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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

HE 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/nVy) [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
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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) _ ’Uab(t) — ”Ucd(t)

dt L '

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,

ey
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TABLE I
COMPARISONS WITH PREVIOUS OPTIMIZATION SCHEMES IN DAB CONVERTERS

DAB Number . Optimization S Modal Number of
references Solutions Lo Optimization method .
converters of DoFs Objectives analysis power stages
[27] 3 ) Current stress Differential extremum method * * Kk 4
Tw]:())-Algvel [19] 3 Asr:j:l}t,it;:fl RMS current Global optimal condition (GOC) method * Kk Kk 6
[28] 3 rms current + ZVS KKT method * % Kk 6
3/3LNPC-DAB [24] 5 rms current Frequency domain method * /
[25] 2 Numerical rms current Particle swarm optimization (PSO) method * % Kk /
“bri solution
3 /?Egpbél_déz]s [26] 3 rms current + ZVS Fmincon function method * %k /
2/ALNPC-DAB [29] 4 Current stress Numerical optimization + KKT method * 8
[30] 4 Analytical | Current stress + ZVS Numerical optimization + KKT method * * 10
solution i imizati i
32LNPC-DAB | thisarticle | 4 Current stress + zvs | \umerical optimization * improved KKT | -y o o 13
method with low computational burden
For modal analysis, more % indicate more comprehensive modal analysis.
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P ‘ ] |— t DT, ! I 1
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PP i | I I | i t t
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P | | | | i | | | | | | !
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" \p 3 T: (DT 3 Pl 3 5 Pt Fig. 3. Typical voltage and current waveforms. (a) Forward power transfer.
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_I | E i I__1 ; ; I Pt of the converter, the fundamental phase-shift angle is limited to
Lo AR 90° [31]. Therefore, each control variable needs to satisfy the
o tio b1 f P A S following constraints:
D,y >0,D, >0
Fig. 2. Typical operating waveform of the 3/2LNPC-DAB converter. pl =¥ p2 =

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

- T Jo

Fig. 2 presents a typical operating waveform of 3/2LNPC-
DAB converters under the QPS modulation. The voltage v,;, has
five levels +V1, +V1/2, and 0. The voltage v.4 has three levels
+nV5 and 0. For ease of description of the control variables, the
+V,/2 level is defined as the minor level of v; and the £V level
as the major level. The £nV, level is defined as the high level
of v.q. 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. D,,; is the
duty cycle of the one-sided minor level of v,;,. D)o is the duty
cycle of the major level of v,;. Dy is the duty cycle of the high
level of v¢q. Dy, is the phase-shift ratio between the rising edge
of the minor level of v,; and that of the high level of v 4. In
addition, T7, 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

P, Vab (t) iL (t) dt. (2)

2Dp1 +Dp2 S 1

0<Ds;<1
2D,1+Dpa—D,
2

3

142D,14+Dyo— D,
< Dy < —Epinoeee

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/:stDsllszlaDS2/:DP2 “)
Dy’ = Dps + 2Dy + Dy — D

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:

{ZLNE 00) <0, 1) <0, 2) >0 5)
'LLN

3) >0, 1) >0, 2) <0
where iy n(f) represents the normalized inductor current. The
normalized inductor current is defined as iy n(f) = iy (t)/Iy,
where IN = nVQTh/(2L)

Notably, based on the switching sequence shown in Fig. 2,
when D,,» = 0, switching devices P5s—Pg will not operate. Thus,
for Dyo = 0, the ZVS constraints of all switching devices are
simplified as follows:

) <0,

irn(tp
irn(ts

inn(tp
irn(ts

3)>0, ) >0, 2) <0,

(6)

inn (tp inn (tp inn(ts inn(ts

III. ZVS-OPTIMIZED OPERATING MODES

According to the different relative sizes of V; and nVs, the
voltage transfer ratio k( = V;/(nV3)) 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
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TABLE I
MOoODAL CONSTRAINTS FOR MODES [-V

Mode Modal constraints
1 Dys<0,2D,1+Dp < D)t Dy
11 0<Dys<Dp1, Dy +Dp<Dp;tD;<2D,1+Dpp
111 1< D,stDy, Dps <D,
v Dy <D,s, DpstDy<Dp1+Dp»
\Y4 14+Dp1 < Dps+Ds, Dps<Dp1+Dp»

each switching action moment, the ZVS constraints for each
mode are shown in Table III. The normalized transferred power
is defined as Py = Py /Py, where Py = nV,VoT/(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
ZNV'S CONSTRAINTS FOR MODES -V
Mode ZVS constraints
l’m?l (tpO) = 2D/7s + D, 7k(Dpl + DpZ) <0, i[_,’\/i](t;rl) = 72Dp1 + 2Dpx +D, - kDpZ <0,
1 iLNJ(lpz) = _2D,)1 + 2D1).\ +D, + (k _2)D,)z 20, il_,\gl(tpz) = 2Dpv +D, + (k- 4)D,;1 +(k _Z)Dpz =0,
l‘LNﬁI(tv]) =D, _k(Dpl +Dp2) >0, iL/\LI(tsz) =-D + k(Dpl + D])Z) <0
iy u(t,0) =D, ~k(D, +D,,)<0, iy (t,)=-2D, +2D, +D, —kD,, <0,
11 Iy i (tpz) = 72Dp] + 2Dp.\ +D, +(k 72)Dp2 21, by (tp3) =D, + k(Dpl + Dpz) 20,
iy u(ty) =D, 7k(Dpl +D,,=D,)=20, i, u(t) =D, +k(pol +D, +D)<0
Iy m (tpo) =2- 2D])x -D, - k(Dp1 + Dpz) <0, Iy m (tp,) = —2Dp1 + ZDPv +D, —kDp2 <0,
111 iLNfII[ (th) = _2Dpl + 2Dp.v + Dv + (k _Z)D,,z 2,0, iL.\;m (th) = 2Dp.v +Ds + (k _4)Dpl + (k _Z)D])Z =0,
iLme (t:l) = Dx _k(Dp| + Dpz _Dp.y) >0, iL,\Lm (t.yz) = _Dx + k(l +Dpl + Dpz _Dpx _D:) <0
iy (tp(]) =D, _k(Dpl + Dpz) <0, by v (tpl) =D, - kDpZ <0,
v I ([pz) =-D, +kDpz 20,0y ([p3) =-D, +k(Dp1 + Dpz) 20,
l'LNJv (lv]) = Dx 7k(2Dpl + Dpz - 2Dpv) 2 0, iw?w (tvz) = 7Dv + k(72D1)1 - DpZ + 2Dpx + 2D:) <0
iy v (tp(]) =2 _2D[7,v - D, _k(Dpl + Dpz) <0, l’LNfV (tpl) =2+ 2Dpl - 2D[1v D, _kDpz <0,
\V iy (t,,)==2D, +2D, +D +(k=2)D,, 20, i,, ,(t,)=2D, +D, +(k=4)D, +(k-2)D,, 20,
iLva (t,)=D, _k(szl + Dpz - 2Dp.;) =0, iLNi\’ (1) ==D, +k(2+ 2Dpl +Dpz _2Dp.\‘ -2D)<0
TABLE IV
NOMINAL TRANSFERRED POWER FOR MODES -V
Mode Nominal transferred power F,
1 -4D,?-2D,,>—6D,,D,, +4D,,D, +2D, D, +4D,,D, +2D,,D,
II 7Dp22 +Dc2 72D1)1D/)2 72D,;1Dx + 2D,;2D,» +2D1;.\Ds
2 2 2 2
111 4D,)1 72D,)z 72D,}< -D, 76D,)1D,;z +4D])1Dp\ + 2D,;|D.\\ +4D/)2me +2D,12D‘ 72D,)<D( +2D/)s +2D, -1
v 2D? —4D,,D, =2D,,D, +4D,.D,
AV —6D,*-2D,*—4D,*>-2D>—6D,D,,+8D,D, +4D, D, +4D,,D, +2D D —4D, D —2D, +4D, +4D -2
1 1 . oL _ * * *\
devices can be described as follows: oL |D:D* =0, Py (D) — Py* =0, p;g:(D*) =0 ©)
min [O(D) gl(D*) SO,)L 750,/.&1' >0
st. Py(D)—P; =0
D) < ) where A and u; represent the Lagrange multipliers. D* represents
9i(D) <0, i=12...,r (D asetof optimal control variables that is expected to satisfy the

where D = (D1, Dy2, Dy, D) represents a set of control
variables. Ip(D) and Py(D), respectively, represent the nominal
peak current and the nominal transferred power expressed by
a set of control variables D. Py* represents the ideal nominal
transfer power. g,(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, 3, 1) = Io(D) + MPo(D) = F) + 3 jigi(D) ®
1=0

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 Zg;é C? sets of analytical
solutions, where ¢ 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

Traditional Improved
Lagrangc? function 2y 2im
expansion term
Inequality constraints of 2 p
KKT conditions

Solution set of the
equation constraint of the
KKT conditions

e !

proposed, which can be described as follows:

L(D, &, i, uz) = Io(D) + A(Py(D) = Py) + > _ pigi(D)
=0

+ Y 11jg;(D)=Io(D)+A(Po(D)~P3) + Y _ pigi(D)
j=0 i=0
(10)
SBlpep =0, P(D*) = P* =0, »#0 (1n
gZ(D*):Ov i >0, gj(D*)éov :U'j:0~
S opigi(D) in (8) can be decomposed into
POy uigi(D)JrZ?:O wig;(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, g;(D) = 0 and u; > 0. Conversely,
if the optimal solution appears inside the boundary of the
feasible region, g;(D) < 0 and u; = 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 I <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
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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

Mode | Stage Boundaries of the feasible region
Stage 1 i (8p) = 05ty (8,0) = iy (4)
1 Stage 2 iy () =iy (1,)=0,2D, +D,, =1
Stage 3 iy m(0) =iy w(,)=0,2D,+D, =1
1 Stage 4 iy w(t,)=0,2D, +D,, =1,D, =1
Stage 5 iy y(t,)=0,2D,+D,,=1,D =1
v Stage 6 2D, +D,=1,D, =1

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 IIT with less peak current than those in
Mode I. Therefore, Mode I is not the optimal operating mode
for 1 < k < 2. Conversely, Modes 1I, 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_11(tp0) = 0. (b) iLN_11(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 D, will vary synchronously
with D,,1. 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 D,,s and D,,1, there is always a section of the same
inductor current waveform, as shown in the green area in Fig. 7.
Obviously, if i, n(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 iz, n(#,0) = O 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:

irn 11(tpo) = ion 11(tp1) =0, dpn 1i(tp2) = inn 11(tst)-
(15)
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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 < 21is
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 Py. In practical
applications, both Py 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 P, , and secondary active

L(D, A, pi,us) =i (tpe) + A(Po(D) — Py) +wiipn 1i(tp1) + u2(inn 11(ts1) — inn 1(tp2))

oL
oD | p_p

12)

=0,P(D*)— Py =0, A#0, irnnl(tp2) =0, irn1i(tsr) =ionaltpe), i >0, g;(D*) <0 (13)

Io(k2—4k+2)

2
Dy = ) s Lok (k= 1) (k —2) (k2 — 5k +2) Py

20 (k?—4k+2

Dps = Dy + (k72()(,€275,€+)2) ~ R EETD) \/102k2 +(k—1)(k—2)(k* -5k +2) Py

(14)

Io(4—k(4—k)(3—2K)) (k2 —6k-+4)

Dsl =

2
E-D(k-2) (k2 5k+2) (k-1 (- 2)(k2—5h12) \/fo k2 + (k—1)(k—2) (k* = 5k +2) Py



LIU et al.: OPTIMIZED QUADRUPLE PHASE-SHIFT MODULATION OF 3/2LNPC-DAB CONVERTERS

ANALYTICAL EXPRESSIONS OF PROPOSED OQPST &%E}IEJIYA?ION FOR 1 < K < 2 IN THE FULL POWER RANGE

Power range Dy Dy, Dys D,

0<F <P, :((;{—_1?) 4 4 2(kk—1) 4 ¥ ;Ek2+4 4
Push <Py 42213]1({) N 4(2]+ k) 4 2(;fk) * 2(2l+ k) 4 (2_82(:‘1:)%) - 3(221]{;{) 4 ﬁgig + 4(2k+k) 4,
P,<B <P, 2Ak=1) 2-k h-ve-b, 1, o

3k-2 3k-2 23k-2)  2(3k-2) 3%—2

P.<P <P, 22‘3 "k) 2(31 o A, 2(‘3;_"k)+ﬁ4, .
P, <P <P, k(lAtk)_i ) 3A52k ALSA“ 3+32kA+52k~ 12;k 6 1

4 =\/%P°),Az =Jk2 +8(2+:;)}3,A3 = k=) (@-k)(2+k+K)-2(2-34) B

(k=1)(k> =5k +2 (k-
2(3 k) )
A=\ [ =P R Ay =3 4k 267 Ay = 2 (1) (K +3) - 245,
» _kz(kfl)(k72)(k275k+2) » _(k-DR-k)Q2-k+k) » _(kfl)(2fk)(2+k+k2) (k=1)(3+k) p _(k*l)(717k+6k2+2k3)
Al (8_10k+k2)z 2t A2 (3k—2)2 2543 2(3k_2)2 2L A4 zkz 2445 (2k2_1)2
TABLE VIII
ANALYTICAL EXPRESSIONS OF THE PROPOSED OQPS MODULATION FOR 0 < K < 1 IN THE FULL POWER RANGE
Power range Dy Dy Dy D
1 1 1
0<P <2k(l-k ———\2k(1-k)F, — J2k(1-k) P, 2k(1-k)P,
0 S2k(1-k) 0 2w VHIOR 2 VR0 T A
2k(1-k)<F <1 0 1 1 2k-1 ) 1=K 1-(1-k) _1-h
2 2 1—2k +2k* 1-2k +2k*
TABLE IX
ANALYTICAL EXPRESSIONS OF THE PROPOSED OQPS MODULATION FOR K > 2 IN THE FULL POWER RANGE
Power range Dy Dy Dys D;
R IZ
<P <P 0 k U
0<h <Py 2(k -2) 0 0 2(k-2)
1 k-2 1-2P, 1 k 2P,
P, <P <P S ) S ] 0 1 k[ 1-2R 1
Lo m e 2 2 \8—dk+k 2 2\8—4k+k®
P,, <P <P, Q—i«/k%Zk 3-2kR, 1 k11 ok 3 2R 1
2k 2k k 2k 2k
3 2 72 A3
P, <P <P, k(1+k)7_—2—2k+k : 3+2k - 2+k 5 3+3k+2kz L A+2k—k 22k B |
3+4k+2k%  3+4k+2k* 3+4k+2k” 3+4k+2k 23 +4k+2k7)  2(3+4k+2k7)
P, <F <1 _I-h 1—k =5 1 k=14 1-K 1
3-2k+k’ 3—4k+2k° 2 2 \3-4k+2k’

[3+4k+k-(3+4k+26°) R 2Ak-2) , _1+2%kedk

= By ==
N swdk-2 20 kT T T (1+k+k?Y
44k = (k=2 B4k +k°)(- 8+4k+k) 2(3+k)(—4+2k+K7)
When 2 <k=436, B ="14 16k e = ©(2+k) ’

_ 2 3 4 5 6 2 _ 3 4
when k> 4.36, P,, = P, = 216 +16k —38k* - 51k 2IESk +k7+2k°) 2k(1+2k)\f(8 4k +k° )(4+6k+k2)(§+4k 2k° =2k +k )
B+12k+7k7) B+12k+7k7)
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switching devices P, s. The ON-resistances of the primary and
secondary active switching devices are denoted as Rgs0n, , and
R dson_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:

8
2
Ponfp = E IrmsfPi Rdsonfp

i=1

(16)

where ;.5 p; s the rms current of primary switching device
P;. Each secondary active switching device has a 50% duty
cycle. Thus, the conduction losses of these secondary devices
are expressed as follows:

Pon_s - 2-Z-1rms_52]:idson_s (17)

where s 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 Piurn-on and turn-OFF losses Pyiyrn-of- Under the
proposed OQPS modulation, all switching devices operate in
ZNVS or QZVS. Turn-ON losses of the devices are zero under
ZVS. To achieve complete ZVS, the switching current /g, must
satisfy

Vdc C’oss (Vdc)

o] 2 e

(18)
where Vg, denotes the dc bus voltage borne by the half-bridge
containing the switching device. C,¢s(Vy) is the junction capac-
itance of the switching device at V. ¢4 is the dead time.
Otherwise, the switching devices operate under QZVS. The
turn-ON losses under QZVS can be expressed as follows [33]:

Pturnfon = fs

§ (EOSS(‘/;‘Ctd) + Eope(Vae — Yett) — Eoss(vdc)>

sw

‘LVdC(Qoss (Vdc) — Qoss( V}i:v':d ))

19)

where E,¢s(V,) represents the energy stored in the junction
capacitor of the switching device at the voltage V,. f, 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]:

1
5‘/(1clswtoﬂfs

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

Pturn—off - (20)

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
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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 = V§ + Ryig (21)

where the voltage of the equivalent voltage source Vy and the
resistor Ry can be obtained from the diode’s datasheet. i4 repre-
sents the instantaneous current flowing through the diode. Thus,
the power diode losses Pgiode can be expressed as follows:

4
Pdiodc - Z (VfImcan_Dj + IrmS_Dj2Ron_d)

Jj=1

(22)

where Iiyean_pj and Iys_pj 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:

_ Ve 2T dB | p-a
{PCOFC =37 o ’: kil G2 |7 (AB)"“dt
i =

(23)

(2m)** f027r |cos 6| 28-2>dp

where V. is the volume of the core. dB/dt is the rate of change of
magnetic flux density. AB is the peak-to-peak value of magnetic
flux density. ks, «, and (3 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 = IrmsfsQ(nQRtrfpfac + Rtr?sfac) (24)

where Ry, ,_ac and Ry, s 4. 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:

2-Rbalance
where Rpaiance 1S 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:

2 2
PC = Irmsfpc Rpc + Irmsfsc Rsc

Pr (25)

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

TABLE X
MAIN PARAMETERS OF THE PROTOTYPE

Parameters Values
Rated power P 1.6 kW

Input voltage 1 120-400 V

Output voltage 1 80-300 V

Transformer ratio n 26:21

Transformer leakage inductance L 40 uH
Switching frequency fi 50kHz
DC-link capacitors Cp1, Cp2,and Cy 440 uF

where Ii,s_pe and I s are the rms current flowing through
the input capacitors and output capacitors, respectively. R, and
R, 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 CABO11M12FM3 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 pH, and the transformer core material is
NO97.

A. Soft-Switching Implementation of OQPS Modulation

Fig. 10 shows the experimental waveforms at different trans-
ferred powers during forward power transfer under V; = 300 V
and Vo = 150 V, i.e., k = 1.62. When Py = 0.06, the converter
operates in Stage 1, as shown in Fig. 10(a). The switching devices
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Py, P4, P5,and Pg are operating at ZCS. The rest of the switching
devices are operating atZVS. For Stages 2 and 3, the power range
is narrow, and the soft-switching implementation is the same as
in Stage 1. When Py = 0.17, the converter operates in Stage 4, as
shown in Fig. 10(b). In this case, the switching devices P5 and
Pg operate at ZCS, and the rest of the switching devices operate
at ZVS. When Py = 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 D, <D, inStage4,while D,,; > D,,; in Stage 5. When Py
= (.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 V; = 300 V
and Vo = 100V, i.e., k = 2.42. When Py = 0.08, the converter
operates in Stage 1, as shown in Fig. 11(a). Switching devices Py,
P4, and S;-S, are operating at ZCS. Switching devices P, and
P35 are operating at ZVS. Switching devices P5~Pg are inactive
and have no switching loss. When Py = 0.26, the converter
operates in Stage 2, as shown in Fig. 11(b). Except that switching
devices Ps—Pg are in an inactive state with no switching losses,
the remaining switching devices all achieve ZVS. When Py =
0.51, the converter operates in Stage 3, as shown in Fig. 11(c).
In this case, the switching devices P5, Pg, and S1—S4 operate
at ZCS, and the rest of the switching devices operate at ZVS.
For Stage 4, only switching devices P5 and Pg 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 Py = 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-
ZN'S 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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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.
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The experimental waveforms in Fig. 15 are tested under V;
=300V, Vo = 150 V, and Py = 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. 15.  Experimental waveforms with various modulation strategies under
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Fig. 16. Experimental waveforms with various modulation strategies under
Vi =300V, Vo =100V, and Py = 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 V;
=300V, Vo, =100V, and Py = 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,
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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 V; =300 V, Vo = 150 V (k = 1.62) and
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Fig. 21. Dynamic waveforms of the OQPS modulation under closed-loop
control. (a) V1 =300V, Vo = 150 V (i.e., k = 1.62) and Py, changes from
400 to 1200 W and back to 400 W. (b) V1 =300V, Vo =100V (i.e., k = 2.42)
and P, changes from 200 to 1000 W and back to 200 W.

Vi =300V, Vo =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 V5 = 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 V; = 300 V and Vo = 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 V; switches from 100 to
300 V and vice versa, under the conditions of Vo = 100 V and
P = 600 W. It can be observed that the closed-loop control of
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Fig. 22.  Dynamic waveforms of the OQPS modulation under the conditions
Vo =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.

REFERENCES

[1] P. V. Harisyam and K. Basu, “A single-stage high-frequency-link medium
voltage AC to DC converter for utility-scale grid integration of solar and
storage,” IEEE Trans. Power Electron., vol. 39, no. 12, pp. 15506-15519,
Dec. 2024.

[2] R. Pradhan, S. B. Shah, M. 1. Hassan, Z. Wang, and A. Emadi, “A 15
kW wide-input reconfigurable three-level DAB converter for on-board
charging of 1.25 kV electric vehicle powertrains,” IEEE Trans. Transp.
Electrific., vol. 10, no. 4, pp. 9144-9162, Dec. 2024.

[3] S. Chaurasiya and B. Singh, “A bidirectional fast EV charger for wide
voltage range using three-level DAB based on current and voltage stress op-
timization,” IEEE Trans. Transp. Electrific., vol. 9, no. 1, pp. 1330-1340,
Mar. 2023.

[4] S.Shao et al., “Modeling and advanced control of dual-active-bridge DC—
DC converters: A review,” IEEE Trans. Power Electron., vol. 37, no. 2,
pp. 1524-1547, Feb. 2022.

[S] F. Zhang, Y. Ren, X. Yang, W. Chen, and H. Wu, “Capacitor voltage
balancing control for a novel 5-level dual active bridge converter,” IEEE
Trans. Power Electron., vol. 37, no. 12, pp. 14738-14754, Dec. 2022.

[6] J. Wu, D. Liu, Y. Wang, T. Pereira, M. Liserre, and Z. Chen, “Hybrid-
bridge-based dual-active-bridge converter with an asymmetric active-
neutral-point-clamped three-level bridge,” IEEE Trans. Circuits Syst. I:
Reg. Papers, vol. 71, no. 10, pp. 4873-4886, Oct. 2024.

[7] J.Wu, T. Wang, Z. Shu, L. Ma, S. Wang, and J. Nie, “Power balance control
based on sensorless parameters estimation for ISOP three-level DAB
converter,” IEEE Trans. Ind. Electron., vol. 71, no. 10, pp. 12414-12424,
Oct. 2024.



LIU et al.: OPTIMIZED QUADRUPLE PHASE-SHIFT MODULATION OF 3/2LNPC-DAB CONVERTERS

[8]

[9]

[10]

[11]

(12]

[13]

[14]

[15]

[16]

(17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

N. Hou, P. Gunawardena, X. Wu, L. Ding, Y. Zhang, and Y. W. Li, “An
input-oriented power sharing control scheme with fast-dynamic response
for ISOP DAB DC-DC converter,” IEEE Trans. Power Electron., vol. 37,
no. 6, pp. 6501-6510, Jun. 2022.

Q.-X. Guan, Y. Zhang, H.-B. Zhao, and Y. Kang, “Optimized switching
strategy for ANPC-DAB converter through multiple zero states,” I[EEE
Trans. Power Electron., vol. 37, no. 3, pp. 2885-2898, Mar. 2022.

X.Li, X. Zhang, F. Lin, C. Sun, and K. Mao, “Artificial-intelligence-based
triple phase shift modulation for dual active bridge converter with mini-
mized current stress,” IEEE J. Emerg. Sel. Top. Power Electron., vol. 11,
no. 4, pp. 44304441, Aug. 2023.

N. Hou and Y. W. Li, “Overview and comparison of modulation and con-
trol strategies for a nonresonant single-phase dual-active-bridge DC-DC
converter,” IEEE Trans. Power Electron., vol. 35, no. 3, pp. 3148-3172,
Mar. 2020.

H. Wang, Y. Zeng, S. Ji, Z. Zhao, L. Yuan, and X. Mo, “ZVS soft switching
operation region analysis of modular multi active bridge converter under
single phase shift control,” IEEE Trans. Ind. Electron., vol. 70, no. 7,
pp. 6865-6875, Jul. 2023.

T. Chen, R. Yu, A. Q. Huang, and S. Atcitty, “A 480V to 45V GaN
bidirectional AC-DC converter for grid-tied battery energy storage system
(BESS),” in Proc. IEEE Appl. Power Electron. Conf. Expo., Mar. 2020,
pp. 1991-1996.

L. Deng, G. Zhou, Q. Bi, and N. Xu, “Online reactive power mini-
mization and soft switching algorithm for triple-phase-shift modulated
dual active bridge converter,” IEEE Trans. Ind. Electron., vol. 70, no. 3,
pp. 2543-2555, Mar. 2023.

A. K. Bhattacharjee and I. Batarseh, “Optimum hybrid modulation for
improvement of efficiency over wide operating range for triple-phase-shift
dual-active-bridge converter,” IEEE Trans. Power Electron., vol. 35,n0. 5,
pp. 4804-4818, May 2020.

G. Yang, A. Wang, and D. Zhang, “Transient DC bias suppression for
three-level dual active bridge converter,” IEEE Trans. Power Electron.,
vol. 40, no. 9, pp. 12084-12094, Sep. 2025.

C. Song, N. Wang, A. Sangwongwanich, Y. Yang, and F. Blaabjerg,
“Evaluation of capacitor voltage balancing control strategies for multi-
level DAB converters,” IEEE Trans. Power Electron., vol. 39, no. 12,
pp. 15548-15564, Dec. 2024.

A. Filba-Martinez, S. Busquets-Monge, J. Nicolas-Apruzzese, and J. Bor-
donau, “Operating principle and performance optimization of a three-level
NPC dual-active-bridge DC-DC converter,” IEEE Trans. Ind. Electron.,
vol. 63, no. 2, pp. 678-690, Feb. 2016.

A. Tong, L. Hang, G. Li, X. Jiang, and S. Gao, “Modeling and analysis of
a dual-active-bridge-isolated bidirectional DC/DC converter to minimize
RMS current with whole operating range,” IEEE Trans. Power Electron.,
vol. 33, no. 6, pp. 5302-5316, Jun. 2018.

P. Yang, M. Wang, S. Liu, S. Li, X. Chen, and Y. Peng, “Unilateral
asymmetric triple phase shift modulation strategy for DAB converter com-
promising RMS current and soft-switching range,” IEEE Trans. Circuits
Syst. II: Exp. Briefs, vol. 71, no. 6, pp. 3216-3220, Jun. 2024.

Z. Zhang et al., “Optimized modulation strategy of NH3L-DAB converter
to minimize RMS current for wide voltage range applications,” /IEEE
Trans. Power Electron., vol. 37, no. 7, pp. 7789-7808, Jul. 2022.

D. Mou et al., “Modeling and analysis of hybrid dual active bridge
converter to optimize efficiency over whole operating range,” IEEE J.
Emerg. Sel. Top. Power Electron., vol. 11, no. 1, pp. 432-441, Feb. 2023.
L.D.James, C. A. Teixeira, R. H. Wilkinson, B. P. McGrath, D. G. Holmes,
and J. Riedel, “Adaptive modulation of resonant DAB converters for wide
range ZVS operation with minimum reactive circulating power,” I[EEE
Trans. Ind. Appl., vol. 58, no. 6, pp. 7396-7407, Nov./Dec. 2022.

P. Liu, C. Chen, and S. Duan, “An optimized modulation strategy for the
three-level DAB converter with five control degrees of freedom,” IEEE
Trans. Ind. Electron., vol. 67, no. 1, pp. 254-264, Jan. 2020.

Y. Wang et al., “Minimum-current-stress scheme of three-level dual-active-
bridge DC-DC converters with the particle swarm optimization,” IEEE
Trans. Transp. Electrific., vol. 7, no. 4, pp. 2067-2084, Dec. 2021.

J. Tian, C. Zhuo, F. Wang, and H. Deng, “An RMS current minimization
method for three-level ANPC-DAB-based distributed energy storage sys-
tem with full operation ZVS,” IEEE J. Emerg. Sel. Top. Power Electron.,
vol. 12, no. 3, pp. 23882405, Jun. 2024.

S. Shao, M. Jiang, W. Ye, Y. Li, J. Zhang, and K. Sheng, “Optimal phase-
shift control to minimize reactive power for a dual active bridge DC-DC
converter,” I[EEE Trans. Power Electron., vol. 34, no. 10, pp. 10193-10205,
Oct. 2019.

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

9249

J. Yang et al., “Online digital implementation of wide voltage range
RMS-current-optimized control with voltage balancing capability for DAB
converter,” IEEE Trans. Power Electron., vol. 38, no. 4, pp. 43604377,
Apr. 2023.

C.Song, A. Sangwongwanich, Y. Yang, Y. Pan, and F. Blaabjerg, “Analysis
and optimal modulation for 2/3-level DAB converters to minimize current
stress with five-level control,” IEEE Trans. Power Electron., vol. 38, no. 4,
pp. 45964612, Apr. 2023.

C. Song, A. Sangwongwanich, Y. Yang, and F. Blaabjerg, “Optimal control
of multilevel DAB converters for soft-switching and minimum current
stress,” IEEE Trans. Power Electron., vol. 39, no. 5, pp. 5707-5720,
May 2024.

B.Zhao, Q. Song, W. Liu, G. Liu, and Y. Zhao, “Universal high-frequency-
link characterization and practical fundamental-optimal strategy for dual-
active-bridge DC-DC converter under PWM plus phase-shift control,”
IEEE Trans. Power Electron., vol. 30, no. 12, pp. 6488-6494, Dec. 2015.
Z. Wang, C. Li, J. Liu, and Z. Zheng, “Influence of junction-capacitance
and dead-time on dual-active-bridge actual soft-switching-range: Analytic
analysis and solution,” /IEEE Trans. Power Electron., vol. 38, no. 5,
pp. 6157-6168, May 2023.

M. Kasper, R. Burkat, F. Deboy, and J. Kolar, “ZVS of power MOSFETs
revisited,” IEEE Trans. Power Electron., vol. 31, no. 12, pp. 8063-8067,
Dec. 2016.

Z. Feng, H. Wen, X. Han, G. Wang, Y. Zhu, and J. Rodrigues, “A
deep reinforcement learning framework for 3L-NPC-DAB converters with
multiple-degree-of-freedom phase-shift control,” IEEE Trans. Transp.
Electrific., vol. 11, no. 4, pp. 9346-9358, Aug. 2025.

J. Muhlethaler, J. Biela, J. W. Kolar, and A. Ecklebe, “Core losses under
the DC bias condition based on Steinmetz parameters,” IEEE Trans. Power
Electron., vol. 27, no. 2, pp. 953-963, Feb. 2012.

F. Tourkhani and P. Viarouge, “Accurate analytical model of winding
losses in round Litz wire windings,” IEEE Trans. Magn., vol. 37, no. 1,
pp. 538-543, Jan. 2001.

Jiayun Liu was born in Hunan, China, in 2001. He
received the B.S. degree in electrical engineering
in 2022 from Hunan University, Changsha, China,
where he is currently working toward the Ph.D. degree
in electrical engineering.

His research interests include multilevel convert-
ers, soft-switching power converters, and isolated
bidirectional ac—dc converters.

Cheng Tang was born in Hunan, China, in 1996. He
received the B.S. degree in electrical engineering and
automation and the Ph.D. degree in electrical engi-
neering from Hunan University, Changsha, China, in
2019 and 2024, respectively.

He is currently a Postdoctoral Fellow with the
College of Electrical and Information Engineering,
Hunan University. His research interests include
power conversion control, active thermal control, and
model-predictive control.

Jiayu Hu was born in Jilin, China, in 1996. He re-
ceived the B.S. degree in 2018 and the Ph.D. degree in
2023 from the College of Electrical and Information
Engineering, Hunan University, Changsha, China,
both in electrical engineering.

He is currently a Senior Hardware Engineer with
Sungrow Power Supply Company, Hefei, China. His
primary research interests include switching power
amplifiers, soft-switching power converters, solid-
state transformers, and their applications within the
field of power electronics.



9250

I

Qianming Xu (Member, IEEE) was born in Henan,
China, in 1989. He received the B.S. degree in elec-
trical engineering and automation and the Ph.D. de-
gree in electrical engineering from Hunan University,
Changsha, China, in 2012 and 2017, respectively.

Since 2023, he has been a Professor with the
College of Electrical and Information Engineering,
Hunan University. His research interests include mul-
tilevel converter, power electronic reliability monitor-
ing, and power quality control.

Peng Guo (Member, IEEE) was born in Hunan,
China, in 1992. He received the B.S. degree in electri-
cal engineering from the Wuhan University of Tech-
nology, Wuhan, China, in 2015, and the Ph.D. de-
gree in electrical engineering from Hunan University,
Changsha, China, in 2020.

From 2020 to 2023, he was a Postdoctoral Fel-
low with Hunan University, where he is currently
an Associate Professor with the College of Electrical
and Information Engineering. His research interests
include switch-mode power amplifier, data-driven

nonlinear control, electromagnetic sensing, and electromagnetic compatibility
for high-frequency power electronics systems.

Guanging Zhou received the B.S. and M.S. degrees
in electrical engineering from the Hefei University
of Technology, Hefei, China, in 2019 and 2022, re-
spectively. He is currently working toward the Ph.D.
degree with the School of Electrical and Information
Engineering, Hunan University, Changsha, China.

His research interests include high-frequency link
power conversion systems and isolated bidirectional
ac—dc converters.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 41, NO. 6, JUNE 2026

Xiangpeng Liu was born in Hubei, China, in 2001.
He received the B.S. degree in electrical engineering
from Chongqing University, Chongqing, China, in
2023. He is currently working toward the M.S. degree
in electrical engineering with the College of Electri-
cal and Information Engineering, Hunan University,
Changsha.

His main research interests include high-frequency
link inverter and isolated bidirectional ac—dc convert-
ers.

Zhikang Shuai (Senior Member, IEEE) received the
B.S. and Ph.D. degrees from the College of Electri-
cal and Information Engineering, Hunan University,
Changsha, China, in 2005 and 2011, respectively, all
in electrical engineering.

From 2009 to 2012, he was an Assistant Professor
with Hunan University, where he became an As-
sociate Professor in 2013 and a Professor in 2014.
His research interests include power quality control,
power electronics, and microgrid stability analysis
and control.

Dr. Shuai is the recipient of the 2010 National Scientific and Technological
Awards of China, the 2012 Hunan Technological Invention Awards of China,
and the 2007 Scientific and Technological Awards from the National Mechanical
Industry Association of China. He is an Associate Editor for CSEE Journal of
Power and Energy Systems and Chinese Journal of Electrical Engineering.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


