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of Phase-Shift Values for Three-Level
Dual-Active-Bridge Converters Using
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Abstract—The dual-active-bridge (DAB) converter, comprising
a primary-side three-level neutral-point-clamped bridge and a
secondary-side H-bridge, represents a promising topology for volt-
age conversion applications between medium-voltage dc and low-
voltage dc. To ensure efficient operation under high-frequency
conditions, it is imperative to realize a wide zero-voltage-switching
(ZVS) range. In this article, the harmonic decomposition method
is utilized to analyze the ZVS boundaries and derive a universal
piecewise model without complex multimodal analysis. A simple
and practical ZVS optimization strategy of phase-shift values is
proposed for three-level DAB converters to realize ZVS across the
maximum possible 6 range. It is extended further to M-level-to-
N-level DAB converters to become a universal method for ZVS
implementation. The derived ZVS boundaries and the proposed
parameter design methods are verified through simulation and
experimental results.

Index Terms—Harmonic decomposition method, multilevel
dual-active-bridge (DAB) converter, quadra-phase-shift (QPS)
modulation, zero voltage switching (ZVS).

1. INTRODUCTION

HE dual active bridge (DAB) converter, with its inherent

bidirectional power flow capability and advantages of high
efficiency, galvanic isolation, as well as high power density, is
the most commonly used topology for dc—dc applications [1],
[2]. Compared with traditional DAB converters, multilevel DAB
converters are more suitable for higher power applications since
they possess higher voltage blocking capability, a higher step-
up ratio, and more control degrees of freedom, enhancing the
performance of converters. For applications with considerably
different input and output rated voltages, it is more practical to
adopt three-level DAB converters to avoid the use of switching
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Fig. 1.  Structure of an AC-DC-SST.

devices operating at excessively high voltages. For instance,
Fig. 1 depicts an ac—dc solid-state transformer (SST) [3] with
submodules featuring 1.5 kV dc ports and 700 V dc ports.
While the half-bridge neutral-point-clamped (NPC) topology
and series half bridge [4] can be alternative for the high-voltage-
side topology, they are not suitable for high current applica-
tions. Furthermore, the active neutral-point-clamped structure
[5] increases costs and control complexity because of the two
additional switching devices per bridge arm. Consequently, a
three-level DAB converter with a full-bridge NPC topology
on the high-voltage side and an H-bridge on the low-voltage
side emerges as a promising alternative [6], as depicted in
Fig. 2.

In the field of DAB converters, the adoption of wide-bandgap
power devices, such as Gallium-Nitride and Silicon Carbide,
opens up avenues for improving operational frequency and
power density [7]. However, raising switching frequency with-
out implementing zero-voltage-switching (ZVS) leads to higher
switching losses, lower power density, thermal dissipation chal-
lenges, high-frequency switching noise, and electromagnetic
interference [8]. Therefore, achievement of the widest possible
range of ZVS is crucial for efficient high-frequency performance
of DAB.

Various studies have been conducted to identify ZVS range
for DAB converters, most often using piecewise linear methods
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Fig. 2. Topology of the three-level DAB converter.

in the time domain. In [9], ZVS conditions are given for four
operating modes under triple-phase-shift (TPS) modulation, and
a multiobjective optimization was achieved by applying parti-
cle swarm optimization algorithm. In [10], the ZVS range for
three-level DAB converters is determined under dual-phase-shift
(DPS) modulation through multimodal analysis. However, the
piecewise linear method assumes an ideal coupling network
between the two bridges, which hinders simple incorporation
of complex ac coupling network and various practical issues
such as dead time and device parasitic capacitances. In addition,
this method offers numerical solutions for ZVS implementation,
and become much more complicated with more degrees of
freedom. In contrast, analyses based on harmonic decompo-
sition can determine ZVS ranges without multiple operating
mode analysis [11], [12]. In [13], ZVS boundaries considering
complex ac coupling units and non-ideal factors are obtained for
traditional DAB converters, together with an analytical solution
to implement the widest possible ZVS range. Khanzadeh and
Thiringer [14] presented closed-form equations and simplified
approximations for the ZVS boundaries of three-phase M-level-
to-N-level (ML/NL) DAB converters, enabling the exploration
of various factors such as winding configurations and dead
time. However, limited studies offer simple analytical solu-
tions for practical ZVS realization of the topology presented in
Fig. 2.

This article analytically determines the ZVS boundaries of
three-level DAB converters across the entire operating range
through a harmonic decomposition-based analysis. A simple
ZVS optimization strategy for phase-shift values is proposed
to achieve a wide ZVS range for ML/NL DAB converters. The
rest of this article is organized as follows. In Section II, the
ZVS boundary of the three-level DAB converter is derived based
on the quadra-phase-shift modulation (QPS). In Section III, the
ZVS range is illustrated and the ZVS optimization strategy is
derived. Moreover, the proposed strategy is expanded to the
ML/NL DAB converter. In Section IV, nonideal factors like
dead time and switching devices’ capacitance are considered
to present practical ZVS range. In Section V, the experimental
and simulation results are given to verify the derived ZVS range
and the proposed ZVS optimization strategy. Finally, Section VI
concludes this article.
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Fig.3. General waveforms of QPS modulation.

II. OPERATING PRINCIPLE AND ZVS BOUNDARY OF
THREE-LEVEL DAB CONVERTERS

A. Operating Principle Under Quadra-Phase-Shift
Modulation

The typical topology of a three-level DAB converter is il-
lustrated in Fig. 2, employing a full-bridge NPC converter on
the primary side and a H-bridge on the secondary side. The
primary- and secondary-side converters are connected via a
high-frequency transformer (HFT) denoted by a two-port cou-
pling unit, whose admittance is denoted by [Y]. Sp, (x =12, ...,8)
and Sg, (v = 12,...,4) represent switching devices on the
primary and secondary sides, respectively. ip and is denote
primary- and secondary-side currents. U; and Us represent the
input and output dc voltages. up and ug signify the ac-side
voltages of the transformer with a turns-ratio of n:1. The voltage
conversion ratio is defined as d = nU>/U;.

The four degrees of freedom are fully exploited to realize
QPS modulation, as depicted in Fig. 3. 6 represents the outer
phase-shift value governing power flow direction, a1, g, and
[ are duty-cycle ratios modulating voltage magnitudes. Other
phase-shift modulation methods can be taken as special cases of
the unified form. The single-phase shift modulation is achieved
when a; = as = 8 = 0.5, the extended-phase shift modulation
is achieved when ai; = as = 0.5 or 5 = 0.5, the DPS modulation
is achieved when iy = ap = (3, the TPS modulation is achieved
when a1 = aw. To prevent voltage waveforms from concavity
and ensure the switching signals within a single carrier cycle,
the operating constraints can be summarized as

0 S o S 9 S 0.5
0<p5<05 (1)
|0] < min {21,208} .
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Fig. 4. Schematic diagram of AC-side voltage decomposition.

B. ZVS Boundary Derivation Using Harmonic Analysis

The relationship between the ac-side voltages and currents of
the ac coupling network can be denoted by a two-port system as

[ip(t)} _ [yP,P(t) yP,S(t)] [UP(t)]

is(t) ys,p(t) wss(t) | |us(t)

where yp p(t) and ys s(t) denote self-admittances, yp s(t) and
ys,p(t) represent mutual admittances. The turns ratio n is con-
sidered in matrix [Y]. The ac-side voltages up and ug can
be formed by the superposition of square waves of 50% duty
ratio corresponding to the switching instants, as shown in (3).
The voltages together with their decomposed square waves are
illustrated in Fig. 4

2

3)

up = U1 + U2 + U3 + U14
us = u21 + U22

Given that a square wave can be represented as a summation of
odd harmonics through a Fourier series expansion, the ac-side
voltages and currents in (2) can be expressed in their Fourier
series form similarly. For each of the harmonic frequencies, the
time varying relationships between the voltages and currents can
be expressed using the phasor theory [13] as

[1’540’5] _ 1 [Yéipévé,p Yliisév{%,s} y [Uééso’é]

15205~ kr | Y&pakp Yghs Uk 20§
4
where
0
Ukzob =Uy Zlkﬂ'(a) U, sz( )

1=1.2 1=1.2

U§4¢I§ =20k <—g - ﬁ) —2Us Lk (—Z + ﬁ)

and k denotes the harmonic number. Y} 1, Vi, Y&, and Y&
represent the magnitude of the admittance phasors, and 71’3,1)’

vE g fylsc p> and fy’sc g are the phase angles of the admittance
phasors. By converting (4) back into a sinusoidal steady-state
time-varying form for each harmonic frequency and summing
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Fig. 5.  Complex AC coupling network.

up all harmonic components, the ac-side currents are given as
( ) = Zk 1,3,5- l
Ui YEp [31n(ka17r)+51n(/<;a27r)] cos [k (wt+4m)++f p]
X
+2U, Y g sin(kBr) cos [k (wt — §7) + 7 ]

(%)
is (wt) = — Zk 1,3,5-
U Y$p [sm(kaﬂr)—&—sm(kagw)] cos [k (wt + &) +7$p
x 20, Y sin(kBr) cos [k (wt—57) +74 ]
(6)

where w indicates the switching frequency. ZVS turn-ON can be
realized when the voltage across the switching device becomes
zero before turning it on. This can be achieved by conducting
the parallel connected diode before turning the device on with
the help of a negative current. The specific ZVS conditions
considering half-cycle odd-symmetry can be given by

ip(tp2) < 0,ip(tpr) < 0,ip(tp1) < 0,ip(tps) <0 -
ig(ts1) < 0,is(tsa) <0
where ftpy = (—=0R2+a1)Ths, tpr = (—012+a9)Ths,
tp1 =  (1-02—ax)Tyws, trs = (1-02—a1)Ths,

ts1 = (0124+P)Tys, and tgy = (14+60/2— )Ty are the turn-ON
moments of corresponding switching devices. After substituting
these instants into (7), the ZVS boundaries can be derived. If
the coupling network is regarded as an inductor and an ideal
transformer, the ac coupling network can be given by

k k _ 1 s k k. n? s
{YP,P47P,P =il 3 Yss41ss T ml %
k k  _ vk k

YP,SA'YP,S = YS,P47S,P

Then, the simplified ZVS boundaries are obtained as
(9)—-(14) shown at the bottom of the next page. Considering
the complex equivalent circuit of HFT in Fig. 5, the coupling
network can be expressed as (Al) in Appendix A, and the
corresponding ZVS boundaries can be derived similarly.

®)

kwL

III. ZVS RANGE ANALYSIS AND ZVS OPTIMIZATION FOR
PHASE-SHIFT VALUES

A. Universal Piecewise ZVS Boundaries

Given specific oy, ag, and 3, ZVS range shown in Fig. 6 can
be obtained based on (9)—(14). Each colored line represents the
ZVS boundary of the switching device. For example, Spg (Spe)
can maintain ZVS below the purple line and achieve critical
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Fig. 6. Ideal ZVS range of the three-level DAB converter. (a) a; = 0.2,
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ZVS oN it. All primary-side switching devices can achieve ZVS
below the union of the dark blue, orange, yellow, and purple
lines, while secondary-side ones can implement ZVS above the
blue and green lines. The full ZVS range is indicated by the gray
area.

As shown in Fig. 6(a), when phase-shift values deviate from
0.5, QPS is achieved and there are six distinct ZVS boundaries.
As s increases [see Fig. 6(a) and (b)], the orange and yellow
lines corresponding to (10) and (11) will shift to the upper
right and the upper left, while the secondary-side boundaries
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shift upward. When «a; equals 0.5, Sp7 and Sp; activate simul-
taneously, producing two overlapping boundaries (the orange
and yellow lines), as depicted in Fig. 6(b). It is worth noting
that the intersection points of the outermost ZVS boundaries
remain unchanged. As «; increases [see Fig. 6(b) and (c)], the
dark blue and purple lines corresponding to (9) and (12) will
shift to the upper right and the upper left, respectively, while
other boundaries move only along the vertical axis. In the case
where both o and «» are set to 0.5, Spa, Sp7, Sp1, and Spg
switch concurrently, leading to the coincidence of four upper
boundaries under EPS, as shown in Fig. 6(c). As 3 increases
[see Fig. 6(c) and (d)], the blue and green lines corresponding
to (13) and (14) will shift to the lower right and the lower left,
respectively, while other boundaries move only along the vertical
axis. When a, ai, and 3 are all set to 0.5, Ss; and Sg4 switch
simultaneously, aligning the two lower ZVS boundaries under
SPS, as depicted in Fig. 6(d).

It can be seen that the primary-side ZVS boundaries are
composed of no more than two curves with inverse propor-
tional functions and a linear segment, and the secondary-side
ZVS boundaries are comprised of a maximum of five linear
segments. This naturally leads to the exploration of converting
the boundaries in the Fourier series form into a piecewise model.
Through mathematical derivation, the universal piecewise model
is presented in Table I. Note that the cornerstone is (B3), whose
detailed derivation is summarized in Appendix B.

B. ZVS Optimization for Phase-Shift Values

To achieve ZVS operation of the switching devices, each
operating point must lie in the gray area by selecting appropriate
phase-shift values. However, many points are available at a given
transmission power, making the selection process challenging in
practice. Also, it can be seen that the three-level DAB converter
cannot realize ZVS in some cases. Thus, the crux of the matter
is to find a simple and practical method to achieve ZVS across

+o0

2d Z % sin(kp7) sin [k (aq — 0) 7] — Z % [sin(kaym) + sin(kagm)] sin (kaym) <0 )
k=1,3,5-- k=1,3,5--
+0o0 + 1
2d > 7z sin(kfm) sin [k (a2 — 0) 7] - > -3 [sin(kar) + sin(kaor)] sin (kaor) <0 (10)
k=1,3,5 k=135
“+o00 +00 1
2d Z 72 sin(kB) sin [k (a2 + 6) 7] — = [sin(kaym) + sin(kagm)] sin (kagm) <0 (11)
k=1,3,5 k=1,3,5-
“+00 1 +00 1
2d = sin(kfA7) sin [k (o + 0) 7] — Z = [sin(kaym) + sin(kagm)] sin (kaym) <0 (12)
k=1,3,5- k=1,3,5-
~+00 1 400 1
= [sin(kaym) + sin(kagm)] sin [k (0 + 8) 7] — 2d Z e sin(kpAn) sin (kA7) <0 (13)
k=1,3,5- k=1,3,5-
=1 : : - 1 .
Z =l [sin(kaym) + sin(kagm)]sin [k (8 — 0) 7] — 2d Z = sin(kpm) sin (kfm) <0 (14)

k=1,3,5
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TABLE I
UNIVERSAL PIECEWISE MODEL OF ZVS BOUNDARIES

Switching devices ZVS ranges 6 range
(1+0—(1|)d§0(1 [{X1—ﬂ, l]
sz/Sp;t ﬂdﬁ o [—l+a1+ﬂ, (X1—ﬂ)
((X1—19)d§ o [—1, —1+a1+ﬁ)
2(0x-0)d < oy+a a4, 1]
Sp7/Sps 2pd < ay+an [1+02+B, aa—P)
2(1+9—az)dS a+on [—1, —1+az+ﬂ)
2(1—6—(12)d$ o+0n [1—(12—/)), 1]
Sp1/Sp3 2Bd < oytan [B—02, 1-00-p)
2(a2+9)d <atoy [—1, /))—(12)
(1-0-o)d < [1-01-5, 1]
Spe/Ses pd<ay [B-ou, 1-01-h)
(u+0)d < oy [-1, B—a1)
pd > 1-6-p [1-o—4, 1]
2[3(,12 1—9+(X|—ﬁ []—az—ﬂ, 1—(11—ﬂ)
Ss1/Ss2 2pd > oy+an [a2—p, 1-a—p)
2pd = G+ou+p [on—p, ax—p)
fd > 045 [Lap)
pd=>—-60+p [1—ou+p, 1]
2pd > —0+o,+f [1=0o+p, 1-044p)
Ssa/Ss3 2Bd > ay+a, [0+, 1—a+3)
2pd > 1+6+0,—f [a1+B, axtf)
pd > 1+6—f [-1, a1+p)

a wide range of 0 values. An attempt has been made to plot the
black dashed lines in Fig. 6, which seems to ensure ZVS across
the largest possible 6 range in the simplest manner.

It is evident that the position of the black dashed lines varies
in different ZVS range, i.e., the best voltage conversion ratio
d changes due to different sets of «, o, and 3. Practically, d
is determined by the parameter design and can be considered
known. Thus, we need to select appropriate phase-shift values
according to d. The outer phase-shift value 6 is typically used
to meet the transmission power requirements, while the inner
phase-shift values a1, aio, and 3 are three degrees of freedom to
be specified, which can be utilized to achieve optimization goals
such as ZVS. When three inner phase-shift values are the same
as that of Fig. 6(d), full ZVS can theoretically be realized across
the entire 6 range at d = 1. In comparison, when three inner
phase-shift values are the same as that of Fig. 6(c), the 6 range for
full ZVS becomes much smaller at d = 1, but it can achieve full
ZVS at d = 5/3. To optimize the selection of inner phase-shift
values to achieve the widest ZVS range at a fixed d, we can
derive a formula that defines the black dashed line (representing
the relationship between € and d). This formula reveals that for
every possible combination of inner phase-shift values, there
is an associated optimal d. By applying this formula, the inner
phase-shift values can be systematically determined to maximize
the ZVS operating region. Specifically, this ensures the largest
possible range of 6 within the gray ZVS area, which corresponds
vertically to the chosen d value.

According to previous analysis, when a; <ag, the outer ZVS
boundary is delineated by the purple, green lines, dark blue, and
blue lines. To derive the analytical expression of the chosen tra-
jectory, we need to first obtain the coordinates of the intersection
points of the purple and green lines, as well as the dark blue and
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blue lines. For example, to get the coordinates of the intersection
point of the purple and green lines, the boundary equations of
the two lines are simultaneously solved

00 sin(kpBm) sin[k(a1+0)mw
2dzz:1,375-- (kBm) 2[ (o1 +0)7]

_ +00 ' [sin(kay m)+sin(kas)] sin(kay )
kL8 k in(k ke (15)
2d 2:27375“. sin( [377])62111( :B)

_ +00 [sin(kay ) +sin(kas)] sin[k(0+5) 7]

= 2 k=135 &2 :

By making each harmonic component satisfy the equation and
eliminating v, the horizontal coordinate can be solved as

0=1—0a1 — 8. (16)

Subsequently, the vertical coordinate of the intersection point
can be obtained as

2—;35 1%2 [sin (kmay) 4 sin (kras)] sin (kraq)

d= — -
2 ZZ—:1,3,5~~ 171231112 (km3)

7)
Based on the mathematical derivation process presented in
Appendix B, (B3) can be used to simplify (17) as

o
B

The coordinates of the intersection point of the purple and
green line are (1—a; —f3, a1/3). Similarly, the coordinates of the
intersection point of the dark blue and blue line are (—14+a;+5,
a1/3). Therefore, the ZVS optimization method for inner phase-
shift values is given by (18). Table I also validates this formula,
as it coincides with one part of the primary-side boundaries.

With the simple ZVS optimization method, we can decide the
relationship of «; and (3 after d is given. Since (18) utilize only
one degree of freedom, the remaining ones can be used for other
optimization goals, such as minimum current stress.

In addition, the coordinates of the intersection points of the
yellow and green lines, as well as the orange and blue lines are
(I—a2—p, (1 +a2)/(2/)), and (= 14+a2+53, (a1 +a2)/(2/3)). In
fact, a1 and ao have similar impacts on the ZVS range. When
as <1, the orange line lies outside the dark blue line, and the
yellow line locates outside the purple line, i.e., the final ZVS
boundaries are determined by the orange, yellow, blue, and
green lines. The intersection coordinates of the four intersection
points will be (1—as—3, aa/B), (—1+as+8, as/f), (1—a1—f,
(1 +a2)/(20)), and (— 14145, (a1 +2)/(25)).

d= O0<a—a <10<as+a; <1). (18)

C. Expansion of the ZVS Optimization Strategy to ML/NL DAB

Based on the previous derivation, (18) corresponding to the
dashed black line is similar to that of a two-level system [13],
thus the ZVS constraints proposed before may hold the potential
for extension to MLL/NL DAB converters (both M and N are odd
numbers apart from equaling to two for a two-level system).
With inner phase-shift values oy, (h = 12, ..., M—1) of primary
side and §; (I = 12,..., N—1) of secondary side, the ac-side
voltage waveform on the primary side can be composed as a
superposition of (M+1) square waves, while the ac-side voltage
waveform on the secondary side can be formed as a superposition
of (N+1) square waves, as shown in Fig. 7. Each square wave
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Fig. 7. Schematic diagram of AC-side voltage decomposition for the ML/NL

DAB converter.

is of 50% duty ratio. Thus, the ac-side voltages u’p and u’g can
be formulated as

2M-1) 2N-1)
Z urg, u's = Z ug; 19)
where
Uy =
—(]\3911)71. +];Oy173,5... %sin [k(wt—i-gﬂ—aﬂr)] i< M-—1
— (Afgll)ﬂ 2’375“_ %sin [k(wt—Fgﬂ'—‘rOzi/gﬂ')] > M+1
U2 =
% ",;Ocl 3.5- Esin [k(wt—4n—Bim)] i <N —1
% 2021’3,5“, % sin [k(wt—gﬂ'—Fﬁi/Qﬂ')] ,1> N+ 1.

Similar to the three-level DAB converter, the ac-side currents
can be derived by applying the Fourier series expansion and
the phasor theory. Considering the ideal ac coupling network,
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Outer Phase-Shift Value 6

Fig. 8. Ideal ZVS range of the ML/NL DAB converter.

(I=12,...,N—1) can be given as (20)—(23) shown at the bottom
of this page, after simplification.

Without loss of generality, assuming o <ao<...<ap/-1,
B1<B2<...<BnN-1, ZVS range can be visualized in Fig. 8,
where the lines in orange, yellow, blue, and green represent the
ZVS boundaries shown in (20), (21), (22), and (23), respectively.
It can be noted that smaller «;, will lead to a shift of the bound-
aries defined by (20) and (21) further towards the bottom-left and
bottom-right corners, respectively. Also, smaller 3; will cause
the boundaries defined by (22) and (23) to shift towards upper
right and upper left, respectively. Therefore, the smallest v}, and
B will generate the smallest ZVS range and determine the final
ZVS range. The formula of ZVS optimization for ML/NL DAB
converter is

d=2L

. 24
B @4)

IV. IMPACTS OF NONIDEAL FACTORS ON ZVS RANGE OF

THREE-LEVEL DAB CONVERTERS
A. Dead Time

Theoretically, a ZVS transition occurs when (7) is satisfied,
achieving an instantaneous voltage transition between 0.5U;
and 0 or —0.5U7 and 0, as the corresponding switching device
is turned OFF. However, in practical applications, the ac-side
currents must be sufficiently negative to avoid crossing zero

the specific ZVS boundaries for o, (h = 12,...,M—1) and 3; during dead time, as this would result in a partial hard-switching
| 1 roo o [uo ]
N1 Z = Z sin(kpBgm) | sin [k (o, — ) 7] < 71 Z =l sin(kagm) | sin (kapm) (20)
k=1,3,5- Lg=1 k=1,3,5- _f:1 ]
d +o0 1 +o0 [ar—1 T
N_1 Z = Z sin(kBym) | sin [k (ap, + 6) 7] < 71 Z = sin(kaym) | sin (kag,m) 21
T k=1,3,5-- Lg=1 T k=135~ | /=1 ]
d “+o00 1 1 +0o0 1 M 1 1
N1 Z = Z sin(kBym) | sin (kGym) > 71 Z e Z sin(kagm) | sin [k (6 + 0) 7] (22)
k=135 Lg=1 k=135 | f=1 ]
d +o0 1 too (a1 T
N_1 Z = Z sin(kBym) | sin (kGym) > U1 Z = sin(kaym) | sin [k (5, — 0) 7] (23)
T k=1,3,5-- Lg=1 T k=1,3,5-- | /=1 ]
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Fig. 9. Partial hard switching event due to dead time. (a) Sp2 is activated
and Sps turns OFF with ip <0 at the beginning of dead time. (b) Only Sp2 is
activated with ip >0 during dead time. (c) Sp1 turns ON with ip >0 after dead
time.

event. One possible hard-switching event due to dead time are
depicted in Fig. 9. Instead of ideal voltage transition 0—0.5U1,
a shift in ip from negative to positive causes unexpected voltage
transition 0—0.5U; —0—0.5U; during the dead time between
the turn-OFF of Sp3 and the turn-ON of Sp;. Therefore, we must
ensure that both ip and ig remain their polarity during the dead
time.

Since the voltage across the leakage inductance remains un-
changed, negative currents at the beginning and the end of the
dead time are sufficient to meet the demand. The impact of dead
time can be readily incorporated using harmonic analysis

max ip(tpa + Adpr pTs) < 0, maxip(tp7 + Adpr pTy)

max ip(tp1 + Adpr_pTs) < 0, maxip(tps + Adpr pTs) <

max iS (tSI + A'(;DT_STS) S 0, maxis(ts4 + )\'5DT_STS) S 0

(25)

where A is either 0, which indicates the beginning of the dead
time, or 1, which denotes the end of the dead time. dpt p
and dpr g represent the ratios of the dead time on the primary
and secondary side, respectively, to the switching period. The
modified ZVS range considering dead time is shown in Fig. 10.

The solid lines correspond to the ZVS boundaries when A = 1
and the dashed lines denote the boundaries when 1 = 0. To
enhance the visibility of the impact of nonideal factors, we
set dpr p and dpT g to be 0.1. The dead time results in a
rightward shift of the primary-side boundaries and a leftward
shift of secondary-side boundaries. The resultant ZVS range,
which is the union of the ZVS ranges when A =0 and A = 1, as
denoted by the grey area in Fig. 10. After taking dead time into
consideration, the ZVS range changes, but (18), represented by
the dashed black line, still maintains a broad ZVS range.

B. Switching Devices’ Capacitance

If the drain-source capacitance of the switching devices is sub-
stantial or snubber capacitors are added, ac-side currents should
be sufficiently negative to ensure full charging or discharging of
parasitic capacitance of switching devices turned OFF or turned
on. Simple adaptation can be applied to give the ZVS condition
considering devices’ capacitance

maXip (tPi + )L(SDTfPTs) S —Aip (Z = 2, 7, 1, 8)

(26)
maX’is(tsj -+ A5DT_STS) < 7Ais(j = 1,4)
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as=05,8=03.(c)a; =0.5, a2 =0.5,3=0.3.(d) a1 = 0.5, a5 = 0.5,
B=0.5.

where Aip and Aig are the minimal ac-side currents to realize
full charging and discharging of output parasitic capacitance
as one full bridge is switched [15]. Fig. 11 illustrates the ZVS
range considering both the dead time and the capacitance of the
switching devices. The solid lines show the boundaries when
A = 1 and the dashed lines represent the boundaries when A = 0.
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TABLE IT
PARAMETERS OF THE THREE-LEVEL DAB PROTOTYPE
Items Description Specifications
U, Primary-side dc-link rated voltage 400 V
U, Secondary-side dc-link rated voltage 150 V
1 Switching frequency 20 kHz
Ly Leakage inductance 840 uH
n Turns ratio 2
Sp1—Spg Primary-side switching devices F3L75R07W2E3 BI11
Ss1—=Ss4 Secondary-side switching devices IMZ120R030M1H
Cin, Cip Primary-side dc-link capacitance 890 uF
G Secondary-side dc-link capacitance 2.35 mF
Cgp, Cis Dc blocking capacitance 90 uF
3L-Side (Main & 2L-Side (Main &

Driver Board) Adapter Board

Driver Board)

Switch Mode DC Power

' AC Coupling
Cotball ez Board Power Supply Supply
N -

Programmable DC Power Supply

Fig. 12.  Experimental platform of the three-level DAB converter.

Compared with Fig. 10, the capacitance of the switching devices
causes a downward shift of the ZVS boundary of the primary-
side devices and an upward shift for the secondary side devices.
It is noteworthy that (18) still implements a large ZVS range
even though the ZVS range moves due to the capacitance of
the switching devices and dead time. This indicates that (18)
can realize full ZVS across widest possible 6 range in a simple
manner for practical applications.

V. SIMULATION AND EXPERIMENTAL VALIDATION
A. Experimental Validation of the Three-level DAB Converter

An experimental platform of three-level DAB converter is
constructed, featuring a 400 V rated voltage on the primary side
and 200 V on the secondary side. The ac coupling unit comprises
an HFT, a high-frequency inductor and two blocking capacitors.
The specifications of the prototype are detailed in Table II, and
the photograph of the platform is shown in Fig. 12.

Experiments have been performed to validate (18) and the
derived ZVS boundaries with nine operation points under three
test conditions, as marked in Fig. 13. The ac-side voltages and
currents of the three-level DAB converter at the operating points
denoted by the asterisks, dots, and diamonds are shown in
Figs. 14, 15, and 16, respectively. The parameters are listed
in Table III. Ideally, the intersection purple and green lines
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Solid line: 2=1
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Fig. 13.  Practical ZVS range when a; = 0.3, a2 = 0.4, 8 =04.
TABLE III
SPECIFIC EXPERIMENTAL CONDITIONS
Conditions U/Us Phase-shift values ~ Whether (18) is satisfied
1 400V/150V B - d=o/f=3/4
2 400V/200V “l’gfo’ ;‘g’gg’ ;&04, d>alf=3/4
3 400V/50V T d<a/f=3/4

corresponding to critical ZVS has the horizontal coordinate of
0.3. By considering complex ac coupling network in Fig. 5 and
nonideal factors mentioned before, the practical ZV S range shift.
Neutral-point voltage balancing strategy in [16] was adopted to
guarantee the reliable operation.

The switching instants of the devices are marked by red dashed
lines, with corresponding ac-side currents indicated by red dots.
The gray dashed line signifies zero current. Red dots above this
line denote positive currents, while those below indicate negative
currents. As shown in Fig. 14(c), when (18) is satisfied, full ZVS
is realized with negative currents at 6 = 0.5. For d > a1/, Sps
(Spg) approaches its ZVS boundary, as illustrated in Fig. 15(c).
Fig. 16(c) shows a similar case where Sg; fails to achieve ZVS
when d < a1/5. Itis obvious that the range of € across, which all
switching devices can achieve ZVS atd = 3/4 is broader than that
atd = 1 and at d = 1/4. In practical applications, (18) may not
guarantee the widest ZVS range, however, it can attain a widest
possible ZVS range through a simple formula on phase-shift val-
ues. Furthermore, (18) can be combined with other optimization
objectives to achieve multiobjective optimization.

The derived ZVS boundaries can be validated by the nine
operating points. For the operating points denoted by asterisks
in Fig. 13, when 6 = 0.25, they theoretically reside beyond the
ZVS regions of Spg (Spg) and Ss1(Ss2), specifically below the
green line and above the purple line. The corresponding ac-
side currents of these switching devices are indeed greater than
zero in Fig. 14(a). At 6 = 0.3, Ss1 (Ss2) achieves critical ZVS,
which is consistent with Fig. 14(b), where the secondary-side
current is zero. At 8 = 0.5, the operating point is situated within
the gray region, enabling full ZVS with negative currents, as
shown in Fig. 14(c). For operating points marked by dots, as 6
increases, Sp1(Sps) moves closer to its ZVS boundary (see the
yellow line in Fig. 13) and achieves ZVS at § = 0.3. Spgs (Spg)
realizes hard switching because the current flowing through it
remains positive albeit approaching zero in Fig. 15. Similarly, for
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Fig. 16.

operating points marked by diamonds, Ss4 (Ss3) moves closer
to its ZVS boundary (see the blue line in Fig. 13) and achieves
critical ZVS at @ = 0.3. Ss1(Ss2) achieves critical ZVS at = 0.5,
as shown in Fig. 16.

B. Simulation Verification of the Universal ZVS Constraint
Conditions for Multilevel DAB

As previously stated, (18) can be extended to (24) for ZVS
implementation of ML/NL DAB converters. To substantiate the
proposed universal ZVS constraint (24), a simulation model of
a multilevel NPC-DAB converter is built. This model comprises
a five-level primary side and a three-level secondary side, with
Ui =400V,U; =150V, n=2, a7 =0.3, a2 =0.35, a3 = 0.4,
ay = 045, 1 = 0.4, 85 = 0.45. The primary-side switching
devices are designated as S’p1—S’'p1g, and the secondary-side
ones are denoted by S’s1—S’ss. The ideal ZVS range is illus-
trated in Fig. 17 and the simulation verification is shown in
Fig. 18.

(b)

Experimental results of test condition 3. (a) & = 0.25. (b) 8 = 0.3. (c) § = 0.5.

f— 5] o

= ; h
S = b N W B

Voltage Conversion Ratio d

-0.75 -0.50 -0.25 0 0.25 0.50 0.75 1
Outer Phase-Shift Value 6

Fig. 17.  ZVS range when Uy = 400 V, Uz
az =035, a3 =04, ag =045, 81 =04, 52

=150V, n =2 a1 =03,
= 0.45.

Three operating points satisfying (24) are selected to validate
the ZVS constraint and the derived boundaries for the ML/NL
DAB converter. Based on previous analysis, the coordinates of
the intersection of the outermost ZVS boundaries are (40.3,
0.75). As illustrated in Fig. 18(b), Spis (Sp12) and Ss2 (Ss4)
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Fig. 18. Simulation results of the 5L/3L DAB converter. (a) 6§ = 0.25.
(b) 0 =0.3.(c) = 0.35.

achieve critical ZVS with zero ac-side currents, while all other
switches achieve ZVS. When 6 = 0.25, the operating points
locates above the darkest yellow line and below the darkest
green line, so Spis (Sp12) and Sso (Ss4) fail to achieve ZVS.
At 6 = 0.35, all switches are able to realize ZVS because the
operating point moves into the gray area, thereby validating the
universal ZVS constraints.

VI. CONCLUSION

This study introduces a generalized ZVS optimization strat-
egy on the phase-shift values for three-level DAB convert-
ers, and extends it to ML/NL DAB converters. The proposed
strategy enables straightforward implementation of ZVS across
a widest possible # range in practice, thereby improving ef-
ficiency of high-frequency operations. Besides, the universal
piecewise ZVS boundaries are presented. Both experimental
and simulation results validate the derived ZVS ranges and the

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 9, SEPTEMBER 2025

proposed ZVS optimization strategy under different operating
conditions. This research sets the stage for future investigations
into multiobjective optimization for multilevel DAB converters,
contributing to the advancement of high-performance power
conversion systems.

APPENDIX A
ADMITTANCE OF COMPLEX HFT EQUIVALENT CIRCUIT

k gak jk*w?Crs (L + L' 55) +
Yo = ke Cor [kchs (Ros + Ru) —j |/ et

Ylﬁ’sl’yl]g’s = —k2w?nCrpChs (jkwLm + Rm)/Zeql
YSIC’PZ’}/QP —k2w2’ﬂCBpCBs (]k‘UJLm + Rm)/Zqu

kK oook 2 jk?w?Cpp (L + Lop) +
YS7SZ/-YS7S = hen CBS |:kWCBP (RU,P + Rm) _j Zeq2
(AD)

where
Zeqt = —k*w'CpChs (Lo L + Lop L 5)
+ jGepCskw® (Ry Lin+ Lo By + R 5 s Lo p+L' 5 s R p)
+ k*w® {Cgs [Cep (Ro R + RopR'58) + Lin + L' 58]
+Csp (L + Lop)} — jkw [Crp (Rop + Rin)
+Cgs (R'5s + Rm)] — 1
Zoqz = —k*w'CpChs (Lo Ly + Lop L 5)
+ jOppCrsk*w? (Ry L+ Lo R+ R o sLop+L 5 sRop)
+ k%w? {Cgp [(Ry Rin + RopR'o.8) Cis + Lin + Lop]
+Chs (L + L'58)}
— jkw [Cp (Rop + Rm) + Cis (R 55 + Rin)] — 1
Ry = Rop + ng,s,Lo =Lsp+ L/a,S~

APPENDIX B
DERIVATION OF THE KEY FORMULA DURING DEVIATION
PROCESS OF THE ZVS OPTIMIZATION METHOD

In order to simplify (17), even extension is performed to give

N

By expanding it into Fourier series, we can derive
—+o0
T 4 1
t = i k_lg?) 5 73 Cos (kt),0 <t <. (B2)

After applying the product-to-sum identities, (B3) can be
deduced that

§ sin (kx) sin (ky) ™y

k2 4 - -
k=1,3,5-
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