform of a 3/2LNPC-DAB converter.

TABLE X
MAIN PARAMETERS OF THE PROTOTYPE

where Irms_pc and Irms_sc are the rms current flowing through
the input capacitors and output capacitors, respectively. Rpc and
Rsc are the equivalent series resistances of the input and output
capacitors, respectively.

VI. EXPERIMENTAL VALIDATION

A 1.6-kW prototype platform, shown in Fig. 9, was con-
structed to verify the effectiveness of the proposed OQPS
modulation. The main parameters of the prototype are shown
in Table X. OQPS modulation is implemented on the con-
troller TMS320F28377. In the prototype, SiC power switches
C3M0025065K and SiC power diodes C3D16065D jointly form
the primary NPC full bridge. For the secondary full bridge,
two SiC power half-bridge modules CAB011M12FM3 are em-
ployed. The transformer leakage inductor is used as the DAB
inductor, and there is no external series inductor. The leakage
inductance value is 40 μH, and the transformer core material is
N97.

A. Soft-Switching Implementation of OQPS Modulation

Fig. 10 shows the experimental waveforms at different trans-
ferred powers during forward power transfer under V1 = 300 V
and V2 = 150 V, i.e., k = 1.62. When P0 = 0.06, the converter
operates in Stage 1, as shown in Fig. 10(a). The switching devices

P1, P4, P5, and P8 are operating at ZCS. The rest of the switching
devices are operating at ZVS. For Stages 2 and 3, the power range
is narrow, and the soft-switching implementation is the same as
in Stage 1. When P0 = 0.17, the converter operates in Stage 4, as
shown in Fig. 10(b). In this case, the switching devices P5 and
P8 operate at ZCS, and the rest of the switching devices operate
at ZVS. When P0 = 0.56, the converter operates in Stage 5, as
shown in Fig. 10(c). The soft-switching implementation of the
switching devices is consistent with Stage 4. The difference is
that Dps <Dp1 in Stage 4, while Dps >Dp1 in Stage 5. When P0

= 0.71, the converter operates in Stage 6, as shown in Fig. 10(d),
where all the switching devices achieve ZVS.

Fig. 11 shows the experimental waveforms at different trans-
ferred powers during forward power transfer under V1 = 300 V
and V2 = 100 V, i.e., k = 2.42. When P0 = 0.08, the converter
operates in Stage 1, as shown in Fig. 11(a). Switching devices P1,
P4, and S1–S4 are operating at ZCS. Switching devices P2 and
P3 are operating at ZVS. Switching devices P5∼P8 are inactive
and have no switching loss. When P0 = 0.26, the converter
operates in Stage 2, as shown in Fig. 11(b). Except that switching
devices P5–P8 are in an inactive state with no switching losses,
the remaining switching devices all achieve ZVS. When P0 =
0.51, the converter operates in Stage 3, as shown in Fig. 11(c).
In this case, the switching devices P5, P8, and S1–S4 operate
at ZCS, and the rest of the switching devices operate at ZVS.
For Stage 4, only switching devices P5 and P8 operate at ZCS,
while the rest achieve ZVS. Since the experimental waveform
of Stage 4 is highly similar to that of Stage 3, it is not presented
in Fig. 11. When P0 = 0.82, the converter operates in Stage 5,
as shown in Fig. 10(d), where all the switching devices achieve
ZVS.

The proposed OQPS modulation is also applicable to reverse
power transfer, where the four control variables can be derived
from (4). The experimental results of reverse power transfer are
presented in Figs. 12 and 13. Fig. 12 shares the same operating
voltages as Fig. 10. At the same transferred power, the voltage
and current waveforms of forward and reverse power transfer are
fully symmetric, and the realization of ZVS is also symmetric.
Fig. 13 also shares the same operating voltages as Fig. 11, with
symmetric waveforms.

B. Comparison of Various Modulation Strategies

In order to verify the effectiveness of the proposed OQPS
modulation to enhance the efficiency and reduce the peak
current, various phase-shift modulations, including TPS-MCS
modulation in [27], QPS-MCS modulation in [29], and QPS-
ZVS modulation in [30], are compared. The comparison of the
theoretical peak current for the four modulation strategies at k
= 0.7, 1.5, 3 is shown in Fig. 14. When k = 0.7, all modulations
achieve the same peak current at the same transferred power,
as their analytical expressions for optimized modulations are
consistent when k < 1. When k > 1, the proposed OQPS mod-
ulation attains the minimum peak current over most transferred
power ranges. Near medium power, the QPS-MCS modulation
may achieve a smaller peak current than the OQPS modula-
tion, as it only takes peak current as the optimization objective
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Fig. 10. Typical waveforms during forward power transfer under V1 = 300 V and V2 = 150 V (k = 1.62). (a) P0 = 0.06 (under Stage 1). (b) P0 = 0.17 (under
Stage 4). (c) P0 = 0.56 (under Stage 5). (d) P0 = 0.71 (under Stage 6).

Fig. 11. Typical waveforms during forward power transfer under V1 = 300 V and V2 = 100 V (k = 2.42). (a) P0 = 0.08 (under Stage 1). (b) P0 = 0.26 (under
Stage 2). (c) P0 = 0.51 (under Stage 3). (d) P0 = 0.82 (under Stage 5).

Fig. 12. Typical waveforms during reverse power transfer under V1 = 300 V and V2 = 150 V (k = 1.62). (a) P0 = 0.06 (under Stage 1). (b) P0 = 0.17 (under
Stage 4). (c) P0 = 0.56 (under Stage 5). (d) P0 = 0.71 (under Stage 6).

Fig. 13. Typical waveforms during reverse power transfer under V1 = 300 V and V2 = 100 V (k = 2.42). (a) P0 = 0.08 (under Stage 1). (b) P0 = 0.26 (under
Stage 2). (c) P0 = 0.51 (under Stage 3). (d) P0 = 0.82 (under Stage 5).

without considering ZVS realization. However, at light load, the
QPS-MCS modulation exhibits a higher peak current than the
proposed OQPS modulation due to inaccurate modeling.

To further verify the effectiveness of the proposed OQPS
modulation, various modulations have been implemented in the
prototype, with their peak currents and efficiencies measured.
The experimental waveforms of various modulations are pre-
sented, as shown in Figs. 15 and 16. Also, the peak current and
efficiency are labeled in the figure.

The experimental waveforms in Fig. 15 are tested under V1

= 300 V, V2 = 150 V, and P0 = 0.17. It can be found that
the peak current under TPS-MCS modulation is maximum at
10.9 A. The peak current under the proposed OQPS modulation
is the minimum with 6.6 A. Compared to TPS-MCS modulation
and QPS-ZVS modulation, the peak current under the proposed
OQPS modulation can be reduced to 61% and 75% of the
original. In terms of efficiency, the converter efficiency improves
from 94.9% under TPS-MCS modulation to 96.9% under OQPS
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Fig. 14. Nominal peak current of each modulation strategy for variation of the
nominal transferred power P0. (a) When k = 0.7. (b) When k = 1.5. (c) When
k = 3.

Fig. 15. Experimental waveforms with various modulation strategies under
V1 = 300 V, V2 = 150 V, and P0 = 0.17.

Fig. 16. Experimental waveforms with various modulation strategies under
V1 = 300 V, V2 = 100 V, and P0 = 0.26.

modulation. Compared to QPS-ZVS modulation, the efficiency
of the converter under OQPS modulation can still be improved
by 1.4%.

The experimental waveforms in Fig. 16 are tested under V1

= 300 V, V2 = 100 V, and P0 = 0.26. The same conclusion can
be obtained. Among the four modulation strategies, the OQPS
modulation has the minimum peak current of 8.2 A. Compared
with the TPS-MCS modulation, the peak current of the converter
under OQPS modulation can be reduced by 39.7%. Meanwhile,

Fig. 17. Comparison of power losses for various modulation strategies under
V1 = 300 V, V2 = 150 V, and P0 = 0.17.

Fig. 18. Comparison of power losses for various modulation strategies under
V1 = 300 V, V2 = 100 V, and P0 = 0.26.

Fig. 19. Efficiency curves for bidirectional power transfer under V1 = 300 V,
V2 = 150 V (k = 1.62).

the highest efficiency of 96.9% can be achieved under OQPS
modulation. Compared to TPS-MCS and QPS-ZVS modula-
tions, the efficiency of the converter is improved by 2.5% and
2.1%, respectively.

Detailed loss distribution and comparison of each modula-
tion under the above two operating conditions are shown in
Figs. 17 and 18. The proposed OQPS modulation simultaneously
achieves the lowest conduction and switching losses of active
switching devices. Among various modulations, the differences
in power diode losses and those in magnetic component losses
are mainly determined by the current characteristics. Thus, the
variation trends of these two types of losses are consistent with
those of conduction losses. Resistor–capacitor losses of each
modulation are roughly the same but nonnegligible.

When k < 1, the optimization results of all four modulation
strategies are the same. Therefore, the experimental results for
k < 1 are not presented.

Figs. 19 and 20 show the efficiency curve for bidirectional
power transfer under V1 = 300 V, V2 = 150 V (k = 1.62) and
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Fig. 20. Efficiency curves with varying transferred power under V1 = 300V,
V2 = 100V (k =2.42).

Fig. 21. Dynamic waveforms of the OQPS modulation under closed-loop
control. (a) V1 = 300 V, V2 = 150 V (i.e., k = 1.62) and Ptr changes from
400 to 1200 W and back to 400 W. (b) V1 = 300 V, V2 = 100 V (i.e., k = 2.42)
and Ptr changes from 200 to 1000 W and back to 200 W.

V1 = 300 V, V2 = 100 V (k = 2.42), respectively. Among the
four optimized modulations, the efficiency of proposed OQPS
modulation clearly leads across the entire power range. At k
= 1.62, compared with QPS-ZVS modulation, the proposed
OQPS modulation achieves a 2.1% efficiency improvement at
400-W transferred power. At k = 2.42, it achieves a 2.0%
efficiency improvement at 600-W transferred power relative to
QPS-ZVS modulation. Experimental validation confirms that
the proposed OQPS modulation exhibits superior performance
in bidirectional power transfer scenarios.

C. Dynamics of the Proposed OQPS Modulation Under
Closed-Loop Control

Since the control variables have different analytical expres-
sions in different k-value ranges and power stages, it is crucial to
achieve smooth transitions during transferred power variations
and k-value variations. Fig. 21 illustrates the dynamics of the
proposed OQPS modulation under closed-loop control during
load step changes. In Fig. 21(a), the transferred power changes
from 400 to 1200 W and back to 400 W under the conditions
of V1 = 300 V and V2 = 150 V (i.e., k = 1.62). In Fig. 21(b),
the transferred power changes from 400 to 1200 W and back to
400 W under the conditions of V1 = 300 V and V2 = 100 V
(i.e., k = 2.42). It can be seen that the closed-loop control of the
proposed OQPS modulation achieves smooth transitions during
transferred power variations. To verify the performance of the
closed-loop control under k-value variations, Fig. 22 presents
the dynamics when the input voltage V1 switches from 100 to
300 V and vice versa, under the conditions of V2 = 100 V and
P = 600 W. It can be observed that the closed-loop control of

Fig. 22. Dynamic waveforms of the OQPS modulation under the conditions
V2 = 100 V and P = 600 W. (a) k switches from 0.81 to 2.42. (b) k switches
from 2.42 to 0.81.

the proposed OQPS modulation still ensures smooth transitions
over a wide range of k-value variations.

VII. CONCLUSION

An OQPS modulation strategy to achieve higher efficiency
for the 3/2LNPC-DAB converter is proposed in this article.
Conduction losses and switching losses are considered together
in the OQPS modulation, aiming to achieve the minimum peak
current of the converter under soft switching of all switching
devices. First, five operating modes are screened that have the
potential to achieve ZVS for all switching devices. Then, the
transferred power and peak current expressions for these five
modes are derived. Finally, the analytical solution of OQPS
modulation is given based on the proposed improved Lagrange
function and KKT conditions. Theoretical and experimental re-
sults show that the proposed OQPS modulation is able to ensure
the minimum peak current under soft switching of all switching
devices. Compared to the current state-of-the-art modulation
strategy, the proposed OQPS modulation improves the efficiency
by 2.1%. Regardless of the variation of k, the proposed OQPS
modulation can achieve the highest efficiency in the full power
range.
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