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Abstract—Multilevel dual-active-bridge (DAB) dc–dc converters
offer higher voltage-blocking capability and larger step-up ratios,
as well as increased number of degrees of freedom (DoFs) compared
with the traditional two-level DAB converter. Thus, it has potential
to be used in medium-voltage dc systems. However, the control
complexity of the multi-level DAB converters also increases along
with the number of DoFs. When soft-switching is considered as
an optimization objective together with other performance indices
(e.g., peak or root-mean-square values of the inductor current), the
analytical solutions will be difficult to derive due to the increased
number of control variables and complicated soft-switching con-
straints. To address this issue and improve the efficiency of the
DAB converter, this article proposes a control strategy for a multi-
level DAB converter to achieve both soft-switching and minimum-
current-stress simultaneously. The analytical solutions are
calculated by improved Karush–Kuhn–Tucker (KKT) conditions,
where the numerical solutions are used to locate the operating
modes and determine the zero-voltage-switching (ZVS) bound-
aries. This can simplify the Lagrangian function and inequality
constraints, and then, the analytical solutions can be obtained by
the simplified KKT conditions. In addition, a comprehensive com-
parison between the quasi-ZVS and strict-ZVS control is carried
out, so that the converter efficiency, implementation complexity,
and smooth transition between different power levels can be com-
promised for practical applications. Finally, the performances of
the proposed control strategy in terms of current stress minimiza-
tion and soft-switching operation are validated by experimental
tests.

Index Terms—Dual-active-bridge (DAB) converters, minimum
current stress (MCS), multilevel converters, optimal control
strategy, soft-switching.

I. INTRODUCTION

TWO-THREE (2/3)-level dual-active-bridge (DAB) con-
verter (also referred to as 5-level DAB converter in [1]),

as shown in Fig. 1, is a promising dc–dc converter interlink-
ing medium-voltage dc (MVdc) and low-voltage dc systems,
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Fig. 1. 2/3-level DAB converter: V1 and V2 are the DC-link voltages, vab and
vcd are the AC voltages besides the isolated transformer,Ls is the inductor com-
posed of the auxiliary inductor and the leakage inductance of the transformer,
iL is the inductor current, and 1 : n is the turns ratio of the transformer.

e.g., energy storage systems, large-scale photovoltaic plants,
electric vehicles, and microgrids with an MVdc structure [2],
[3], [4], [5]. This is because, in addition to the advantages of
the traditional two-level DAB converter, such as high power
density and efficiency, galvanic isolation, soft-switching capa-
bility, and bidirectional power-flow capability, the three-level
neutral-point-clamped (NPC) topology can also increase the
voltage-blocking capability of the dc–dc converter [6], [7], [8],
[9]. Furthermore, the increased number of degrees of freedom
(DoFs) in the control for the multilevel topology due to an
increased number of possible switching combinations can be
used to optimize the performances of the DAB converter, e.g.,
improving the efficiency.

In terms of control, multiphase-shift (MPS) control methods
are generally employed to regulate the transferred power of the
DAB converters to enhance the efficiency, especially when the
two dc-link voltages (i.e., V1 and V2 in Fig. 1) are not matched
(i.e., the voltage conversion ratio is away from unity) [10], [11].
For a certain reference operating condition, there are various
combinations of the control variables (i.e., phase-shift angles
and duty cycles), which can meet the requirements. However,
the performances of the DAB converters will vary under different
combinations of the control variables. Thus, many optimal con-
trol strategies have been proposed in the literature for optimum
combinations of the control variables, e.g., minimizing the peak
or root-mean-square (rms) values of the inductor current, reduc-
ing the power losses, or achieving soft-switching operation [5],
[12], [13], [14], [15], [16], [19], [20], [21], [22], [23], [24].

There are generally two types of solutions that are used
to do so, i.e., numerical solutions and analytical solutions.
Compared with the numerical solutions, where the optimal
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solutions should be precalculated offline, and then, stored in the
microcontrollers by a look-up table [5], [20], [21], the analyti-
cal solutions are favorable in practical applications, especially
when the dc-link voltages and/or transferred power change in
a wide range [22]. That is because the control variables can be
regulated online along with the changed operating parameters.
Analytical solutions have been widely presented in the literature,
aiming at reducing the peak or rms values of the inductor
current [12], [13], [14]. Furthermore, several control strategies
for achieving both zero-voltage-switching (ZVS) and current
stress minimization simultaneously were proposed based on
the analytical solutions [15], [16], [17], [18]. However, all the
above control strategies were developed based on the two-level
DAB converter. As for the multilevel DAB converters, most
of the prior-art control strategies employed the numerical so-
lutions due to the increased number of control variables and
complicated operating constraints [5], [19], [20], [21]. Yet, a
minimum-current-stress (MCS) control strategy was proposed
based on the analytical solutions, which are obtained based
on the Karush–Kuhn–Tucker (KKT) conditions and numerical-
solution analysis [22]. Nevertheless, the soft-switching was not
considered as a control objective in this control strategy. Thus,
the inherent soft-switching capability of the DAB converter
was not utilized, which limits the efficiency improvement of
the control strategy. Furthermore, the optimization approach
used in [22] cannot solve the optimization problem with ZVS
constraints directly, because within a certain operating mode,
the optimal solutions may locate at different ZVS boundaries,
and thus, the expressions of the optimal solutions are different
for a certain operating mode under various power levels. Only
if the ZVS boundaries can be identified, the optimal solutions
can be calculated by the KKT conditions. However, this issue
have not been addressed in previous literature. It is evident
that when both the two control objectives, i.e., current stress
minimization and soft-switching, are considered in an optimal
control, the analytical solutions are challenging to be obtained
due to more complicated inequality constraints in the opti-
mization problem. This is the reason why the prior-art control
strategies for the multilevel DAB converters have only con-
sidered a single optimization objective, e.g., current stress/rms
current minimization or ZVS operation [5], [20], [21], [22],
[23], [24].

In order to improve the efficiency of the DAB converter to
a greater extent, this article proposes a control strategy, which
can simultaneously reduce the conduction and switching losses
for the 2/3-level DAB converter, where the conduction losses
can be decreased by minimizing the peak value of the inductor
current, and the switching loss reduction can be achieved by
the soft-switching operation [16]. The operating modes, which
are able to achieve ZVS for all the switches are derived. Sub-
sequently, the ZVS constraints, transferred power models, and
current stress models for all the operating modes are analyzed.
Accordingly, the optimal analytical solutions for minimizing
the current stress and achieving soft-switching are obtained by
improved KKT conditions. The main contributions of this article
can be summarized as follows.

1) An improved KKT-condition-based approach is proposed
to obtain the analytical solutions for the multilevel DAB
converter under MPS control, where numerical solutions
are used to locate the operating modes and determine the
ZVS boundaries to simplify the calculation for analyti-
cal solutions. This can simplify the Lagrangian function
and inequality constraints in the optimization problem,
and then, the analytical solutions can be obtained by the
simplified KKT conditions.

2) A comprehensive comparison is carried out on strict-
ZVS and quasi-ZVS control in terms of power range,
soft-switching region, current stress, and implementation
complexity, which provides a benchmark for choosing
certain soft-switching control strategy after compromising
the efficiency and feasibility for the DAB converters with
different power components (e.g., insulated gate bipolar
transistor (IGBT) or MOSFET).

3) A generic closed-loop control structure is designed, which
can be used to the condition where the control variables
are not monotonically changed along with the transferred
power. In addition, the current sensor is not needed, and
thus, the hardware cost and control complexity can be
reduced.

4) With the above improved techniques, an optimal con-
trol strategy combining both the MCS and soft-switching
operation for the multilevel DAB converter is proposed.
Therefore, both the conduction and switching losses can
be reduced, and the converter efficiency can be further
enhanced.

The rest of this article is organized as follows. The ZVS con-
straints, transferred power models, and current stress models for
various operating modes are discussed in Section II. The optimal
control strategies to achieve soft-switching and MCS are pro-
posed in Section III. A comparison between the quasi-ZVS and
strict-ZVS control strategies, as well as the closed-loop control
structure is demonstrated in Section IV. Experimental tests are
carried out to validate the performance of the proposed control
strategy in Section V. Finally, Section VI concludes this article.

II. ZVS ANALYSIS FOR 2/3-LEVEL DAB CONVERTER

A. Basic Characteristics

Fig. 2 shows a typical MPS control method for the 2/3-level
DAB converter, where four control variables are applied to
control the power flow and to optimize the performance, e.g.,
efficiency. D0 is the outer phase-shift ratio between the two
bridges, i.e., the gate pulses between S21 and S11, D1 and D2

are the inner phase-shift ratios of the two-side bridges, and D
denotes the duty-cycle ratio (i.e., 0 ≤ D ≤ 1). In addition, Ths

is half of a switching period.
The waveform of the voltage vab will not change regardless of

whether the gate pulse of S11 leads or lags behind that of S14 (i.e.,
D1 is positive or negative). A similar condition occurs between
the voltage vcd and the polarity of D2. Therefore, in order to
simplify the analysis, the ranges of the two inner phase-shift
ratios are defined as 0 ≤ D1 ≤ 1 and 0 ≤ D2 ≤ 1. On the other
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Fig. 2. Typical MPS control method for the 2/3-level DAB converter.

hand, the polarity of the outer phase-shift ratio D0 will affect
the inductor current iL due to

diL(t)

dt
=

vab(t)− vcd(t)/n

Ls
(1)

and thus, further affecting the transferred power due to

P =
1

Ths

∫ Ths

0

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

Therefore, D0 is defined as −1 ≤ D0 ≤ 1. In addition, the
waveform of vcd will be the same for the conditions of D2 < D
and D2 > D. Thus, the transferred power range and other per-
formances (e.g., current stress) will not be affected by the phase
relationships between D2 and D. In summary, the ranges of the
control variables are defined as⎧⎨

⎩
0 ≤ D1 ≤ 1, 0 ≤ D2 ≤ 1, 0 ≤ D ≤ 1
−1 ≤ D0 ≤ 1
D2 ≤ D.

(3)

B. ZVS Constraints and Operating Modes

To achieve ZVS operation for a power switch, during the dead
time before the rising edge of its gate pulse, there should be a
minimal current to provide a discharging path for the output ca-
pacitor of the switch. After the capacitor is fully discharged, the
switch can be turned ON in the ZVS state [16], [22]. Therefore,
the unified ZVS constraints for all switches in both bridges can
be obtained as [24], [25], [26]{

1
2LsI

2
L(ti) ≥ 2 · 1

2Cp1V
2
1 , Two-level full bridge

1
2LsI

2
L(tj) ≥ 4 · 1

2Cp2

(
V2

2

)2
, NPC bridge

(4)
where Cp1 and Cp2 are the output capacitors of the switches
in the two-side bridges, and IL(ti) (i = 0 and 1) and IL(tj)
(j = 2, 3, 4, and 5) are the instantaneous inductor currents when
the switches in the two-level bridge and NPC bridge are turned
ON, respectively. Furthermore, the polarity of the instantaneous
inductor current should be opposite to that of the switch voltage
(e.g., from the emitter to the collector for IGBTs). Considering
the required polarity of instantaneous inductor currents, the ZVS

Fig. 3. Operating modes which can achieve ZVS operation of the 2/3-level
DAB converter.

constraints for all the switches are obtained as{
IL(ti) ≤ −√

2Cp1V 2
1 /Ls, i = 0, 1

IL(tj) ≥
√

Cp2V 2
2 /Ls, j = 2, 3, 4, 5

(5)

where IL > 0 indicates that the current flows from the two-level
full bridge to the NPC bridge, and vice versa.

According to the above constraints, the operating modes,
which are able to achieve ZVS for all switches can be obtained,
as shown in Fig. 3, and they are defined as Modes I–VI based on
different relationships among the control variables (i.e., mode
constraints). It should be noted that Mode II can achieve ZVS
only under the condition of k > 1, where k is the voltage
conversion ratio, defined as k = nV1/V2. Otherwise, the ZVS
constraints for the two-side switches cannot be satisfied at the
same time. Similarly, Mode III can achieve ZVS only under the
condition of 0 < k ≤ 1. On the other hand, the other modes, i.e.,
Modes I, IV, V, and VI, can be applied for both conditions (i.e.,
0 < k ≤ 1 and k > 1). According to (1) and the symmetry of the
inductor current iL, the expressions of the instantaneous inductor
currents when the switches are turned ON can be calculated, and
thus, the ZVS constraints under each operating mode can be
obtained, as given in Table I, where IN = V2Ths/(4nLs), and
IZVS1 and IZVS2 indicate the minimal inductor currents in the
ZVS constraints, i.e.,{

IZVS1 =
√

2Cp1V 2
1 /Ls

IZVS2 =
√

Cp2V 2
2 /Ls.

(6)

In order to achieve ZVS for all the switches, the ZVS constraints
given in Table I should be satisfied in the proposed control
strategy.
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TABLE I
ZVS CONSTRAINTS FOR VARIOUS OPERATING MODES

TABLE II
NORMALIZED TRANSFERRED POWER FOR ALL THE OPERATING MODES

TABLE III
NORMALIZED PEAK CURRENT FOR ALL THE OPERATING MODES UNDER VARIOUS CONDITIONS

C. Transferred Power and Current Stress Models

Based on (1) and (2), the transferred power for each operating
mode can be obtained, as given in Table II. The normalized
transferred power Po is defined as Po = P/PN , where PN =
V1V2Ths/(4nLs). Furthermore, the peak current for a certain
operating mode is related to the ranges of the voltage conversion
ratio k, since the current slopes during different intervals are
determined by the two transformer terminal voltages vab and vcd,
as shown in (1). The normalized peak current io for each mode
under all ranges of k can be calculated, as given in Table III,
where io is defined as io = ipk/IN with ipk being the peak
current. According to the models of the transferred power and
peak current, as well as the ZVS constraints, the optimal control

strategy to reduce the current stress and achieve ZVS can be
developed, which is detailed in the next section.

III. OPTIMAL CONTROL STRATEGY

A. Optimization Problem

The optimization problem is to explore the optimum com-
binations of the control variables (D∗

1, D
∗
2, D

∗
0, D

∗), which can
achieve the ZVS constraints for certain operating modes and can
minimize the current stress during the entire power range. That
is, the current stress minimization is the optimization objective,
and the ZVS constraints, mode constraints (as shown in Fig. 3),
and reference power are the optimal constraints, which should
be satisfied during the calculations.
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Fig. 4. Calculation process for obtaining analytical solutions.

The KKT is a general method to the analytical solutions for
such an optimization problem with inequality constraints, which
can be expressed as⎧⎪⎨
⎪⎩
E(X, λ, μm)= i0(X)+λ(P0(X)−P ∗

0 )+
∑

m=1μmfm(X)

∂E
∂X

∣∣∣
X=X∗ = 0

μmfm(X∗) = 0, fm(X∗) ≤ 0, λ �= 0, μm ≥ 0
(7)

in which E(X, λ, μm) is the Lagrangian function, X∗ is the
optimum combination of the control variables, λ and μm are the
KKT multipliers, and fm(X) is the set of all the constraints,
including the ZVS constraints and operating mode constraints.
It can be seen from Table I that there are two thresholds in the
ZVS constraints, i.e., IZVS1 and IZVS2. In order to simplify the
calculations, the larger value is applied to calculate the optimal
solutions, i.e.,

IZVS = max

{
IZVS1

IN
,
IZVS2

IN

}
. (8)

As the threshold IZVS is generally close to 0 due to the low
output capacitance, certain prior-art work replaced it by 0 [24],
[27]. By doing so, the calculations for analytical solutions can
be simplified. However, certain switches cannot operate in ZVS
in practice, since part of the instantaneous inductor currents at
the rising edges of the gate pulses will be equal to 0, which
fails to provide a required discharging path for the output
capacitors. This condition is defined as quasi-ZVS condition.
On the other hand, the condition with the IZVS obtained by
(6) and (8) (i.e., IZVS �= 0) is defined as strict-ZVS condition
hereafter.

B. Analytical Solutions During Quasi-ZVS Operation

Due to the complex constraints and different operating modes,
obtaining the analytical solutions by directly using the KKT
conditions is challenging. Therefore, the optimal numerical
solutions are applied to determine certain modes where the
minimum current stresses are located, and also identify the ZVS
boundaries in a certain mode to simplify the constraints to some
extent. Then, the analytical solutions can be obtained based on
the simplified KKT conditions. The entire process to simplify
the calculations of the analytical solutions is shown in Fig. 4,
which is detailed in the following.

Step 1: Fig. 5 illustrates the minimum current stresses for
each operating mode under quasi-ZVS operation during 0.5 <
k ≤ 1, which are obtained using Mathematica. It can be seen

Fig. 5. Minimum current stresses for each operating mode when: (a) k = 0.6
and (b) k = 0.8 under quasi-ZVS operation.

Fig. 6. Optimal control variables when: (a) k = 0.6 and (b) k = 0.8 under
quasi-ZVS operation, where the expressions of the control variables are different
during the four power ranges divided by the three power boundaries PA, PB,
and PC.

in Fig. 5 that for different operating modes, the transferred
power will overlap under certain operating range. The minimum
current stresses for Modes I and III are lower than those of
the other three modes during the entire power range. Hence,
the optimal solutions are located at Modes I and III during
PA < Po ≤ 1 and 0 < Po ≤ PA, respectively. Thus, the ana-
lytical solutions of the other three modes (i.e., Modes IV–VI)
are not considered, since they will not contribute to the MCS
control.

Step 2: Fig. 6 shows the corresponding optimal control vari-
ablesD∗

1,D∗
2,D∗

0, andD∗ of Modes I and III. From the numerical
solutions, certain relationships of the control variables can be
obtained as⎧⎪⎨
⎪⎩

Mode III (Po ≤ PA) : D
∗
1 = 0, D∗ = 1− k,D∗

0 = −D∗
2

Mode I

{
PA < Po ≤ PB : D∗

1 = D∗
0 = 0

PB < Po ≤ 1 : D∗
1 = 0, D∗

2 = D∗.
(9)

Step 3: With the above relationships for Mode III (i.e., 0 <
Po ≤ PA), the optimal analytical solution forD∗

2 can be obtained
as

D∗
2 = 1− k − Po

2 k
. (10)

Thus, the expressions of the four control variables can be ob-
tained. On the other hand, as for Mode I, two power ranges are
divided according to different relationships, i.e., PA < Po ≤ PB

and PB < Po ≤ 1, as shown in (9). Furthermore, D∗
2 and D∗

will increase along with the transferred power during PB <
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TABLE IV
ANALYTICAL SOLUTIONS FOR MINIMIZING CURRENT STRESS UNDER QUASI-ZVS CONTROL

Fig. 7. Optimal control variables when: (a) k = 0.6 and (b) k = 0.8 under
quasi-ZVS operation.

Po ≤ PC, while they will decrease during PC < Po ≤ 1. Thus,
the analytical solutions will be different under three power
ranges during Mode I, i.e., PA < Po ≤ PB, PB < Po ≤ PC, and
PC < Po ≤ 1.

The optimal solutions will appear at the boundaries of the
constraints under certain conditions. For Mode I, the inductor
current iL will monotonically increase from t0 to t5 (see Fig. 2)
during 0.5 < k ≤ 1. Therefore, all the ZVS constraints can be
fulfilled once IL(t1) ≤ −IZVS and IL(t2) ≥ IZVS are achieved.
Fig. 7 shows the curves after substituting the obtained optimal
numerical solutions for Mode I into the expressions of Io(t1) and
Io(t2), where Io(t1) = IL(t1)/IN and Io(t2) = IL(t2)/IN . As
shown in Fig. 7, the optimal solutions will appear at the bound-
aries Io(t1) = −IZVS and Io(t2) = IZVS (note that IZVS = 0 in
the quasi-ZVS operation) duringPA < Po ≤ PB, while they will
appear at the boundary IL(t2) = IZVS during PB < Po ≤ PC.
On the other hand, the optimal solutions will not be affected
by the ZVS constraints during PC < Po ≤ 1. To sum up, the
relationships among various control variables for Mode I can be

obtained as⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

PA < Po ≤ PB :

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

D∗
1 = D∗

0 = 0
Io(t1) = 2((k − 2)D∗

1 −D∗
2 − 2D∗

0

−D∗ − k + 1) = 0
Io(t2) = 2(−kD∗

1 −D∗
2 + 2kD∗

0

−D∗ − k + 1) = 0

PB < Po ≤ PC :

⎧⎨
⎩
D∗

1 = 0, D∗
2 = D∗

Io(t2) = 2(−kD∗
1 −D∗

2 + 2kD∗
0

−D∗ − k + 1) = 0
PC < Po ≤ 1 : D∗

1 = 0, D∗
2 = D∗.

(11)
Step 4: By substituting (11) into (7), the calculations with

the KKT conditions can be simplified, and then, the analytical
solutions for Modes I and III can be obtained, as given in
Table IV. Similarly, by combining the analytical solutions and
all the constraints of each operating mode, the transferred power
boundaries can be obtained as⎧⎪⎨

⎪⎩
PA = 2k(1− k)

PB = −3k2+2k+1
2

PC = k4−7k2+4k+2
(2−k2)2 .

(12)

So far, the analytical solutions under the entire power range
during 0.5 < k ≤ 1 are obtained. With a similar analysis, the
analytical solutions during the other two ranges of the voltage
conversion ratio, i.e., 0 < k ≤ 0.5 and k > 1, can also be ob-
tained, as given in Table IV. In the obtained optimal control,
Modes I and II are employed during k > 1, while Mode I and
III are used during 0 < k ≤ 1.

According to the above analysis, the obtained optimal solu-
tions may occur at IL(ti) = 0 and/or IL(tj) = 0 under certain
operating conditions. Thus, certain switches cannot achieve ZVS
in practice. For instance, duringPB < Po ≤ PC for the condition
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TABLE V
SOFT-SWITCHING CONDITIONS WITH THE QUASI-ZVS CONTROL STRATEGY

TABLE VI
ANALYTICAL SOLUTIONS FOR MINIMIZING CURRENT STRESS UNDER STRICT-ZVS CONTROL DURING 0.5 < K ≤ 1

of 0.5 < k ≤ 1, IL(t2) = 0 is fulfilled, and thus, S22 and S23

cannot achieve ZVS due to the lack of current conduction path
for discharging the output capacitors. Instead, they will be turned
ON in zero-current-switching (ZCS) since the inductor current
is 0 at the turn-ON instants in ideal operation. In addition, the
inductor current is also 0 at the turn-OFF instants of S21 and
S24 when IL(t2) = 0. Thus, S21 and S24 will be turned OFF

in ZCS in the ideal state. However, due to the dead time, the
inductor currents at the turn-ON/OFF instants may not be equal
to 0. Therefore, the strict ZCS-ON/OFF cannot be realized in
certain conditions. Nevertheless, since the inductor currents at
the turn-ON/OFF instants are close to 0, the switching losses
will be limited [defined as quasi-ZCS (Q-ZCS)]. Therefore, the
entire switching losses can still be effectively suppressed. The
soft-switching conditions with the quasi-ZVS control strategy
under all operating conditions are summarized in Table V.

C. Analytical Solutions During Strict-ZVS Operation

To compare the performances between the quasi-ZVS con-
trol and strict-ZVS control strategies, the analytical solutions

for the strict-ZVS condition should also be obtained. In the
strict-ZVS control strategy, the threshold IZVS is set based on
(6) and (8). According to the above analysis, Modes I and II
have the advantages of low current stresses during k > 1, while
Modes I and III can be applied to minimize peak currents during
k ≤ 1. Therefore, the strict-ZVS control strategy still employs
these three operating modes to obtain the optimal control vari-
ables. The calculation process for the analytical solutions is
similar to that of the quasi-ZVS control. However, due to the
additional factor IZVS, the expressions of the control variables
and power boundaries will be more complicated, as given in
Table VI, where the condition of 0.5 < k ≤ 1 is taken as an
example.

IV. COMPARISON AND CLOSED-LOOP CONTROL

A. Comparison Between Quasi-ZVS and Strict-ZVS Control

Due to different determination of IZVS in the quasi-ZVS con-
trol and strict-ZVS control strategies, the characteristics of the
2/3-level DAB converter with the two control strategies will also
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TABLE VII
POWER RANGES WITH THE QUASI-ZVS CONTROL AND STRICT-ZVS CONTROL STRATEGIES

Fig. 8. Transferred power range with the strict-ZVS control when: (a) IZVS =
0 (quasi-ZVS), (b) IZVS = 0.01, (c) IZVS = 0.015, and (d) IZVS = 0.02.

be different in terms of transferred power ranges, soft-switching
regions, current stresses, and implementation complexity.

1) Transferred power ranges: The transferred power ranges of
the DAB converter with the quasi-ZVS control and strict-ZVS
control are summarized in Table VII, where it can be seen that
the analytical solutions in the quasi-ZVS control strategy can
cover the entire power range (i.e., 0 < Po ≤ 1). On the other
hand, for the strict-ZVS control strategy, there will be a gap
between the power ranges of the two modes, i.e., Modes I and
II during k > 1, and Modes I and III during k ≤ 1. Fig. 8 shows
the transferred power ranges with different IZVS, where it can
be seen that the gap between the two modes will increase along
with the values of IZVS.

2) Soft-switching regions: Table V tabulates the soft-switching
condition of the quasi-ZVS control strategy. Although certain
switches cannot operate in ZVS-ON, Q-ZCS-ON/OFF can also
effectively reduce the switching losses. On the other hand, for
the strict-ZVS control, all the switches can operate in ZVS in the
corresponding regions, i.e., the colored areas in Fig. 8(b)–(d).

3) Current stresses: When considering the threshold IZVS (i.e.,
IZVS �= 0) in the strict-ZVS control strategy, the feasible region
for minimizing the current stress will be reduced compared

Fig. 9. Minimum current stresses with the quasi-ZVS and strict-ZVS control
strategies under k = 0.6.

with that of the quasi-ZVS control. Thus, the minimum current
stresses obtained in the strict-ZVS control will be slightly in-
creased. For instance, Fig. 9 shows a comparison of the minimum
current stresses between the quasi-ZVS control and strict-ZVS
control with various IZVS under k = 0.6. It can be seen in
Fig. 9 that during the low power ranges, the current stresses
in the strict-ZVS control are higher than those in the quasi-ZVS
control, and the current stresses will be increased along with
IZVS.

4) Implementation complexity: Compared with the quasi-ZVS
control, the implementation complexity will be increased for
the strict-ZVS control due to two reasons: 1) the expressions of
the control variables and power boundaries are more complex,
which makes the closed-loop control structure more difficult to
design; 2) due to the gap between the two operating modes in the
strict-ZVS control strategy [see Fig. 8(b)−(d)], another control
strategy should be applied under those conditions to achieve
continuous operation in the entire power range. However, since
the control variables may not be continuous at the boundaries
between the strict-ZVS control and the other control strategy, the
closed-loop control system, which can achieve smooth transition
between the two control strategies will be more complicated.
Therefore, although the analytical solutions with the strict-ZVS
conditions are able to be obtained, it is still challenging to achieve
the closed-loop control.

By comprehensively considering the above characteristics,
the quasi-ZVS control is more feasible in practice, especially
when the operating conditions/parameters change in a wide
range. On the other hand, the strict-ZVS control can be applied
when the operating parameters change in a limited range with
numerical solutions.
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Fig. 10. Optimal phase-shift ratio D∗
1 under the quasi-ZVS control for the

condition of k > 1.

Fig. 11. Closed-loop control structure of the proposed quasi-ZVS control
strategy when k > 1.

B. Closed-Loop Control

The closed-loop control structure for the proposed quasi-
ZVS control strategy can be designed based on the analytical
solutions in Table IV. However, since the transferred power
should be detected online to identify certain operating mode
and corresponding optimal solutions, the two-side dc voltages
and currents should be detected. To reduce the sensors and
the implementation complexity, a simplified closed-loop control
structure is proposed.

1) Closed-loop structure for k > 1: D∗
1 will be monoton-

ically decreased along with the transferred power during the
entire power range for k > 1, as shown in Fig. 10. In addition,
D∗

1 is continuous at the boundary of Modes I and II, i.e.,
Po = 2k−1

k2 . Therefore, D∗
1 is taken as the output (i.e., x) of a

proportional–integral (PI) controller, i.e., D∗
1 = x (see Fig. 11).

Since the expressions of control variables are different in the
two operating modes, the value of x at the power boundary
Po = 2k−1

k2 should be calculated as

x
∣∣∣
Po=2 k−1

k2

=
k − 1

k
. (13)

Thus, the two operating modes can be divided based on the
ranges of x, i.e., Mode II for k−1

k ≤ x < 1, and Mode I for
0 ≤ x < k−1

k . Accordingly, the closed-loop control structure
can be designed, as shown in Fig. 11. By doing so, current
sensors are not required for determining the transferred power,
since the power ranges where the two modes are applied can be
determined by the ranges of x.

2) Closed-loop structure for k ≤ 1: Different from the con-
dition of k > 1, there is no control variable, which mono-
tonically increases/decreases along with the transferred power.

Fig. 12. Optimal control variable D∗
2 when k = 0.6.

Fig. 13. Closed-loop control structure of the proposed quasi-ZVS control
strategy when 0.5 < k ≤ 1.

Therefore, x should be designed to meet this (i.e., x can be
monotonically changed along with the transferred power) based
on the optimal control variables. In Fig. 12, the blue solid line
is the curve of D∗

2 under the condition of k = 0.6, and x can be
obtained as

x =

⎧⎪⎨
⎪⎩
D∗

2 + 2D2 C, 0 < Po ≤ PA

−D∗
2 + 2D2 C, PA < Po ≤ PC

D∗
2, PC < Po ≤ 1

(14)

where D2 C is the value of D2 at the power boundary PC, which
can be obtained as

D2 C

∣∣∣
Po=PC

=
1− k

2− k2
. (15)

Then, x will monotonically decrease along with the transferred
power, which can be seen in Fig. 12. The values of x at the three
power boundaries, i.e., PA, PB, and PC, can be obtained as⎧⎪⎪⎨

⎪⎪⎩
xA = 2(1−k)

2−k2

xB = (1−k)(2+k2)
2(2−k2)

xC = 1−k
2−k2 .

(16)

Then, the transferred power ranges can be converted to the ranges
of x, and the closed-loop control structure when 0.5 < k ≤ 1 is
shown in Fig. 13, and that in the condition of 0 < k ≤ 0.5 can
be designed similarly.
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Fig. 14. 2/3-level DAB converter prototype.

TABLE VIII
MAIN PARAMETERS OF THE EXPERIMENTAL PROTOTYPE

V. EXPERIMENTAL VERIFICATION

Experimental tests are performed to validate the performances
of the proposed control strategy, which are carried out on a down-
scaled 2/3-level DAB converter prototype, as shown in Fig. 14.
Key parameters of the 2/3-level DAB converter system are given
in Table VIII.

Fig. 15 shows the experimental results of vab, vcd, and iL
with traditional single-phase-shift (SPS) control, MCS control
in [22], strict-ZVS control (with numerical solutions), and the
proposed quasi-ZVS control strategies, where the input and
output voltages are 200 and 300 V (i.e., k = 1.33), respectively,
and the transferred power is 390 W. It should be noted that during
k > 1, the optimal solutions between the MCS control and
quasi-ZVS control strategies are the same. As shown in Fig. 15,
the peak currents are 10.8, 9.8, and 9.6 A for the SPS control,
strict-ZVS control, and MCS/quasi-ZVS control, respectively.
Compared with the SPS control, the MPS control strategies (i.e.,
the other three control strategies) can reduce the current stress.
In addition, the current stress under the quasi-ZVS/MCS control
is further reduced compared with that of the strict-ZVS control.
The soft-switching conditions under different control strategies
can be seen from the waveforms of collector-emitter and gate-
emitter voltages (i.e., vce and vge) and inductor current, as shown
in Fig. 16. It can be seen in Fig. 16(a) that the switches of the
NPC bridge will be turned ON in hard-switching (HS) with the
SPS control. As for the strict-ZVS control, all the switches can
be turned ON in ZVS. Furthermore, the switches can be turned ON

in ZVS or Q-ZCS with the quasi-ZVS/MCS control strategy, and
part switched can be turned OFF in Q-ZCS. The efficiency of the
DAB converter with the above control strategies are obtained by
a power analyzer, which is shown in Fig. 15 (i.e., η = 85.8% for

Fig. 15. Experimental results for the condition of V1 = 200 V, V2 = 300 V
(k = 1.33), and P = 390 W with: (a) SPS control, (b) strict-ZVS control, and
(c) MCS control and quasi-ZVS control.

the SPS control, 91.2% for the strict-ZVS control, and 92.3% for
the quasi-ZVS/MCS control). The quasi-ZVS/MCS control can
achieve higher efficiency compared with the SPS and strict-ZVS
control.

Figs. 17 and 18 illustrate the experimental results among vari-
ous control strategies for the condition ofV1 = 90V,V2 = 300V
(i.e., k = 0.6), and P = 780 W. It can be seen in Fig. 17 that the
MCS control in [22] can achieve the lowest peak current, since
the ZVS constraints are not considered during the optimization,
which means the feasible region for minimizing the peak current
is larger than that of the quasi-ZVS and strict-ZVS control
strategies. However, as part of the switches cannot operate in
soft-switching, as shown in Fig. 18, the efficiency with the
MCS control is lower than that of the quasi-ZVS and strict-ZVS
control strategies. On the other hand, the quasi-ZVS control can
achieve the highest efficiency among different control strate-
gies. The corresponding power loss distribution with various
control strategies is shown in Fig. 19, where ET1 and ET2
denote the simulation with the operating conditions of Figs. 15
(i.e., V1 = 200 V, V2 = 300 V, and P = 390 W) and 17 (i.e.,
V1 = 90 V, V2 = 300 V, and P = 780 W), respectively. After
comparing Fig. 19 to Figs. 15 and 17, it can be seen that the
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Fig. 16. Soft-switching results for the condition of V1 = 200 V, V2 = 300 V
(k = 1.33), and P = 390 W with: (a) SPS control, (b) strict-ZVS control, and
(c) MCS control and quasi-ZVS control.

efficiency in simulation and experimental tests is close. For
instance, the total power losses for SPS control is 110 W in
ET2, which means the efficiency is 85.9% in simulation, and the
corresponding experimental efficiency is 85.2% [see Fig. 17(a)]
Furthermore, as shown in Fig. 19, compared with the other three
control strategies, the entire power losses can be reduced by the
quasi-ZVS control, and thus, the efficiency of the DAB converter
can be enhanced.

Figs. 20 and 21 show the comparative curves in terms of
the peak currents and efficiency with different control strategies
under various power levels and input voltages, including the SPS
control, triple-phase-shift (TPS) control in [15], MCS control,
strict-ZVS control, and quasi-ZVS control. It can be seen in
Figs. 20 and 21 that the MCS control can achieve the minimum
peak currents among various control strategies. However, the
proposed quasi-ZVS control can further improve the efficiency
compared to the other strategies due to taking soft-switching into
the optimization. It should be noted that the current stress and
efficiency with the TPS control, MCS control, and quasi-ZVS
control is identical when k > 1 due to the same optimal control
variables. Furthermore, compared with the strict-ZVS control,
another advantage of the proposed quasi-ZVS control is that
the implementation can be simplified since it does not require
the precalculation of the numerical solutions. It should be noted
that the experimental tests are carried out in an IGBT-based
prototype, while the performances of the quasi-ZVS control and

Fig. 17. Experimental results for the condition of V1 = 90 V, V2 = 300 V
(k = 0.6), and P = 780 W with: (a) SPS control, (b) MCS control, (c) strict-
ZVS control, and (d) quasi-ZVS control.

strict-ZVS control strategies in the MOSFET-based prototypes
have not been verified. Since the turn-ON losses are generally
dominant for the MOSFET devices, the strict-ZVS control may
achieve higher efficiency compared to the quasi-ZVS control in
certain operating conditions. However, since the implementation
complexity of the strict-ZVS control increases significantly, it
can be applied only when the operating parameters change in
a limited range with the precalculation of numerical solutions.
Otherwise, the quasi-ZVS control is still suitably applied after
compromising the efficiency and implementation complexity.

Accordingly, Fig. 22 illustrates the dynamics of the converter
to verify the performances of the proposed closed-loop control
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Fig. 18. Soft-switching results for the condition of V1 = 90 V, V2 = 300 V
(k = 0.6), and P = 780 W with: (a) SPS control, (b) MCS control, (c) strict-
ZVS control, and (d) quasi-ZVS control.

Fig. 19. Power loss distribution (simulation) of the DAB converter with
various control strategies.

Fig. 20. Experimental comparison of different control strategies under various
transferred power levels for the condition of V1 = 120 V and V2 = 350 V in
terms of: (a) current stress and (b) efficiency.

Fig. 21. Experimental comparison of different control strategies under various
input voltages for the condition of V2 = 300 V and P = 1000 W in terms of:
(a) current stress and (b) efficiency.

Fig. 22. Dynamic test results of the system under a step change in the trans-
ferred power with the proposed quasi-ZVS control strategy: (a) V1 = 200 V,
V2 = 300 V (i.e., k = 1.33), and P changes from 390 W to 1545 W, and (b)
V1 = 120 V, V2 = 300 V (i.e., k = 0.8), and P changes from 1154 to 390 W.

structure for the quasi-ZVS control. In Fig. 22(a), the transferred
power is changed from 390 to 1545 W under the condition ofk =
1.33, and in Fig. 22(b), the power is changed from 1154 to 390 W
when k = 0.8. It can be seen in Fig. 22 that the proposed closed-
loop control structure for the quasi-ZVS control can achieve
smooth transition between different power ranges and operating
modes under various voltage conversion ratios.
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VI. CONCLUSION

This article has proposed an optimal control strategy for the
2/3-level DAB converter to achieve both soft-switching and
MCS simultaneously. The operating modes, which are able to
realize ZVS for all the switches, were discussed, and then, the
ZVS constraints, transferred power and current stress models for
these operating modes were obtained. Based on the above, the
optimization problem, considering both the ZVS constraints and
MCS, were developed. The analytical solutions for the control
variables were calculated by the KKT conditions, where the
calculations were simplified by a numerical solution analysis.
In addition, the performances of the quasi-ZVS control and
strict-ZVS control strategies were compared in terms of soft-
switching regions, current stresses, implementation complexity,
and efficiency. Finally, the performances of the proposed control
strategy were validated by experimental tests.
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