IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 41, NO. 2, FEBRUARY 2026

2561

Overview of Efficient and Reliable Control Strategies
for Three-Level NPC-Based DAB Converters

Chaochao Song ¥, Member, IEEE, Ning Wang

Frede Blaabjerg

Abstract—Dual-active-bridge (DAB) converter has been widely
employed in isolated dc—dc power transmission applications due
to its advantages of high power density, inherent soft-switching
capability, galvanic isolation, high step-up ratio, and bidirectional
power transfer. With the advancement of medium-voltage dc
(MVDC) systems, some multilevel de—dc converters, evolved from
two-level DAB converter, have emerged to meet the high-voltage
and high-power demands. Among various multilevel variants of
DAB converter, the neutral-point-clamping (NPC)-based DAB con-
verters have gained increasing attention in recent years due to
simplified control structure, relatively low costs, and widespread
commercialization. The overall performance of MVDC systems
depends highly on the efficiency and reliability of DAB converters.
Therefore, this article presents a comprehensive overview of the
state-of-the-art control strategies aimed at enhancing efficiency
and reliability in NPC-based DAB converters. The review covers
modulation schemes designed to optimize converter efficiency, cat-
egorized by degrees of freedom, solution types, optimization objec-
tives, and algorithms. Furthermore, control strategies to improve
converter reliability, including neutral-point voltage balancing,
fault diagnosis and tolerance, transient-state dc bias suppression,
and power loss balancing, are exhibited in detail. Finally, the chal-
lenges remaining in prior efficiency- and reliability-oriented design
are discussed, and corresponding potential research directions are
identified to further advance the performance of multilevel DAB
converters.

Index Terms—Control strategies, dual-active-bridge (DAB)
converters, efficiency, neutral-point-clamping (NPC)-based, over-
view, reliability.

NOMENCLATURE
a, B,y Thresholds in FD methods.
Qi /0TS Phase-shift angle in transient state.
o /o Phase-shift angle in steady state II.
Q;, Inner and outer phase-shift angle.
Ay i KKT multipliers.
Cp Output capacitance of power semiconductor.
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Duty cycle.
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Transformer turns ratio.

Transformer turns in primary and secondary side.
Transferred power.

backflow power.
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Basic square waveform in EWM.

Transient-state time in SFT control.

Rising instants of gate pulses.

Switching period.
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FD
FSM
FSS
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GA
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HVdc
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MOSFET
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MVDC
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NSA
NSGA II
OCF
PI

PIM
PLP
PLT
PSO
RMS
SBA
SCF
SFT
SPS

SS
SSB
SST
TPS
TS

VL
ZNS, 7ZCS

Complementary inner switch.
Complementary-switch-blocking.
Complementary-switching-state.
Diode-clamped NPC.

Dual active bridge.

Deep deterministic policy gradient.
Differential extremum method.
Degree of freedom.
Dual-phase-shift.

Deep reinforcement learning.
Enhanced-complementary-switching-state.
Electromagnetic interference.
Extended-phase-shift.
Equivalent-waveform method.
Flying capacitor-clamped NPC.
Fault diagnosis.

Fourier-series method.
Fixed-switching-state.

Fault tolerant.

Genetic algorithm.

Global optimal condition.
Hybrid-clamped NPC.

Half bridge, full bridge.

Hybrid full bridge.

High-voltage dc.

Insulated-gate bipolar transistor.
Karush—Kuhn-Tucker.

Lagrange multiplier method.
Modified-duty-cycle.
Mid-level-interval-adjustment.
Modular multilevel converter.
Metal-oxide-semiconductor field-effect transistor.
Modified-phase-shift-and-duty-cycle.
Medium voltage dc.
Neutral-point-clamped.

Numerical solution analysis.
Nondominated sorting genetic algorithm II.
Open-circuit fault.

Proportional integral.

Piecewise integration method.
Primary-side lower power.
Piecewise-linear transient.

Particle swarm optimization.
Root-mean-square.

Secondary-side bypass arm.
Short-circuit fault.

Straightforward transient.
Single-phase-shift.

Steady state.

Same-position switch blocking.
Solid-state transformer.
Triple-phase-shift.

Transient state.

Voltage level.

Zero-voltage switching, zero-current switching.
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I. INTRODUCTION

EDIUM-VOLTAGE dc (MVDC) architecture has gar-
M nered global attention along with the rise of dc loads
such as batteries and electric vehicles, and growing demands
for enhanced power-transfer capacity, power quality, and effi-
ciency [1], [2]. This is because the MVDC networks offer notable
advantages in terms of efficiency, flexibility, and reliability com-
pared to ac systems [3], [4], [5]. Fig. l illustrates a typical MVDC
system with distributed generation, energy storage system, and
dc loads. The key techniques in MVDC networks, including
protection and insulation, network configuration, and medium-
voltage (MV) interfacing converters, have been increasingly
investigated by industry and academia [6], [7], [8], [9], [10].
Isolated dc—dc converters applied to MVDC systems play a cru-
cial role in maintaining dc-link voltages and transferring power
between MVDC bus and other dc components. These converters
are generally required to have large step-up ratios, high voltage-
blocking and power-transfer capability, and bidirectional power-
flow capability in energy storage systems [11]. However, due to
technical complexity, limitation of power devices, and lack of
standardization, isolated dc—dc converters designed specifically
for MVDC systems are still under development and have not yet
been fully commercialized [10].

Among prior dc—dc topologies, DAB converter, proposed in
1990s [12], has been applied as interfacing dc—dc converters
in various scenarios due to high power density and efficiency,
inherent soft-switching capability, bidirectional power-transfer
capability, and galvanic isolation [13], and its generic structure
is shown as Fig. 2(a). Unfortunately, a traditional 2L. DAB
converter is challenging to implement in an MVDC system
operating at several kilovolts (kVs) or higher due to the limitation
of commercial MV power devices [ 14]. Thus, multilevel variants
developed based on 2L DAB converter were proposed to reduce
voltage stress on each power semiconductor and increase step-up
ratio. The most popular 3L topologies applied to DAB converters
are exhibited in Fig. 2(b), including D-NPC topology [15], [16],
[17], FC-NPC topology [18], [19], H-NPC topology [20], [21],
[22], T-type topology [23], [24], [25], and ANPC topology [26],
[27], where V. is the dc-link voltage, i.e., Vge = Vj, in the pri-
mary side and V. = V4 in the secondary side. Among various
topologies, the D-NPC topology is the most widely applied
to multilevel DAB converters due to its advantages of simple
control, relatively low cost, and commercial maturity. Therefore,
to avoid excessive length when discussing various topologies,
this article reviews the optimal control strategies based on the
D-NPC topology (hereinafter referred to as NPC). However, it
is important to note that many of the control strategies proposed
for this topology are also applicable to other 3L topologies, such
as certain multi-DoF optimal control and neutral-point voltage
balancing control methods.

Control strategies for NPC inverters have been widely re-
searched; however, the efficiency- and reliability-oriented con-
trol strategies developed based on NPC inverters and NPC-
based DAB converters exhibit significant differences. For
NPC inverters, the efficiency can be improved by reducing
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switching times in each fundamental period through suitably
selecting space vectors [28]. Moreover, the efficiency of NPC
inverters can be further improved by employing soft-switching
strategies, which are commonly implemented through resonant
circuits with auxiliary components or by utilizing boundary
conduction mode [29]. Nevertheless, the efficiency of NPC-
based DAB converters is generally enhanced by minimizing
inductor current (i.e., ¢7,) or realizing soft switching through
modifying phase relationship between terminal voltages (i.e.,
Vb and v.g) and inductor current. On the other hand, some
reliability-oriented strategies such as neutral-point voltage bal-
ancing and FD require current polarity identification [30], [31],
[32], which can be easily obtained in NPC inverters since the
phase current exhibit periodic variations in fundamental fre-
quency (e.g., SOHz). However, in NPC-based DAB converters,
as the direction of inductor current change at least twice within
each switching period, it is challenging to determine the current
polarity under a specific switching state especially with a high
switching frequency. Due to these differences, the prior-art
research developed for NPC inverters cannot be directly applied
in the NPC-based DAB converters.

Efficiency-oriented control constitutes the majority of re-
search on NPC-based DAB converters. The modulation schemes
with various DoFs and VLs provide different potential for effi-
ciency improvement. In traditional 2L DAB converters, the mod-
ulation schemes can be mainly divided into SPS control, EPS
control, DPS control, and TPS control [13], [33], [34]. These
modulation schemes achieve symmetrical waveforms of termi-
nal voltages and inductor current during a switching period by
modifying the phase-shift angles among gate pulses. In addition,
some asymmetrical modulation schemes have also be proposed
for further increasing optimization potential by regulating duty
cycles [35], [36], [37]. The increased DoFs are introduced to
improve converter efficiency by extending soft-switching range
especially in light-load conditions and reducing rms values of
inductor current [33]. The above modulation schemes of 2L
DAB converters can be directly applied to 3L NPC-based DAB
converters when the two switches in a same upper/lower bridge
arm turn-ON and -OFF synchronously; however, they failed to
fully utilize the increased DoFs provided by multilevel topology.
A five-level modulation scheme was applied to NPC-based DAB
converters in recent efficiency-oriented control strategies [38],
[39], [40], [41], [42], [43], [44], [45], [46], [47]. In addition to
SPS control where only one variable (i.e., a phase-shift angle
between two bridges) is used to control power transfer, multiple
solutions can be applied to achieve a certain reference power
and output voltage with the multi-DoF modulation schemes.
Therefore, identifying the optimal solution is a key issue in
efficiency-oriented control strategies. Solution types, optimiza-
tion objectives, optimization algorithms, and the number of
DoFs will determine the optimal solutions, and further affect
the converter efficiency, as shown in Fig. 3. When the DoFs
in modulation schemes are determined, certain operating modes
satisfying the constraints of optimization objective, e.g., ZVS
constraints, can be selected, and then the mathematical models
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Fig. 2. Topology of a DAB converter. (a) DAB structure. (b) 2L and 3L
topologies (per arm).
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Fig. 3. Flowchart of optimal solution calculation for improving the efficiency
of NPC-based DAB converters.
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Fig.4. Typical reliability enhancement methods including hardware optimiza-
tion and control optimization.

of transferred power and optimization objective can be obtained.
Subsequently, based on a certain solution type, i.e., analytical
or numerical solutions, corresponding optimization algorithms
can be employed to calculate the optimal solutions. Control
strategies with different combinations of the above factors have
been proposed for NPC-based DAB converters, which will be
reviewed in this article.

In addition to efficient control, reliability enhancement also
occupies a large proportion in the prior research of NPC-based
DAB converters. The reliability of power electronic converters
can be improved by hardware optimization and control op-
timization. The former improves system reliability by power
device selection [48], [49], [50], topology adjustments and
redundancy [51], [52], [53], thermal management and cooling
design [54], [55], [56], electromagnetic compatibility (EMC)
considerations [57], [58], [59], protection system against over-
voltage, overcurrent, and overheating [60], [61], [62], and so
on. On the other hand, reliable control aims to enhance con-
verter reliability by adjusting parameters or structures of control
system to decrease the electrical and thermal stresses on power
devices and extend their lifespan [63]. This article focuses on
the performance optimization of NPC-based DAB converters
through control strategies. Thus, only control optimization for
enhancing reliability will be discussed, while the hardware opti-
mization design will not be covered. Among the reliable control
strategies, neutral-point voltage balancing is an additional issue
on 3L NPC topology compared to 2L DAB converters, and
thus has been widely explored to suppress high voltage stresses
on certain power semiconductors and dc-link capacitors [47],
[64], [65], [66], [67], [68], [69], [70], [71], [72], [73], [74],
[75], [76], [77]. In addition, FD and FT control strategies were
proposed to avoid dc bias and increased peak current caused
by OCFs on NPC-based DAB converters [78], [79], [80], [81].
TS control strategies have been developed to reduce dc bias
current with load variations [82], [83], [84], [85]. Furthermore,
other control strategies that can achieve power-loss and thermal
balancing and voltage/current stress reduction will enhance the
reliability of NPC-based DAB converters [38], [85], [86], [87].
Fig. 4 summarizes the typical reliability enhancement methods
for power electronic converters, and this article will review
the reliable control strategies for NPC-based DAB converters.
The main contributions of this work can be summarized as
follows.

1) A thorough review of control strategies for improving the

efficiency of NPC-based DAB converters is developed.
The main factors affecting the converter efficiency by con-
trol system, i.e., modulation schemes with various DoFs,
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optimization objectives, solution types, and optimization
algorithms, are evaluated, which can inspire further con-
trol research into enhancing efficiency and compromising
efficiency and implementation complexity.

2) Control strategies for enhancing the reliability of NPC-
based DAB converters by reducing voltage/current
stresses and balancing voltage/power distribution are re-
viewed, including neutral-point voltage balancing control,
FD and FT control, dc-bias current suppression control,
power-loss balancing control, and so on. The charac-
teristics, advantages and disadvantages, and applicable
scenarios of these reliable control strategies are discussed,
providing a foundation for selecting appropriate control
strategies in a certain application.

3) The challenges and potential solutions of efficiency and
reliability related issues in the multilevel DAB convert-
ers are discussed, which offers valuable insights and
guidance for future research and development in this
area.

The rest of this article is organized as follows. Section II
analyzes the modulation schemes with various DoFs and VLs,
operating modes, and modeling methods of NPC-based DAB
converters. The efficiency-oriented control strategies based on
various modulation schemes, solution types, optimization ob-
jectives, and algorithms are reviewed in Section III. In Section
IV, the prior control strategies for enhancing converter relia-
bility including neutral-point voltage balancing control, OCF
diagnosis, and tolerant control, and TS dc bias suppression
control are detailed. In addition, other reliable control such as
power loss balancing, voltage and current stress reduction, and
conducted EMI suppression is also briefly discussed in Section
IV. The interaction of efficiency- and reliability-oriented control
is discussed in Section V. Section VI analyzes the existing
challenges on efficiency- and reliability-oriented design, and
provides some potential solutions for future research. Finally,
Section VII concludes this article.

II. MODULATION SCHEMES AND MODELING FOR NPC-BASED
DAB CONVERTERS

For the NPC-based DAB converters, a 3L. NPC bridge is
employed to the higher voltage side, and a 2L or 3L NPC
topology can be applied to the other side according to dc-link
VL. Furthermore, based on power rating, half- or full-bridge
topology can be used. Fig. 5 depicts five general topologies in the
NPC-based DAB converters, including 2L half-bridge (2LHB),
2L full-bridge (2LFB), 3L half-bridge (3LHB), 3L full-bridge
(BLFB), and hybrid 2 and 3L full-bridge (HFB), where v,
denotes the input or output terminal voltage (i.e., Vzy = Vqp OF
Ugzy = Vcq). Some studies have adopted three-phase topology to
further increase power levels [88], [89]; however, corresponding
research on NPC-based DAB converters is limited. Therefore,
the control strategies of three-phase topology will not be intro-
duced in detail.
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TABLE I
SWITCHING STATES OF 2L AND 3L NPC BRIDGE ARM

Various 2L and 3L topologies used to NPC-based DAB converter.

Switching state

Switching state
at first arm

Switching state
at second arm
(for full-bridge)

Arm voltage

2L bridge arm

[P] {Sl} {SS} Vzo/yo = 0.5Ve

N] {521 {Si} | Peosyo = —05Vac
3L bridge arm

[P] {SlysQ} {85786} Vzo/yo = 0'5Vdc

[O] {827 SS} {867 S7} Vazo/yo = 0

[N] {837 S4} {871 S8} Vzo/yo = _0'5Vdc

A. Basic Analysis of Modulation Schemes

The switching states and corresponding arm voltages of 2L
and 3L NPC bridge arm are summarized in Table I. For the HB
topologies, the ac terminal voltage of a bridge is the same as that
of the firstarm voltage, i.e., vzy = vz, - Therefore, two and three
VLs can be generated for 2L and 3L HB topologies, respectively.
On the other hand, as for the FB topologies, the ac terminal volt-
age is the difference of two arm voltages, i.e., Vzy = Uzo — Vyo-
Thus, there will be five potential VLs on terminal voltage, i.e.,
+Vie, £0.5Vy., and 0. When applying different switching states
in certain time slots during a switching period, the terminal
voltages in NPC-based DAB converters will exhibit various
VLs, which will result in different converter performance. The
switching states can be selected by phase-shift angles and duty
cycles of gate pulses with various modulation schemes. Fig. 6
shows the waveform of terminal voltage v, with different DoFs
for the five topologies, where a; and d denote inner phase-shift
angle and duty cycle of each bridge, respectively, and Ty is
the switching period. For a certain topology, different cases of
modulation can be divided based on DoFs, which are denoted by
Case A, B, and C. Note that for the 2LFB DAB converters, in ad-
dition to symmetrical modulation schemes with 50%-duty-cycle
gate pulses (Case A and B), asymmetrical modulation (Case C)
was also proposed to extend the soft-switching range, where
a DoF related to duty cycle is used in the modulation system
in addition to the phase-shift angle [35], [36], [37]. Therefore,

2LHB
A Ty
A S, S >
Va2 > Va2t 8 S >
e T >
-Vad2 Viy

Va2

Case A: 0DoF, 2VL
2LFB
A Ty A Ty

\A/

Si Siy Si Ss

Ve

Ve
Case B: 1DoF, sym. 3VL

3LFB

A T
S, Ss > » »
s Sy > >
5 8 > » >
S Se > » »
Vie|
————————————————————————————————————————— > > >
Vs Viy
Case A: 0DoF, 2VL
A Tow A Tow A T
S, S > S, S » S, Sz >
S Siy S Siy Sz Si >
Se S > Sq S >V Se S >
Ve Vae i~ /2 FF——1d
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, » T o A

;1 Vay

Case C: 2DoF, 5VL

Case B: 1DoF, 3VL

Case A: 0DoF, 2VL

Fig.6. Gate pulses and terminal voltage of each bridge with various topologies.

although the terminal voltage v,, exhibits three VLs in both
Case B and C in 2LFB topology, the asymmetrical modulation
of Case C applies one more DoF. The asymmetrical modulation
can be directly used in 3L DAB topologies when they operate
in 2L mode, i.e., the two switches in the same upper/lower
NPC bridge arm turn-ON and -OFF synchronously. However,
the asymmetrical modulation specifically designed for 3L NPC-
based DAB converters is not discussed, since it has not been
explored in existing literature. When this issue is discussed in the
future, the tradeoff between efficiency improvement and control
complexity should be considered, since multilevel converters
inherently offer increased DoFs.

In addition to control variables of each bridge, the NPC-based
DAB converters are also controlled by an outer phase-shift angle
«, between primary- and secondary-side bridges, i.e., between
Vap and v.q. The inductor current can be determined by the two
ac terminal voltages, i.e.,

diL (t) o Uab(t) — N’Ucd(t) (1)

dt L

where N = N; /N, is the turns ratio of transformer. For in-
stance, when a 2LFB and a 3LFB are applied to primary and sec-
ondary side, respectively (denoted as “2LFB-3LFB” topology),
the normalized waveforms with different modulation schemes
are illustrated in Fig. 7. When the phase-shift angles and duty
cycles are set to different values, the modulation will be in
various cases. By combining these cases on the primary and
secondary sides, the overall DoFs and VLs of the DAB converter
can be determined, where the overall DoFs are the sum of inner
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DoFs of each bridge (i.e., a;; and d) and the outer phase-shift
angle between the two bridges (i.e., a,).

With different modulation schemes, the NPC-based DAB
converters will exhibit various performance in terms of effi-
ciency, reliability, and so on. In general, high-DoF modulation
scheme can provide more optimization potential while also
increase the control complexity. Thus, the optimum modulation
scheme for a certain NPC-based DAB converter should be
determined by compromising optimization results and control
complexity, which will be detailed in Section III.

B. Operating Modes

With a certain modulation scheme and DAB topology, the
waveform of inductor current 77, will show distinct characteris-
tics when the relationships of control variables, i.e., phase-shift
angles and duty cycles, are different. Thus, various operating
modes can be differentiated accordingly. In the NPC-based DAB
converters, due to the increased DoFs and VLs, the amount
of operating modes will be numerous, making it difficult to
exhaustively enumerate them. Fortunately, with certain inherent
features and constraints related to control objectives, the analysis
of operating modes can be simplified, which can be described
as follows.

1) For an FB topology, regardless of whether the leading
bridge arm is the first or second (corresponding to a posi-
tive or negative inner phase-shift angle «;), the voltage and
current waveforms remain unaffected [38], [90]. There-
fore, unless in neutral-point voltage balancing analysis,
the first leg can be fixed as the leading leg, i.e., a; > 0.

2) Under the condition of a; > d in 3LFB and HFB topolo-
gies, the switching states [PN] and [NP] corresponding to
the highest VL £V will not exist, as shown in Fig. 8.
As a result, the de-link voltage is not fully utilized, which
will limit the transferred power range of the NPC-based
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Fig.9. Operating modes which can achieve ZVS for all power semiconductors
in 2LFB-3LFB DAB converter.

DAB converters. Furthermore, the peak current will be sig-
nificantly increased compared to the condition of a; < d
under the same power level [38]. Therefore, the constraint
a; < d should be satisfied in the DAB converters with
3LFB and HFB topologies.

3) Certain operating modes can be used to achieve specific
optimization objectives. For example, ZVS is widely con-
sidered to reduce switching loss as it is dominant in the
DAB converters with high switching frequency [91], [92].
In order to achieve ZVS, the current should flow from
emitter to collector of IGBT or from source to drain of
MOSFET [93], [94]. Thus, the current polarity of each power
semiconductor at turn-ON instant can be determined. Fig. 9
shows the operating modes which can satisfy ZVS con-
straints for all power semiconductors of the 2LFB-3LFB
DAB converter with the 4DoF modulation, where the
relationships among turn-ON instants of all power semi-
conductors (i.e., mode constraints) are depicted.

With the boundaries of control variables and constraints of
control objectives, the selection of operating modes can be
limited, which in turn simplifies subsequent modeling, control,
and optimization.
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Equivalent waveforms of the terminal voltage v, with: (a) 3VL and

C. Mathematical Modeling

Modeling of transferred power and inductor current for NPC-
based DAB converters is the prerequisite for further performance
analysis such as efficiency and reliability. The generic power
model of the DAB converters is

Tow

Pz—/vwmwt @
Tsw 0

Three modeling methods can be used to calculate the transferred

power in various operating modes, i.e.,

PIM [14], [35]: It can be seen from Fig. 7 that the inductor
current is piecewise in a switching period. Thus, the voltage
vap and inductor current ¢;, can be integrated piece by piece
to obtain the transferred power based on (2). With the PIM,
the initial value and slope of 77, during each interval should be
determined by (1). The PIM can achieve high modeling accuracy
and can be used to various modulation schemes and operating
modes. However, as the initial values and slopes of inductor
current will change in different operating modes, there is no
generic expression of inductor current and transferred power for
various modes. Thus, the calculation for inductor current during
different intervals and corresponding transferred power should
be repeated, causing heavy calculation burdens.

FSM [37], [95], [96], [97]: The modeling of DAB converters,
especially with multi-DoF modulation, can also be developed
based on Fourier analysis, where the terminal voltages v,; and
veq are expressed using Fourier series. The major advantage
of FSM is that it provides a generic model without requiring
repetitive calculations for various operating modes [33]. By
superimposing multiple harmonics, FSM can achieve relatively
high modeling accuracy; however, the modeling complexity
remains high [33]. On the other hand, some research only applies
the fundamental component to calculate transferred power and
other issues [96], [97]. Nevertheless, the accuracy can be signif-
icantly affected, especially when the inductor current deviates
substantially from a sinusoidal waveform, such as modes 10 and
11in Fig. 9.

EWM [38], [90], [98]: In symmetrical modulation schemes,
the terminal voltage (i.e., vqp Or v.q) With 3VL and SVL can
be decomposed to two and four 50%-duty-cycle square wave-
forms, respectively [38], as shown in Fig. 10. S(¢) is the basic
square waveform with 50% duty cycle, and the equivalent square
waveforms are phase shifting by S(¢) based on the phase-shift
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angles and duty cycles in modulation. The terminal voltage can
be expressed by the equivalent square waveforms as

1 m
Uny = — > St —t) 3)
1=1

where m is the number of equivalent square waveforms, i.e.,
m =1, 2, and 4 for the voltage with 2VL, 3VL, and 5VL, re-
spectively, and ¢; denotes the turn-ON instants of power semicon-
ductors (i.e., tp; or ts; in Fig. 9). With the equivalent expression
of terminal voltage in (3), the inductor current and transferred
power can be calculated based on (1) and (2). In this manner,
the generic power model can be simplified without calculation of
initial values and current slopes in various intervals under each
operating mode [38], [90], [98]. Thus, the modeling accuracy
with the EWM is the same as that of PIM while with reduced cal-
culation burdens. The EWM can be used in different topologies
(including HFB topology) with various symmetrical modulation
schemes, as the terminal voltages can be decomposed into a sum
of square waveforms with 50% duty cycles. On the other hand,
when the EWM is used in asymmetrical modulation schemes,
an additional variable related to duty cycle will be employed
during the modeling as the duty cycle of specific equivalent
square waveforms is not 50%. Therefore, the calculation process
will be different. This condition has not been discussed in the
existing literature, and thus, the applicability of this method in
asymmetric modulation requires further exploration.

III. CONTROL STRATEGIES FOR ENHANCING EFFICIENCY

With high-DoF modulation schemes, the phase-shift ratios
and duty cycles can be differently combined to achieve the
reference output voltage and transferred power, and meanwhile,
the efficiency of NPC-based DAB converters will vary along
with the control variables. Therefore, certain combinations of
the control variables should be applied to optimize the converter
performance based on certain optimization objectives. The opti-
mization for efficiency improvement can be generally expressed
as

min fobj(X)
st. P(X)—P,=0
fcon,i(X)SO,i:LQ,...,n 4)

where foi(X) is the model of optimization objective, feon i (X)
is the set of inequality constraints including mode and ZV'S con-
straints, X is the optimum combination of the control variables.
P, = P/ Py is the normalized transferred power, and Py is the
maximum transferred power, defined as
P = N Vin) U Vo) )
8fSWLS
where £ = 1 or 0.5 denotes that an FB or HB topology is applied
to primary side, and kg = 1 or 0.5 denotes the two topologies
in secondary side, respectively. In addition, P denotes the
reference transferred power.
For specific operation conditions and parameters, the opti-
mum control variables are determined by various factors, such
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TABLE II
STATE-OF-THE-ART OPTIMAL CONTROL STRATEGIES FOR IMPROVING EFFICIENCY OF NPC-BASED DAB CONVERTERS

Objective Optimization objectives Topology Reference Specific Modulation method Optimization algorithm Solution
type type topology type
[102] 2LFB-2LFB 3DoF, 3VL-3VL LMM
[103] 2LFB-2LFB 3DoF, 3VL-3VL analvtical
[35] 2LFB-2LFB | 2DoF, 3VL-2VL (asym.) KKT conditions Y
2L DAB [36] 2LFB-2LFB | 3DoF, 3VL-3VL (asym.)
2DoF, 2VL3VL (k < 1)
peak current [105] | 2LFB-2LFB | 2DoF, 3VL-2VL (k > 1) Al-based numerical
2DoF, 3VL-3VL
[99] 3LFB-3LFB 3DoF, 3VL-3VL PSO numerical
3L DAB [38] 2LFB-3LFB 4DoF, 3VL-5VL KKT + NSA analytical
[T00], [101] | 3LFB-3LFB 2DoF, 3VL3VL PSO numerical
[98] 2LFB-2LFB 3DoF, 3VL-3VL GOC analytical
2L. DAB [106] 2LFB-2LFB 3DoF, 3VL-3VL not mention numerical
. et RMS current [37] 2LFB-2LFB | 5DoF, 3VL-3VL (asym.) PSO numerical
single-objective 3L DAB [39] 3LFB-3LFB 5DoF, SVL-5VL not mention numerical
[40] HFB-2LFB 4DoF, 5VL-3VL GOC analytical
2L DAB [104] 2LFB-2LFB 2DoF, 3VL-2VL KKT conditions analytical
reactive/backflow power [107] 2LFB-2LFB 3DoF, 3VL-3VL PSO numerical
3L DAB [41] 3LFB-2LFB 4DoF, 5VL-3VL PSO numerical
[108] 3LHB-3LHB 3DoF, 3VL-3VL solved by MATLAB
L DAB [109] 2LFB-2LFB 2DoF, 3VL-3VL 1ot mention the algor’ithm numerical
total power loss [110] 2LFB-2LFB 3DoF, 3VL-3VL
3L DAB [42] 3LFB-3LFB 5DoF, 5VL-5VL Al-based numerical
[43] 3LFB-3LFB S5DoF, 5VL-5VL
o [44] 3LHB-2LHB 4DoF, SVL-3VL
soft-switching 3L DAB 15071 3LFB-3LFB TDoF, 2VL-2VL - -
[121] 3LFB-3LFB 2DoF, 3VL-3VL
[117] 2LFB-2LFB ZDoF, 2VL-3VL (k < 1) DEM
2L DAB 2DoF, 3VL-2VL (k > 1) analytical
[118] 2LFB-2LFB 3DoF, 3VL-3VL LMM Yy
[122] 2LFB-2LFB 3DoF, 3VL-3VL GOC
[123] 2LFB-3LHB 3DoF, 3VL-3VL not mention analytical
RMS current + ZVS [45] | AFB-2LFB 4DoF, SVL3VL GOC analitical
SLDAB 1117 |3LHB-3LHB 3DoF, 3VL-3VL solved by MATLAB, |\ .l
not mention the algorithm
multi-objective [115] 3LHB-3LHB 3DoF, 3VL-3VL NSGA-II numerical
2L DAB [119] 2LFB-2LFB 5DoF, 3VL-3VL KKT conditions analytical
peak current + ZVS 3L DAB [46] 2LFB-3LFB 4DoF, 3VL-5VL KKT + NSA analytical
[112] 3LHB-3LHB 3DoF, 3VL-3VL GA numerical
reactive power + ZVS 2L DAB [115] 2LFB-2LFB 3DoF, 3VL-3VL Al-based numerical
peak and RMS current + ZVS | 2L DAB [114] 2LFB-2LFB 3DoF, 3VL-3VL NSGA-II + CF analytical
RMS + instantaneous current | 3L DAB |  [47] | 3LFB-3LFB |  5DoF, 5VL-5VL solved by MATLAB. 1, o ical
not mention the algorithm

as DoFs, solution types, optimization algorithms, and objectives.
The main characteristics of prior efficiency-oriented control
strategies for NPC-based DAB converters with these factors
are summarized in Table II. In order to compromise efficiency
improvement and implementation complexity, some prior-art
control strategies apply 2VL- and 3VL-modulation in the 3L
NPC-based DAB converters [78], [99], [100], [101]. In this
condition, the control for 2L and 3L NPC-based DAB converters
is the same, and thus the efficiency-oriented control strategies
developed for 2L DAB can be directly applied in 3L NPC-based
DAB. Therefore, the advanced control strategies for 2. DAB
converters are also included in Table II. With the similar reason,
the reliability-oriented control strategies such as FD and tolerant
control and TS dc bias suppression control developed for 2L
DAB are also discussed in Section IV. In Table II, the voltage
conversion ratio k is defined as

N

= —— 6
N(kst%ul_ref) ( )

where Vou_ref 1S reference output voltage.

A. Solution Types

The optimum solutions for the optimization control strategies
can be divided into analytical solutions and numerical solu-
tions [33]. With the analytical solutions, the control variables,
i.e., phase-shift angles and duty cycles, can be expressed by
the dc-link voltages and transferred power. Therefore, when
the operating conditions and parameters change, the control
variables can be automatically modified to keep the converter
operating in optimum status [35], [36], [38], [40], [98], [102],
[103], [104]. On the other hand, for the numerical solutions,
the optimum control variables should be calculated offline, and
then stored in a look-up table in the microcontroller [37], [39],
[41], [42], [99], [100], [101], [105], [106], [107], [108], [109],
[110]. By comparing the two solution types, it is evident that
the analytical-solution-based control strategies are preferred for
practical applications, especially in the cases where the dc-link
voltages, transferred power, and other operating parameters vary
in a wide range, because the optimum control variables are not
needed to recalculated offline and updated to the look-up table
as with the numerical solutions [38], [46]. However, the calcula-
tions of analytical solutions are more challenging than that of the
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numerical solutions, especially when the models of optimization
objectives and inequality constraints are complicated.

For the NPC-based DAB converters, the optimization po-
tential of efficiency can be enhanced with increased DoFs,
while the complexity of calculating analytical solutions will
also be increased. A similar condition applies between
single-objective and multiobjective control strategies. With an
increased optimization objective in multiobjective control, e.g.,
ZVS, the inequality constraints become more complicated, mak-
ing the analytical solutions challenging to be obtained compared
to single-objective control. Therefore, the efficiency enhance-
ment and calculation complexity should be compromised to
make the control strategies applicable. In general, when the oper-
ating conditions change in a limited range, numerical solutions
can be employed to achieve higher efficiency with increased
DoFs and multiple objectives. Otherwise, analytical solutions
should be applied to avoid frequent calculations and updates
when the operating parameters change widely [33], [38].

B. Optimization Algorithms

Optimization algorithms are used to calculate the optimum
solutions of control strategies. The numerical solutions are rela-
tively easy to be obtained as certain platforms with optimization
tool, e.g., MATLAB and Wolfram Mathematica, can be used to
carry out the calculations [47], [108], [109], [110], [111], where
different optimization algorithms such as PSO [41], [99], [100],
[101], [107], GA [112], [113], and NSGA-II [114], [115] can
be chosen. With the development of Al technology, Al-based
algorithms, e.g., deep reinforcement learning-deep deterministic
policy gradient, were utilized to accelerate the optimization
process and improve optimization accuracy [42], [105], [116].

On the other hand, for the analytical solutions, which are
preferred to practical applications, when the DoFs in modulation
are limited, the optimum solutions can be solved by DEM [117].
Otherwise, LMM and GOC were applied to obtain the analytical
solutions in high-DoF modulation schemes [98], [102], [118].
The general expression of LMM is

E = foj(X) + AMPo(X) — P2)

IE
0X

=0,A#0 7
e A F

where I is the Lagrangian function, composed of the optimiza-
tion objective and transferred power model, and X is the La-
grangian multiplier. As shown in (7), the inequality constraints
including soft-switching and operating-mode constraints are
not considered during the solving process in LMM. Therefore,
LMM can only yield fixed analytical solutions. Subsequently,
these analytical solutions are substituted into the inequality con-
straints to determine the feasible power range. As aresult, the op-
timum solutions for a certain operation mode can be solved in a
limited power range rather than the entire feasible region, which
may affect the global optimization in certain power ranges. In
order to address this issue, LMM with inequality constraints, i.e.,
KKT conditions, is applied widely to the optimization of DAB
converters [35], [36], [38], [46], [103], [104], [119], which can
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be expressed as
E = forj(X) + MPo(X) = Py) + 3211 fti foon,i(X)
OF _
0X |x_x+
Mifcon,i(X*) = Oafcon,i(X*) <0, 7& 0,p; >0
(®)

where p; is the KKT multiplier related to the inequality con-
straints. Since the inequality constraints are included in the
algorithm, the expressions of optimum solutions will be different
under various power ranges in a specific operating mode [103],
and thus, the KKT conditions can be used to obtain the optimum
solutions during the entire feasible region.

However, in control strategies with higher DoFs and multi-
ple optimization objectives, the increased number of operating
modes, complex objective models, and intricate inequality con-
straints make it very challenging to calculate analytical solutions
using the above algorithms. To address this issue, two methods
were discussed during the calculation and data processing: 1) an
optimization algorithm combining the KKT conditions and NSA
was applied in [38], [46], and [113]. In this algorithm, the nu-
merical solutions are used to determine specific operating modes
and boundaries of inequality constraints where the optimum
solutions are located. In this manner, the objective models and
inequality constraints can be simplified, and then the analytical
solutions can be solved by the streamlined KKT conditions; 2)
the global optimum numerical solutions are collected, and then,
the analytical solutions are obtained by CF of the numerical re-
sults [114]. This method reduces the computation load; however,
the optimization accuracy will be impacted by the effectiveness
of CF.

C. Optimization Objectives

As shown in Table II, the efficiency-oriented control strategies
of DAB converters generally applied total power losses [42],
[109], [110], peak value of inductor current [35], [36], [38],
[99],[100], [101], [102],[103], [105], rms value of inductor cur-
rent [37], [39], [40], [98], [106], backflow/reactive power [41],
[104], [107], [108], and soft-switching [43], [44], [120], [121]
as optimization objectives. Furthermore, various combinations
of the above objectives were applied in multiobjective control
strategies [45], [46], [47], [111], [112], [114], [115], [116],
[117], [118], [119], [122], [123].

a) Total power loss reduction: The power loss models of
power semiconductors, magnetics (i.e., transformer and auxil-
iary inductor), dc-link capacitors, gate drivers, and other com-
ponents of DAB converters were developed in [117], [124], and
[125]. Accordingly, the optimal control strategies with minimum
total power losses were proposed for the traditional 2L [109],
[110] and 3L NPC-based DAB converters [42]. Applying the to-
tal power loss model as optimization objective can improve con-
verter efficiency to the utmost extent. Nevertheless, the model
of total power losses is affected by various factors including
operating parameters and modes, coefficients of power devices
(e.g., on-resistance of power semiconductors, and core material
and size of transformer), and control strategies, and thus, it
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is challenging to develop an accurate and generic total power
loss model. In addition, the complicated optimization objective
model will make the calculations for optimum control variables,
especially analytical solutions, very challenging to be processed.
b) Peak current minimization: In order to reduce the complex-
ity of optimization objective models, certain efficiency-related
indices are applied to the optimization rather than total power
losses. Among these optimization objectives, peak value of
inductor current offers the simplest model, which is defined as

irp =max {|ir(t)|}, 0<t< Ty 9

By reducing the peak current, the efficiency of DAB converter
can be enhanced. This is because: 1) the rms values of inductor
current can be decreased with the reduction in peak current
during most operating modes, and thus, the conduction losses of
power devices can be reduced [34]; 2) the instantaneous currents
at turn-ON/OFF instants for certain power semiconductors can be
reduced, resulting in decreased switching losses.

Minimum-peak-current control strategies for the 2L-DAB
converter were proposed in [35], [36], [102], [103], [105], and
[119], where both symmetrical and asymmetrical modulation
methods were discussed. As the model of peak current is simple,
the analytical solutions can be obtained by the LMM and KKT
conditions. On the other hand, the 3L NPC topology can provide
increased DoFs; however, most of the control strategies still
applied the same modulation schemes as the 2. DAB con-
verters, e.g., symmetrical 3VL modulation [99], [100], [101].
The above control strategies use numerical solutions calculated
by PSO technique, which are not suitable for the cases where
the operating conditions/parameters change in a wide range. In
order to fully utilize the increased DoFs of NPC topology and
simplify the control implementation, a minimum-peak-current
control scheme based on 5SVL modulation was proposed in [38],
where the analytical solutions are obtained by combining the
KKT conditions and NSA.

¢) RMS current minimization: In addition to peak current, rms
value of inductor current is another widely applied optimization
objective in DAB converters [37], [39], [40], [98], [106], which
is defined as

1 Tow

i2 (t)dt.
Tsw 0 L( )

ILRMS = (10)
The rms current affects the conduction losses of power switches
and copper losses of the magnetics directly [117]. Therefore,
the efficiency of DAB converters can be improved when the rms
current is minimized under certain operating parameters. In [39],
rms current minimization is applied as optimization objective
to a 3ALFB-3LFB DAB converter, where a look-up table with
numerical solutions is employed to determine the optimum
phase-shift angles and duty cycles. A minimum-rms-current
control scheme was proposed based on an HFB-2LFB DAB
converter in [40], and the analytical solutions are obtained by
the GOC technique.

d) Backflow/reactive power minimization: As shown in (2),
when the polarity of v, and iz, is the same, the power will flow
from the primary side to the secondary side, and vice versa.
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Fig. 11.  Voltage and current waveforms with backflow power.

Therefore, the power will flow reversely in certain time slots
(i.e., [tp1,tp2] and [tp3, tp4]), as shown in the shaded area of
Fig. 11. Thus, the backflow power (also referred to as reactive
power) is defined as

tpo tpa
Tl ( / v (#)in (£)dt + / vab(t)iL(t)dt>.
sW ty1 2%}
an

Due to the backflow power, more power should be generated
from input side to compensate the reverse power to achieve
the reference transferred power (i.e., active power). As a result,
the power losses on power devices will increase with a large
backflow power [41], [104], [107], [108], [116]. Therefore, the
converter efficiency can be improved by reducing the backflow
power. Minimum-backflow-power control schemes were pro-
posed for the traditional 2L. DAB converters in [104] and [107]
and NPC-based DAB converters in [41] and [108]. Nevertheless,
these control strategies apply a limited number of DoFs and
cannot fully exploit the optimization potential of multilevel
topology.

e) Soft-switching operation: The above control strategies
mainly focus on reducing the conduction losses. On the other
hand, soft-switching operation, e.g., ZVS control, has been
researched to reduce the switching losses of power semicon-
ductors, especially when the switching frequency is high and
the switching losses dominate the power losses [43], [44], [120],
[121]. As analyzed in Section II-B, the current at turn-ON instants
should satisfy certain polarity to achieve ZVS. Furthermore, the
currents at turn-ON instants should be larger than a certain value
to fully discharge the output capacitance of power semiconduc-
tor, ensuring that the voltage at turn-ON instants is zero [46], i.e.,

Py =

SLT > ey 5 Gyl Vae)? (12)
where (), is the output capacitance of power semiconduc-
tors and I, is the instantaneous current at turn-ON instants.
ki € {kpi, ks } denotes the HB or FB topology in primary- and
secondary-side bridge, and n,, is the number of charging or
discharging output capacitors at switching instants. Thus, the
minimum current value for ZVS can be obtained as

|Ion7min| = \/ncapcp(ktv:ic)2/[/s- (13)

The ZVS operation for all power semiconductors can be
achieved during the entire power ranges with the SPS (i.e.,
1DoF and 2VL-2VL) modulation scheme when the voltage
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conversion ratio k is unity. However, when k is significantly
larger or lower than unity, the ZVS range will become lim-
ited, and certain power semiconductors will be turned-ON in
hard-switching in light-load condition, resulting in higher power
losses. Therefore, increased DoFs including inner phase-shift
angles and duty cycles, are generally employed to extend ZVS
range [13], [34]. However, if soft-switching is considered a
single optimization objective, only ranges of control variables
can be derived according to the ZVS constraints, rather than
specific values. It means that the optimal control variables
cannot be determined by only considering soft-switching as
the optimization objective. Therefore, soft-switching is usually
discussed together with another performance factor (e.g., peak
or rms current) to identify certain optimal solutions, which will
be discussed in the following multiobjective control.

f) Multiobjective control: The aforementioned control strate-
gies are all based on a single optimization objective. On the
other hand, certain multiobjective control strategies considering
more than one objectives were proposed for the DAB converters,
which can generally reduce both the conduction and switching
losses. Peak or rms current minimization and ZVS is the most
typical combination in multiobjective control strategies [45],
[46], [111], [112], [115], [117], [118], [119], [122], [123]. In
such an optimization problem, the peak or rms current model is
taken as optimization objective fui(X), and ZVS constraints
are included in the inequalities feon (X ) < 0 [see (4)]. The
calculation of analytical solutions is a main challenge in the
multiobjective control strategies, especially with a high-DoF
modulation scheme. Although the analytical solutions can be ob-
tained by certain improved algorithms detailed in Section III-B,
the expressions of control variables will be very complicated,
and thus not applicable in practice, especially in closed-loop
control system [46]. In order to overcome this issue, some
control strategies made a tradeoff between efficiency and con-
trol complexity by using quasi-ZVS to simplify the inequality
constraints, where the minimum current for ZVS, i.e., I1min
in (13), is set as 0 [46], [112], [122]. In this manner, certain
switches cannot achieve ZVS; however, ZCS can be fulfilled
at turn-OFF process. Therefore, the converter efficiency can
still be maintained in a relatively high level. Simultaneously,
the complexity for analytical solution calculation and closed-
loop control design can be reduced significantly. Furthermore,
a control strategy combining three objectives including peak
current, rms current, and ZVS was proposed in [114], where the
analytical solutions are obtained by CF the optimum numerical
solutions. The instantaneous current at switching instants, which
can affect the switching losses, were take as an objective together
with RMS current to enhance the efficiency of NPC-based DAB
converters in [47].

D. Performance Comparison of Various Control Strategies: A
Case Study

To quantitatively evaluate converter performance under dif-
ferent control strategies, a case study is conducted using var-
ious modulation schemes, all targeting the same optimization
objective, i.e., minimization of peak current. Minimum-peak-
current control strategies developed based on SPS (2VL-2VL
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TABLE III
NORMALIZED PEAK CURRENT OF MINIMUM-PEAK-CURRENT CONTROL
STRATEGIES WITH VARIOUS MODULATION SCHEMES

Control | Range of k Range of P, Normalized peak current 7,
SPS k<1 [0, 1] 21— kv1-—P,)
[13] k>1 [0, 1] 2(k — 1 — P,)
bl 0,2(k — k)1 | 2((2k— )2 k4 1)
2 (2(1@—1@2)111 2(1—/(2k2 =2k + 1)(1 — P,))
Lcn< 0,20k — K21 | 2(2k — HIG2Pe — k4 1)
EPS |2 =" — 2k — k9,11 [2(1 — V/(2k2 =2k +1)(1 — P,))
noz [, o, 2,1 2((2 — k)12 1 1)
(ZESD ) 2(k — /(2k2 — 2k + 2)(1 — Py))
Lo [0, &) 22k — )P,
B bl 2(k — /(2k2 — 2k +2)(1 — P,))
< | [0, =R 2(1— k) (3k+ D Ps
DPS - (=3kTH2kEL ) | 2 — \/2(3K2 — 2k + 1)(1 — P,)
o2 | [o,z*" 1258 2(k —1)(k + 3)P,
(2= 2k — \/2(k2 — 2k + 3)(1 — P,)
k<1 [0,2(k — k?)] 2\/2k(1 — k)P,
TPS = 2k — k5,11 [2(1 — V/(2k2 =2k +1)(1 — P,))
noar [y [0, X1 22k —1)P,
) 2(k — /(2 — 2k +2)(1 — P,))
k< L [0, k(2 — 3k)] 2y/k(2 — 3k)P,
-2 (k(2 — 3k), 1] 2(1—+/(3k2 =2k + 1)(1 — P,))
Five- || k< [0, (1 — k))(3k — 1)] 2\/(—3k2 + 4k — 1)P,
level |2 (1 —k))(8k — 1), 11|2(1 — +/(3k2 — 4k + 2)(1 — P,))
38] [0, 2551 2v/2(k — )P,
kE>1 2(k—1) 5
(=1 2(k — \/(k2 — 2k +2)(1 — P,))

with 1DoF), EPS (3VL-2VL with 2DoF), DPS (3VL-3VL with
2DoF), TPS (3VL-3VL with 3DoF), and five-level 3VL-5VL
with 4DoF) modulation are applied in a 2LFB-3LFB DAB
converter in the case study. Table III shows the expressions
of normalized peak current with these control strategies under
the entire ranges of transferred power and voltage conversion
ratio. The normalized peak current is defined as i, = iz, /1y,
where Iy = N (kyVou)/(8fswLs). Comparison of normalized
peak current with various control strategies is shown in Fig. 12.
It can be seen from Fig. 12 that the peak current reduces along
with the DoFs under different voltage conversion ratios and
transferred powers. Compared to the basic modulation, i.e.,
SPS control, the optimization benefits of multi-DoF control
strategies become more significant when the voltage conversion
ratio k deviates further from unity. In addition, under the con-
dition of k£ > 1, the peak current with EPS, TPS, and five-level
modulation is the same during certain power ranges. This is
because the terminal voltages (v, and v.q) with the TPS and
five-level control strategies are the same as those of EPS control
in such a condition. Furthermore, the peak current and power
losses with various control strategies are evaluated based on a
simulation prototype in piecewise linear electrical circuit simu-
lation (PLECS), and the results are shown in Fig. 13. As shown in
Fig. 13(a), compared to SPS, the peak currents can be effectively
reduced by the multi-DoF modulation schemes, especially with
the five-level modulation. The percentage improvement over
the basic SPS modulation is also given in Fig. 13(a), which is
defined as

1Lp SPS — % Lp_EPS/DPS/TPS/5-level

Egps/pps/TpS/5-level = (14)

LLp_SPS



2572

2 2

=18 fol R

E 1.6 E 1.6

=S 14 S 14

o 12 o

' % 12

a 1 21

B 08 3

3 — SPS g o — SPS

= 06 — EPS = 06 — EPS
—— DPS — DPS

g 04 —— TPS £ 04 —TPS

202 — Five-level 2 02 — Five-level

=3
=

0 01 02 03 04 05 06 07 08 09
Normalized transferred power P,

(@) (b)

0.1 02 03 04 05 06 07 08 09
Normalized transferred power P,

) — sPS
— EPS
—— DPS
1 — TPS
— Five-level

0.5 — Tl
— Five-level

Normalized peak current 7,
b R

Normalized peak current i,
w

0.1 02 03 04 05 06 0.7 08 09
Normalized transferred power P,

(c) (@

00 0.1 02 03 04 05 06 07 0.8 09
Normalized transferred power P,

Fig. 12.  Comparison of normalized peak current with various control strate-
gies under: (a) k = 0.3, (b) k = 0.7, (c) k = 1.5, and (d) £ = 3.
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Fig. 13. Simulation comparison of various control strategies under the con-
dition of V;,, =400V, Voue =500 V, N =1, Lg = 100 pH, fsw = 20 kHz
based on C2M0040120D (MOSFET) in terms of: (a) peak current, and (b) power
losses.

where i1, gps/pps/TPs/s-level denotes the peak current with each
modulation scheme. It is worth noting that, under a single-
objective optimization, such as minimizing peak current, the
effectiveness of efficiency optimization is not always positively
correlated with the DoFs provided by the modulation methods.
For instance, although the five-level modulation achieves the
lowest peak current across the entire power ranges and voltage
conversion ratios, its power losses exceed those of TPS control
in specific power regions, which can be seen in Fig. 13(b). This is
primarily because soft-switching conditions are not considered
in these control strategies, making it difficult to actively reduce
switching losses. As a result, under specific operating conditions
where devices undergo hard switching, the overall converter ef-
ficiency may not be optimal even with increased DoFs. Further-
more, the optimization performance of a given control strategy
can vary depending on the characteristics of the power devices,
e.g., on-state resistance of power semiconductors. Therefore, the
selection of an optimal control strategy should be tailored to the
specific hardware implementation of the DAB converter.
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Fig. 15. Waveforms with the minimum-current-stress control proposed

in [102] during: (a) high power level and (b) low power level.

E. Discussions on Various Control Strategies

Fig. 14 illustrates the overall structure of optimal control
strategies for efficiency improvement with various factors, in-
cluding modulation schemes, optimization objective, solution
types, and optimization algorithms. The model complexity in-
creases along with the number of DoFs. Furthermore, multi-
objective control typically results in greater model complexity
compared to single-objective control, except when total power
loss minimization is the optimization objective. With certain
modulation and optimization objective, the optimization algo-
rithms can be selected to obtain the optimum solutions based
on the solution type, i.e., analytical or numerical solutions. As
discussed in Section III-A, the calculation of analytical solutions
is more complicated than that of numerical solutions. However,
the control implementation with analytical solutions will be
much easier. Furthermore, the control strategies with higher
model complexity can usually provide increased optimization
potential. Therefore, a tradeoff between efficiency enhancement
and implementation complexity should be made in practical
applications by comprehensively considering the factors of op-
timization.

As all the optimization indices, e.g., soft-switching and cur-
rent stress, are affected by the phase-shift angles and duty cycles,
the optimal solutions obtained based on a certain optimization
objective will also affect other issues. The coupling of various
optimization indices can be mainly summarized as the following
two aspects.

1) Even though some control strategies applied single opti-
mization objective, the obtained optimal solutions can also
affect other optimization effects. For instance, with the
analytical solutions obtained by a minimum-peak-current
control strategy proposed in [102], the waveforms of v,
Ved, and ¢z, are shown in Fig. 15. As shown in Fig. 15(a),
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during the high power range, the current polarity at turn-
ON instants satisfies the ZVS constraints. Therefore, all
switches in the DAB converters can achieve ZVS-ON
in high power level. On the other hand, although part
of instantaneous currents cannot satisfy the ZVS con-
straints during low power range, certain switches can be
turned-OFF in ZCS as the currents are zero at their turn-
OFF instants, as shown in Fig. 15(b). Thus, even though
soft-switching was not considered in the optimization
algorithm in [102], the obtained optimal solutions can
achieve good soft-switching capability. Furthermore, it
can be seen from Fig. 11 that the backflow power can be
decreased to zero when the current at ¢t = ¢ is positive.
However, the ZVS operation cannot be achieved in this
manner. Thus, the backflow power should be optimized
under the condition that ZVS is ensured.

2) In the single-objective control strategies, e.g., rms current
minimization, the feasible region for optimization is deter-
mined by the operating-mode constraints, i.e., the relation-
ships among control variables for each operating mode,
which can be seen in Fig. 9. However, after considering
another objective into the optimization, e.g., ZVS, the fea-
sible region will narrow by the increased ZVS constraints.
As a result, the optimization effect of multiobjective con-
trol on specific performance issue will decrease compared
to single-objective control. For instance, the minimum rms
current obtained from a multiobjective control considering
both rms current minimization and ZVS is higher than that
of a single-objective control only considering rms current
minimization.

Therefore, it is challenging to directly evaluate the perfor-
mance of various control strategies according to the optimization
objectives due to the coupling of various optimization indices.
Instead, the control strategy that can improve the converter
efficiency to utmost extent should be determined based on power
devices and operating conditions of specific applications.

IV. CONTROL STRATEGIES FOR IMPROVING RELIABILITY

Reliable control strategies improve the converter reliability by
reducing the voltage and current stresses, or balancing the power
losses on various power devices, which have been discussed
from different perspectives including neutral-point voltage bal-
ancing, FD and tolerant control, dynamic current overshoots and
dc bias suppression, power-loss sharing, and so on.

A. Neutral-Point Voltage Balancing Control

Neutral-point voltage balancing, also referred to as capac-
itor voltage balancing, is a crucial issue in NPC-based DAB
converters. Due to the nonideal factors, e.g., asymmetrical gate
pulses, power devices, or layout, the neutral-point voltage will
drift, and the two capacitor voltages will be different [30], [126].
The neutral-point voltage imbalance will exacerbate voltage
stress on certain devices, reducing their lifetime, and impacting
the optimal operation of DAB converters due to voltage dis-
tortion [127], [128]. The prior neutral-point voltage balancing
control of NPC-based DAB converters can be mainly divided
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Fig. 16. Current conduction path for the switching state [PO] with a: (a)
positive bridge current and (b) negative bridge current.

TABLE IV
RELATIONSHIPS BETWEEN NEUTRAL-POINT CURRENT DIRECTION AND BRIDGE
CURRENT POLARITY UNDER VARIOUS SWITCHING STATES

SWSiEZ?;ng Vay (ljgl?r(riegrft Current Flow Path | Direction of 4,
I e e e
ol [osve BRI S o SR e
O R L o e e
o1 | “ova e B s s D <

io > 0 denotes that ¢, is injected into the neutral point, and vice versa.

into three approaches, i.e., MIA method [47], [64], [65], [66],
[67],[68], [69], [70], [71], [72], CSS method [73], [74], [75], and
FSS method [76], [77]. Due to applying different techniques to
regulate neutral-point charges, these voltage balancing methods
exhibit various characteristics, and thus are suitable for different
applications.

a) Voltage balancing with MIA method: As current i, only
flows through the neutral point when terminal voltage vy, is
in mid-level, i.e., +0.5Vy., the neutral-point voltage can be
controlled by adjusting the mid-level intervals. In each mid-level
interval, the direction of neutral-point current ¢, is determined
by the polarity of bridge current (i.e., the current flowing through
a bridge). For instance, Fig. 16 illustrates the current conduction
path for the switching state [PO] with different bridge current
polarity. The bridge current polarity is defined as positive when it
flows out through terminal = and into the bridge through terminal
y, as shown in Fig. 16(a). Similarly, the relationship between
direction of ¢, and bridge current polarity under the other three
switching states in mid-level intervals, i.e., [OP], [NO], and
[ON], is summarized in Table IV, where it can be seen that
the direction of neutral-point current ¢, will change along with
different bridge current polarity. Therefore, the neutral-point
voltage balancing control with MIA method should be developed
based on bridge current polarity.

According to the approaches of adjusting mid-level intervals,
the MIA method can be further divided into MDC method [64],
[65] and MPSDC method [47], [66], [67], [68], [69], [70],
[71], [72]. The former regulates the charges injected into the
neutral point by adjusting duty cycles of gate pulses, while the
latter modifies both duty cycles and inner phase-shift angles
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Fig. 17. Neutral-point voltage balancing with MIA method including MDC
method and MPSDC method when Vey > Vi, 1 A,B] < 0 and 1| [c,p] < 0.

of NPC bridge. Fig. 17 shows the voltage balancing control
structure with MIA method under the condition of Eyc > 0,
Iia, 8 < 0, and Ijc,p) < 0, where Evyc is the difference of two
dc-link capacitors of NPC bridge, defined as Eyc = Veu — Vi,
and Ij5 Byic, pj is the average current during interval [A, B]/[C,
D]. The current polarity during [a, b] and [c, d] is opposite to
that of [A, B] and [C, D], respectively, in symmetrical modu-
lation schemes. Thus, the polarity of I, v and I g will not
be mentioned in the following discussion. If an asymmetrical
modulation is applied to the NPC-based DAB converters, the
current polarity during the four intervals should be analyzed
independently. In Fig. 17 (as well as Figs. 19 and 22), the dashed
line in v, denotes the waveform before voltage balancing, and
the solid line denotes that after applying a voltage balancing
method. For the condition of Vey > Vi, the charges injected
into neutral point should be increased, i.e., the intervals of 7, > 0
should be lengthened. Therefore, the switching states [OP] and
[NO] which can achieve required positive neutral-point current
are beneficial for voltage balancing, and they are defined as
beneficial switching states. Conversely, the other two switch-
ing states, which will provide opposite neutral-point current
are defined as adverse switching states. As shown in Fig. 17,
the intervals of beneficial switching states are increased while
those of adverse switching states are decreased by an additional
variable ¢, which is controlled by a PI controller.

b) Voltage balancing with CSS method: The MIA method
balances neutral-point voltage of NPC-based DAB converters
by dynamically modifying duty cycles and/or phase-shift angles
of gate pulses. Thus, the waveform of terminal voltage v, will
change, and the inductor current i;, will fluctuate due to (1),
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Fig.22. Neutral-point voltage balancing with MIA method when Vey > Ve
and J|g r} > 0 in: (a) HB NPC topology and (b) HFB NPC topology.

resulting in increased peak current, output voltage oscillations,
and longer settling time [73]. To overcome this issue, a CSS
method was proposed to the neutral-point voltage balancing
control to smooth the dynamics [73], [74]. A CSS pair is defined
as two switching states which can achieve opposite neutral-point
charges/current under the same terminal VL and bridge current
polarity. According to this definition, it can be seen from Ta-
ble IV that [OP] and [NO], [PO] and [ON] are two pairs of CSSs.
Fig. 18 shows a voltage balancing control strategy based on CSS
method with the same operating condition of Fig. 17. Therefore,
the beneficial and adverse switching states are also the same as
those in Fig. 17. With the CSS method, the adverse switching
states, i.e., [PO] and [ON] in normal state, are replaced by
their CSSs [ON] and [PO] in balancing state, and the beneficial
switching states [OP] and [NO] are kept unchanged, as shown
in Fig. 18. In this manner, the waveform of terminal voltage v,
can remain unchanged, and thus, the current fluctuations and
increased peak current can be suppressed. At the same time, the
direction of the neutral-point charges during all the four intervals
becomes beneficial for voltage balancing after the replacement.
Therefore, the difference between two capacitor voltages can be
eliminated. Based on the CSS method, an ECSS method was
proposed for the NPC-based DAB converters in [75] to reduce

2575

TABLE V
SWITCHING STATES OF NPC BRIDGE APPLIED TO FSS METHOD

Switching state|Switching state at first arm |Switching state at second arm
P {S1} {Ss}
Py {Sz2} {Se}
N+ {Sa} {S7}
Ny {54} {54}

capacitor voltage ripples. In the ECSS method, one of the two
adverse switching states is replaced by its CSS to avoid large
neutral-point voltage fluctuations when the error of two capacitor
voltages is relatively low, as shown in Fig. 18.

c) Voltage balancing with FSS method: Based on the above
analysis, MIA and CSS approaches require the determination of
bridge current polarity. However, when the operating conditions
and parameters (e.g., voltage and power levels) of NPC-based
DAB converters change in a wide range, it will be challenging
to identify the current polarity during each mid-level interval.
Therefore, an FSS voltage balancing control method was pro-
posed to decouple the neutral-point current direction from bridge
current polarity [76], [77]. To achieve this, two new switching
states [N ()N ()] and [P(_yP )] (as defined in Table V) are
employed to the FSS method, as shown in Fig. 19, since the
original four switching states in normal state cannot achieve de-
coupling between the neutral-point current direction and bridge
current polarity. Figs. 20 and 21 illustrate the current conduction
paths of the two new switching states with different bridge cur-
rent polarity, where it can be seen that the neutral-point current
depicts fixed direction regardless of whether the bridge current
is positive or negative with the switching states [N ()N 4]
and [P(,)P(,)] Thus, [N(+)N(+)] and [P(,)P(,)] will be
used to balance the neutral-point voltage under the condition
of Veu > Ver and Vey < Ve, respectively.

d) Comparisons and discussions: The main characteristics
and performance of various neutral-point voltage balancing con-
trol strategies for NPC-based DAB converters are presented in
Table VI. Key features, including current polarity identification,
the number of modified intervals, applied switching states, the
use of an additional PI controller, and different balancing cases,
have been discussed above. These features play a decisive role in
shaping the performance of different voltage balancing methods
with respect to factors such as inductor current fluctuations,
robustness against parameter variations, applicability across
various modulation schemes, and control complexity [129].
The performance characteristics and appropriate applications
of these neutral-point voltage balancing control strategies are
outlined as follows.

1) Due to similar balancing techniques, the voltage balancing

performance with MDC and MPSDC methods is close.
The two methods can be used to various modulations
schemes by modifying certain phase-shift angles and/or
duty cycles; however, the robustness to operating pa-
rameter and condition change is relatively low owing
to the current model-dependent feature. Furthermore, as
the inductor current polarity should be identified and the
upper boundary of regulated control variable ¢ (i.e., M in
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TABLE VI
MAIN CHARACTERISTICS OF VARIOUS NEUTRAL-POINT VOLTAGE BALANCING CONTROL METHODS

. Current polarity Number of Applied Additional PI .
References| Method identification | modified intervals switching states controller Advantages (v) and disadvantages (X)
v applicable to various modulation and topology
. [PO],[OP],[ON],[NO] . v relatively low current fluctuations
[64], [65] | MDC Yes 2 (four original) Yes X low robustness, complicated control
X dependent on inductor current model
[66], [67], v applicable to various modulation and topology
[47], [68], [PO],[OP],[ON],[NO] X relatively high current fluctuations
[69], [70], MPSDC Yes 4 (four original) Yes X low robustness, complicated control
[71], [72] X dependent on inductor current model
v very low current fluctuations
[731,[74] | Css Yes 2 [Poglgggf](i?l:]]él[f]o] No  |X long settling time with low error
£ X dependent on inductor current model
o v very low current fluctuations
[76] ECSS Yes 21 111(1)%‘111 \\//Oolltt:gee s:rr((:; [Pogfngg?i]é{)l\] 0] No v short settling time with low error
) 2 g X dependent on inductor current model
v inductor current model free
[76],[77] FSS No 2 [N(HN(*)]’[P(*)P(*)] No v high robustness, easy control
(two new) . h
X high current fluctuations

2)

Fig. 17) should be selected by compromising the current
fluctuations and settling time, the implementation of MDC
and MPSDC methods is relatively complicated. With the
same control parameters, the MPSDC method can achieve
faster voltage balancing while larger current fluctuations
compared to MDC method due to doubled modified in-
tervals. According to the above performance analysis, the
MIA method including MDC and MPSDC methods can be
suitably used to the condition where various modulation
schemes are employed during different voltage and power
levels [129]. For instance, the modulation scheme pro-
posedin [38] applies 3VL and 5VL under different voltage
conversion ratios. As for other NPC-based topologies, e.g.,
HB and HFB, the MIA method can be applied for voltage
balancing by regulating the duty cycles or phase-shift
angles, as shown in Fig. 22. Therefore, the MIA control
is suitable for different NPC-based topologies and various
modulation methods.

The CSS and ECSS methods can balance neutral-point
voltage without changing the terminal voltage waveform,
and thus, current fluctuations will be significantly sup-
pressed during balancing process. However, the CSS and
FSS methods cannot be used to the HB or HFB topology,
as the switching states related to inner switches on both the
two NPC bridge arms (i.e., S2/S3 and Sg/S7) should work
in coordination in these two methods. Furthermore, these
methods are not applicable in modulation schemes with
2VL or 3VL terminal voltage due to no mid-level interval.
The inductor current polarity is also required in CSS and
ECSS methods; however, as the current waveform keeps
unchanged during balancing state, the current polarity is
relatively easy to be determined by steady-state current
model. As aresult, the implementation complexity of CSS
and ECSS methods is lower than that of MDC or MPSDC
method. The ECSS method adjusts the number of modified
intervals based on the level of neutral-point voltage error,
which can achieve lower oscillations of dec-link capacitor
voltages and shorter settling time during balancing. Due

to the superior dynamic performance, CSS and ECSS
methods are suitable for applications with a continuous
imbalance source. Furthermore, the current polarity re-
mains fixed under soft-switching operation, making CSS
and ECSS methods applicable for such scenarios.
The model-free feature of FSS method can significantly
reduce the control complexity as the balancing cases are
only determined by capacitor voltage error rather than
inductor current polarity. Therefore, the robustness against
parameter and condition variations with FSS method is
high due to decoupling from current polarity change.
However, significant change of the switching sequences
during balancing state causes high current fluctuations,
making the FSS method not suitable for conditions with
a continuous imbalance source. This method is mainly
suitable for the conditions where the inductor current
polarity is difficult to determine and operating parameters
change in a wide range, e.g., wide-input/output-voltage
applications.

Based on the above analysis, the applicable and nonapplica-
ble scenarios of these neutral-point voltage balancing control
strategies are summarized in Table VII.

3)

B. OCF Diagnosis and FT Control

SCF and OCF are two typical reliability issues for power
electronic converters. An SCF will generally cause overcurrent,
which subsequently triggers the protection system and halts the
converters [52]. On the other hand, the OCF also introduces
voltage and current distortions, and impacts normal operation.
However, by applying an FT control, it is possible to bring the
system back to safe operation instead of shutting it down [52],
[78], [130]. An OCF on the NPC-based DAB converters will
cause dc bias on inductor current, which will further result
in a high peak current and potential saturation of transformer.
Furthermore, when an OCF occurs on an outer switch of NPC
bridge (e.g., S1), the neutral-point voltage will become unbal-
anced [78]. These effects will increase the voltage or current
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TABLE VII
APPLICABLE AND NONAPPLICABLE SCENARIOS OF VARIOUS VOLTAGE
BALANCING CONTROL METHODS

Method

MIA
(MDC and
MPSDC)

Applicable (v') and non-applicable (X) scenarios
v NPC-based DAB with HB and HFB topology
v control strategies with various modulation methods
X voltage and power levels change in a wide range and
inductor current polarity is challenging to determine
v soft-switching control
v applications with a continuous imbalance source
CSS and | X NPC-based DAB with HB and HFB topology
ECSS X control strategies with 2VL and 3VL modulation methods
X voltage and power levels change in a wide range and
inductor current polarity is challenging to determine
v voltage and power levels change in a wide range and
inductor current polarity is challenging to determine
X NPC-based DAB with HB and HFB topology
X control strategies with 2VL modulation method
X applications with a continuous imbalance source

FSS

OCF on S,

OCF on S,
A I Vg A

g

Vo [
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i

g

OCF on S;

'I_| Vyn

Fig. 23.  Postfault waveforms when an OCF occurs on the eight switches of
an NPC bridge (3LFB is used to secondary side).

stresses on power semiconductors and passive components,
affecting their lifetimes and reliability of the entire system [52],
[78]. To mitigate the negative effects and ensure the NPC-based
DAB converters operate within safe operating limits, an FD
method should be used to locate the faulty position, after which
an FT control will be activated to restore the converter to safe
operation.

a) FD methods: When an OCF occurs on the DAB con-
verters, the waveforms of voltages and currents will change,
as shown in Fig. 23, where v,,, and v,,, denote the midpoint
voltages, which are the voltages at midpoint x /y of each bridge
arm referred to the negative dc-link port n. In Fig. 23, the dashed
and solid lines in voltages denote the waveforms in prefault and
postfault conditions, respectively. Thus, the faulty switch can
be determined by certain postfault information extracted from
these waveforms. FD methods of power electronic converters
typically require the following:

1) precise identification of faulty devices;

2) rapid detection speed;

3) compatibility with various operating conditions;

4) minimal reliance on additional hardware;

5) low computation burdens.

Prior research on FD techniques for various converters
focused on addressing some of these demands. OCF diag-
nosis methods have been widely researched for the NPC
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topology in inverters/rectifiers, which can be divided into signal-
processing-based method, model-based method, and data-based
method [131]. Unfortunately, due to different modulation strate-
gies and switching characteristics, the FD methods proposed
based on NPC inverters/rectifiers cannot be directly applied to
the NPC-based DAB converters [79]. On the other hand, some
FD methods were proposed for DAB converters, whose main
characteristics are summarized in Table VIII. Similar to three-
phase inverters and rectifiers, phase currents are also widely
applied as diagnostic signal to locate the faulty switch in three-
phase DAB converters [132], [133], [134]. These FD methods
can be easily implemented; however, six current sensors are
needed to detect the phase currents in primary and secondary
sides. In addition, terminal voltage of each bridge arm is detected
by an FD circuit composed of an attenuator and instrumentation
amplifier to identify the faulty switch in three-phase DAB con-
verters [135], which requires minimal additional hardware costs.
As for single-phase DAB converters, various voltages and/or
currents are employed as diagnostic signals in FD methods, in-
cluding terminal voltage v, inductor current ¢,, and midpoint
voltages v, and vy, [136], [137], [138], [139], [140], [141],
[142], [143]. The terminal voltage of a 2LFB can be used to
determine two possible faulty switches in diagonal position, e.g.,
S and Sy, as the postfault waveform of terminal voltage is the
same when an OCF occurs on the two switches [136]. Thus,
a specific faulty switch cannot be determined. To address this
issue, the inductor current is added to FD system together with
terminal voltage, and specific switching states are inserted into
the modulation during faulty state to locate the specific faulty
switch [137]. In this method, a current sensor and a winding of
magnetic core is used to detect the terminal voltage and inductor
current. When applying the midpoint voltage of each bridge arm,
the faulty conditions of two diagonal switches can be easily
differentiated, and then, the upper and lower switches in a same
arm can be determined by the average midpoint voltage value, as
shown in Fig. 24(a) [139], [140], [141], [142], [143]. However,
four voltage sensors should be added to the DAB system, which
will increase the hardware costs and volume.

The above FD methods were developed based on 2. DAB
converters, and when applying them to the 3L NPC bridge, the
differentiation of two switches in a same upper/lower arm, e.g.,
S1 and SS9, should be further discussed. In [78], an FD method
was proposed by utilizing the midpoint voltage of each bridge
arm as diagnostic signals for the NPC-based DAB converters,
as shown in Fig. 24(b). In this method, the variation of average
midpoint voltage is used to locate two possible faulty switches
in a same upper/lower arm. Subsequently, the midpoint voltage
waveforms are converted to square waveforms with different
duty cycles to identify the specific faulty switch. The calculation
of average midpoint voltages, waveform transition, and identi-
fication of duty cycles are all carried out in the microcontroller.
In addition, multisampling is needed during the calculations in
each switching period to collect sufficient data during faulty
intervals. Thus, the computation burdens of the microcontroller
will be heavy. Furthermore, four additional voltage sensors are
needed to monitor the midpoint voltage of all bridge arms,
which will increase the hardware costs and volume. In order
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TABLE VIIT
PRIOR-ART FD METHODS FOR DAB CONVERTERS

References | Topology | Diagnostic signal | Diagnostic position | Detection time Hardware Advantages (v) and disadvantages (X)
v suitable for various operating modes
DC component of ;
3-phase . . v easy to be implemented
[132] 5 phase and magne- faulty switch not mention 6 current sensors S .
L DAB tization currents X high sampling frequency and hardware costs
X not suitable for 3L NPC topology
. v the same as [132]
[133] 3-phase | DC component of faulty phase not mention 6 current sensors | X the same as [132]
2L DAB | phase currents . -
X cannot locate certain faulty switch
v low-bandwidth sensing and high trip level
3-phase | DC component of v suitable for various operating modes
[134] P P faulty switch < 5Tsw 3 current sensors | X additional sensors are needed
2L DAB | phase currents . . A
X relatively long diagnostic time
X not suitable for 3L NPC topology
3-phase golzgd C(:;Cziltgrfﬁz(_)r ¥ fast diagnostic speed
[135] L DAB terminal voltages faulty switch < 1Tsw and instrumentation v low hfirdwarg costs )
. X complicated implementation
amplifier
v easy to be implemented
. . . X additional sensors are needed
[136] 2L. DAB terminal voltages |2 diagonal switches < 1Tsq 2 voltage sensors X high sampling frequency
X cannot locate certain faulty switch
residual of terminal
voltage and inductor 1 current sensor & v relatively low hardware costs
[137] 2L DAB | current with certain faulty switch < 3Tsw 1 auxiliary windin X complicated implementation
switching state inje- 4 | x cannot locate certain switch in NPC topology
ction
midpoint voltage & 4 voltage sensors v faulty switch and diode can be determined
[138] | 2L DAB | o PO M0 e ™ | faulty switch/diode | not mention | ¢ ¥ 8 SEOE | X high hardware costs
X cannot locate certain switch in NPC topology
v suitable for various operating conditions
[139], [140], S v fast diagnostic speed
average midpoint
[141], [142],| 2L DAB voltages P faulty switch < 1Tsw 4 voltage sensors | v easy to be implemented
[143] & X high sampling frequency and hardware costs
X cannot locate certain switch in NPC topology
3L NPC | verage midpoint v suitable for various operating conditions
[78] DAB voltage with wave- faulty switch < 2T s 4 voltage sensors | v fast diagnostic speed
form transition X high sampling frequency and hardware costs
S v suitable for various operating conditions
[79] 3L NPC | average mldp01nt faulty switch < ATsw 4 AVD circuits | v low hardware costs and sampling frequency
DAB voltage with CIS . . L
X relatively long diagnostic time

to reduce the hardware costs and computation burdens, an FD
method proposed in [79] applies an average-value-detecting
(AVD) circuit composed of operational amplifiers and passive
components. The average midpoint voltages are obtained by the
AVD circuit, and thus, the sampling rate in the microcontroller
can be reduced. The postfault conditions of the outer and inner
switches are differentiated by blocking a certain CIS. If an OCF
occurs on an inner switch, the average midpoint voltage will
fluctuate around half of dc voltage, i.e., 0.5V, as the midpoint
voltage waveform will become symmetrical after blocking its
CIS. Otherwise, the average value of the midpoint voltage will
be higher or lower than 0.5V, when an OCF occurs on an outer
switch, as shown in Fig. 24(c).

During the FD process, the noises on the diagnostic signals
can significantly degrade the accuracy and reliability of the FD
methods. To mitigate this issue, appropriate thresholds should
be incorporated into FD methods, e.g., a, 3, and ~y in Fig. 24.
These thresholds are influenced by a variety of nonideal factors,
including EMI, measurement and switching noise, and parasitic
parameters within the circuit and power modules. Deriving
precise analytical expressions for these thresholds is highly chal-
lenging due to the complex dependence of noise on the circuit
design and operational environment. As a result, in practical
applications, these thresholds are typically determined based on
the overall noise level in the system [78], [79].

b) FT control: After the faulty switch is located, an FT con-
trol should be applied to suppress the negative OCF effects. In
general, the FT control strategies should be evaluated according
to the following:

1) required additional hardware;

2) dc bias and current stress;

3) postfault power-transfer capability;

4) implementation complexity.

The FT control can be achieved by adding redundant com-
ponents or modifying modulation scheme. The former method
is generally applied to the systems with a large amount of
power devices, e.g., cascaded DAB converters in the SST, and
MMC [144], [145]. As for a single DAB converter, the mod-
ulation reconfiguration is typically applied to reduce the peak
current and dc offset to bring the converter back to safe operation.
The FT control strategies of the DAB converters are summarized
in Table IX.

Two typical FT control schemes can be applied to the three-
phase DAB converters, i.e., frozen faulty arm and open faulty
arm [133], [146], [147]. The former blocks gate pulses of
switches in the faulty arm while the corresponding body diodes
can keep working to provide certain current conduction paths.
On the other hand, the latter uses a relay to put aside the faulty
arm, and thus, the three-phase bridge will operate in single-
phase mode. The open-faulty-arm method can increase postfault
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TABLE IX
PRIOR-ART FT CONTROL METHODS FOR DAB CONVERTERS

Additional

References Topology FT method FD requirement hardware DC bias Advantages (v') and disadvantages (X)
v low requirement of FD complexity
[145] hybrid cascaded | redundant module | location of a redundant v possible to keep power constant
2L DABs replacement faulty DAB |DAB converter no X high hardware costs
X not suitable for a single DAB converter
3-phase location of v/ no additional hardware costs
[146] 2LpD AB frozen faulty arm faulty arm no no X low power-transfer capability
X high current stress
. . v high power-transfer capability
[133], [147] ;Lpg?:g open faulty arm lfzi?:;ogr?: 6 relays no v low current stress
X increased hardware costs and volume
[140], [141], . . . . v/ easy to be implemented
[142],[143]) 2L DAB  |PLP-SBA method lfzzzl‘:‘ozrgf 1o nyo‘?sbcc)gis‘:epcr;ﬁ;ry S;?dee V relatively low requirement of FD
[148], [149] ¥ : ‘ Y S19€1 x low power-transfer capability in 3L NPC
location of es: OCF on primary side v/ casy (o be implemented
[150] 2L DAB SSB-SBA method . no v . primary sie relatively high power-transfer capability
faulty switch no: OCF on secondary side . .
X high requirement of FD
[78] %ﬁ:ggf%‘? PLP-CSB method f;i’llcf‘y“‘s"‘;l‘t’cfh no the same as [150] the same as [150]
3L NPC DAB location of yes: OCF on inner switches ; :zlsa};i\tf(;lbchlimlf 1e<§1\1::rtjfamfer capabilit
[80] CSB method . no in primary side . ynenp ISter cap Y
(3LFB-3LFB) faulty switch . v higher DC-bias free possibility
no: OCF on other switches . .
X high requirement of FD
[81] %‘LII\:IECZB%]? CSB-SBA method fiz?:yt lg\[xl/i?cfh no the same as [80] the same as [80]

power-transfer capability and reduce current stress compared
to the frozen-faulty-arm method [147]. However, the hardware
costs and volume will increase with the open-faulty-arm method,
and the additional relays will also negatively affect the sys-
tem reliability. The open-faulty-arm method cannot be used to
single-phase DAB converters owing to lack of redundant bridge
arm. As for the single-phase DAB converters, a primary side
lower power-secondary side bypass arm (PLP-SBA) method was
widely applied to the FT control system [140], [141], [142],
[143], [148], [149]. In this method, when an OCF occurs on
the secondary side, the other switches in faulty arm will be
blocked, which is the same as the frozen-faulty-arm method
for three-phase DAB converters. However, the faulty arm in
the primary side cannot be bypassed; otherwise, the transferred
power will be zero [78], [141]. Thus, in the PLP-SBA method,
when an OCF occurs on the primary side, the topology will not be
reconfigured by modifying gate pulses; instead, the transferred
power will be reduced to make sure the converter operates in
saferange [140], [141], [142], [143],[148], [149]. In general, the
maximum peak value of inductor current is selected as the upper
threshold to limit the transferred power [148]. However, the dc
bias on inductor current cannot be eliminated when an OCF
occurs in primary side. When applying the bypass arm method
in secondary-side 3L NPC bridge, the other three switches in
faulty arm will be blocked. Thus, the postfault topology with FT
control will be the same regardless of which switch in a bridge
arm is the faulty one. Therefore, identifying the faulty bridge
arm is sufficient, and it is not necessary to locate the specific
faulty switch. The postfault topology with the FT method is
shown in Fig. 25, where the primary-side and secondary-side
power devices are denoted by the subscripts p and s, respectively,
e.g., Spi and S;. When an OCF occurs on an inner switch,
the corresponding outer switch will also stop working as no
current conduction path exists, as shown in Fig. 25. An SSB

method was proposed to primary side to reduce current stress
and enhance postfault power-transfer capability in [150]. In this
method, when an OCF occurs on a primary-side switch, e.g.,
Sp1, the switch in the same position of secondary side, i.e., Ssi,
will be blocked.

In order to fully utilize the increased power devices (also
means more current conduction paths) in the 3L NPC topology
to extend the postfault power range, a CSB method is used to
the FT control for NPC-based DAB converters in [78], [80],
and [81]. In this method, two switches located symmetrically on
the bridge leg are defined as a complementary-switch pair, i.e.,
S1and Sy, So and S3, S5 and Sg, Sg, and S7. When an OCF
occurs on a switch (e.g., Sp), its complementary switch (i.e.,
S4) will be blocked to bring the postfault waveforms back to be
symmetrical. As shown in Fig. 25, when an OCF occurs on an
outer switch, the CSB method can be applied to both primary
and secondary sides. On the other hand, when an OCF occurs
on an primary-side inner switch, the transferred power will be
zero if blocking the other inner switch in the same arm. Thus,
the PLP method should be applied rather than CSB method in
this condition. As for the secondary side, after blocking the CIS,
the equivalent topology will be the same as that of SBA method,
as the two outer switches in the same arm will stop working.

C. TS DC Bias Suppression Control

DC bias on inductor current will increase current stress on
power devices, potentially cause saturation on transformer, and
result in higher power losses, which significantly affect reliable
operation of NPC-based DAB converters [151], [152], [153].
DC bias exists during both steady and TSs due to asymmetrical
circuit layout, asynchronous trigger pulses, tolerances in com-
ponent parameters, and so on [151]. DC bias can be reduced
by regulating hardware topology, e.g., adding a dc-blocking
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Fig.25. Postfault topologies after applying the FT control with PLP-SBA and

CSB methods.
capacitor or auxiliary core to the transformer [154], [155], [156].
In addition to the passive suppression methods, some dynamic
control strategies are applied to reduce the dc bias, current
overshoots, and settling time. Fig. 26 reveals the TS dc bias A
caused by control-variable change, where «, and d’' denote SS1 15
3 — control variables change

the phase-shift angles and duty cycles after the load changes, 1 Y N
respectively. The dc bias occurs because the voltage-second Vab i1 T | 0y Tw ] o
balance on inductor will fail at the moment when the control 0T 0T, -

iables (i.c., phase-shift angles and duty cycles) change d vea o gl fe 2L >
variables (i.e., phase-shift angles and duty cycles) change due “H eanl, L —apTy, — g
to variations of transferred power.

To reduce the transient-state dc bias and peak current, var- A /m § Lae
ious dynamic control strategies have been proposed for the = o ~N—

DAB converters. In [34], the dynamic control methods were
divided into load feedforward control [157], [158], power-based Fig. 26. DC bias during TS when control variables change.
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Fig. 27.  Waveforms during steady and TSs to reduce dc bias with: (a) PLT
control and (b) SFT control.

control [159], [160], and direct-inductor-current control. The
former two control methods are mainly used to reduce dynamic
fluctuations and settling time. The dc bias can also be reduced
with these two methods; however, as the inductor current is
not the direct control objective, the dc bias will still exist
for a relatively long time during TS. On the other hand, the
direct-inductor-current control modifies the inductor current
directly based on inductor current model, which can complete
TS within one switching period [151]. Based on the shape of
inductor current, the direct-inductor-current control strategies
for reducing dc bias can be mainly divided into PLT control
and SFT control, as shown in Fig. 27. As shown in Fig. 27,
Ieng and Iy are the currents at the end point of steady state I
(SS 1) and initial point of steady state IT (SS II), respectively. A
TS control is added between the two steady states to smoothly
convert inductor current from I¢ng to fiy; without significant dc
bias [151]. Table X summarizes main characteristics of prior
direct-inductor-current control strategies. In the PLT control,
the time interval of TS is the same of switching period, and
the dc bias reduction can be completed within one switching
period. During the TS, the control variables will be regulated
according to inductor current model. Due to the two terminal
currents I.,q and I;y,; are different, the inductor current waveform
during TS will not be symmetrical, as shown in Fig. 27(a). o;11s
and a,rs are the modified control variables during TS, which
can be obtained by the two terminal currents I.pg and Ijy;, and
further calculated by the steady-state inductor current model
based on the control variables of the two steady states. The
phase-shift angles and duty cycles during TS can be regulated in
one or both two of the terminal voltages v, and v.4. Therefore,
the PLT control can be accordingly divided into single-side
PLT [161], [162], [163], [164], [165], [166] and double-side
PLT methods [82], [83], [84], [85], [167], [168], [169]. Both
approaches can be further classified into half-switching-period
(HSP) regulation, full-switching-period (FSP) regulation, and
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TABLE X
MAIN CHARACTERISTICS OF DIRECT-INDUCTOR-CURRENT CONTROL TO
REDUCE TS DC BIAS OF DAB CONVERTERS

Reference| Topology [Modulation| Method Se.tthng Computatl.onal
time complexity

161, IDoF  |single-side

Hgi}, 2LFB-2LFB (2VL-2VL)| HSP-PLT < 0.5T 5w 2.2, 054
3DoF |single-side

[164] [2LFB-2LFB (3VL-3VL)| HSP-PLT < 0.5Tsw %k k
1DoF  |single-side

[165] [2LFB-2LFB (2VL-2VL)| FSP-PLT < 1Tsw * Kk k
2DoF |single-side

[166] [2LFB-2LFB (3VL-2VL)| AVL-PLT < 0.5Tsw 2.2.0.

[82], 5DoF  |double-side

[85] 3LFB-3LFB (SVL-SVL)| HSP-PLT < 0.5Tsw %k k
I1DoF  |double-side|

[168] [2LFB-2LFB (2VL-2VL) FSP-PLT < 1T Kk v
1DoF  |double-side]

[169] [2LFB-2LFB (2VL-2VL)| AVL-PLT < 1Tsw Kk

[170] [2LFB-2LFB 3DoF SFT  |< 0.12T. *k

(3VL-3VL) Tosw

1DoF

[171] [2LFB-2LFB (2VL2VL) SFT < 1Tsw **

Computational complexity increases with more *.

Half-switching-
period regulation
[161]-[164]

Single- Full-switching-
side period regulation —
PLT [165]
Additional-voltage-
level regulation ~ —
[166]
PLT
control
Half-switching-
period regulation |
[82], [85], [167]
Double Full-switching-
-side period regulation —
PLT [168]

Additional-voltage-
level regulation ~ —

[169]

Fig. 28.  Classification of PLT control in DAB converters.

additional-voltage-level (AVL) regulation methods, as shown
in Fig. 28. In HSP regulation, the phase-shift angle and/or duty
cycle are adjusted within half of a switching period, enabling the
inductor current to settle into a steady-state profile over that half
cycle. In contrast, FSP regulation performs these adjustments
over the FSP. As for AVL regulation, a zero-VL is added to the
terminal voltages to modify the inductor current. Note that SPS
control is taken as an example in Fig. 28, and the PLT methods
with multi-DoF modulation are classified similarly.

On the other hand, the SFT control employs a specific switch-
ing state during the TS, and thus, the inductor current waveform
during TS is a straight line [170], [171], as shown in Fig. 27(b).
The regulation time of TS is affected by the two terminal currents
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and current slope, which is further determined by the switching
states used to TS. In order to accelerate the transient control, the
maximum current slope should be applied, i.e.,

kptvab + Nkstvcd

lmax = Ls (15)
Therefore, the TS time can be calculated by
Iini - Ien
trs = |l7d| (16)
max

The computational complexity of TS dc bias suppression
control strategies is mainly determined by the following issues:

1) number of operating modes;

2) calculation complexity of TS control variables;

3) implementation of TS gate pulses.

In SFT control strategies, an FSS is employed during the TS
regardless of modulation schemes [170], [171]. In addition, the
calculation of TS time ¢1s and implementation of gate pulses is
simple. Therefore, the computational complexity of SFT control
strategies is low. On the other hand, the PLT control strategies
modify the control variables according to the operating modes.
When SPS control is applied in the steady state, only a single
operating mode is involved, which simplifies the implementation
of PLT control. However, different operating modes are used in
multi-DoF modulation, and the TS control variables should be
calculated according to the models of specific operating modes.
Moreover, during TS under multi-DoF modulation, increased
duty cycles and/or phase-shift angles are computed, resulting
in high computational complexity. Furthermore, with the AVL
regulation method in SPS modulation [166], [168], the gate
pulses of the two switches located diagonally in a 2LFB (e.g.,
S and S4) should be separately generated. Thus, additional
gate pulses are required to be created, which also increases the
computational burden. Based on the analysis, the computational
complexity of various TS dc bias suppression control strategies
can be evaluated, as shown in Table X.

Furthermore, most of the above TS dc bias suppression control
strategies neglected the output voltage fluctuations when the
dc load changes, especially with closed-loop control system. A
feedforward compensation is added to the TS control system,
where the MDCs are calculated based on DAB model, and
then are added to the output voltage and dc-bias current control
loops [172]. Thus, the dc overshoot and settling time caused by
load variation can be reduced.

D. Other Reliability-Related Control

In addition to the capacitor voltage balancing control, FD
and tolerant control, and TS dc bias suppression control, the
reliability of NPC-based DAB converters can be improved by
some other control schemes.

a) Power loss balancing: For the 3L NPC topology, power
loss distribution on various power semiconductors will be differ-
ent, especially between: 1) leading and lagging bridge arms, and
2) outer and inner switches. The unbalanced power losses imply
that certain power devices withstand higher voltage and current
stresses, which will accelerate the aging process and reduce their
lifetime. In addition, such imbalance can lead to variations in
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parameters of power devices, e.g., on-state resistance. This, in
turn, exacerbates the hardware imbalance over time. Therefore,
the overall reliability of NPC-based DAB converters will be
affected by the unbalanced power losses [173]. In addition to
the modulation with 2VL terminal voltage, the power losses of
two diagonal switches in leading and lagging bridge arms will
be different as the instantaneous currents at switching instants
and/or rms current during conducting period are different. In
order to balance the power losses of leading and lagging bridge
arms, a control scheme alternating leading and lagging gate
pulses at certain intervals (e.g., 27,) was proposed in [85] and
[86], as shown in Fig. 29. This is because when exchanging
the leading and lagging arms, the terminal voltage v, will
not change, and thus, the power transfer will not be affected
by arm switching. In this manner, the power losses of the four
outer/inner switches in NPC-FB will be close.

On the other hand, the conduction and switching losses of
outer and inner switches in a same upper/lower arm are also
different when their duty cycles are not the same, e.g., in SVL
modulation. Unfortunately, to the best of authors’ knowledge,
no research has yet been conducted on loss balancing control
for the inner and outer switching devices of NPC-based DAB
converters. This issue will be discussed with potential solutions
in Section VI-A.

b) Voltage and current stress reduction: High voltage and
current stresses will accelerate power device aging and nega-
tively affect the reliability of power electronic converters. Thus,
the control strategies of current stress reduction analyzed in
Section III will not only enhance the efficiency of NPC-based
DAB converter but also improve its reliability. A voltage-swing-
reduction control scheme was proposed for a reconfigurable 3L
NPC-based DAB converter in wide input and output voltage ap-
plications [87], where the clamping diode D, in the second arm
is replaced by a switch S, as shown in Fig. 30(a). The topology
will be reconfigured as FB and HB modes by the modulation, as
shown in Fig. 30(b) and (c), according to input VL. According
to (6), when FB topology is used during low-voltage range while
HB is applied to high-voltage scenario, the voltage conversion
ratio will be limited, and can be designed around unity. In this
manner, soft switching and reduced current stress are effectively
achieved [13]. Moreover, the control strategy employed in the
reconfigurable NPC-based DAB converter obviates the need for
additional relays or contactors, further contributing to system
reliability enhancement [87].

¢) Conducted EMI suppression: EMI will affect the reliabil-
ity of power electronic converters by interfering with control
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Fig. 30. Reconfigurable 3L NPC topology and corresponding control scheme
proposed in [87]. (a) topology when replacing D4 by Sg. (b) FB control mode.
(c) HB control mode.

signals, accelerating component aging, increasing thermal ef-
fects, and causing EMC issues. Therefore, suppressing EMI is
crucial for improving system stability and extending its service
life [174],[175], [176]. The conducted EMI can be suppressed by
reducing common-mode (CM) voltage and current, which can
be achieved by certain hardware components such as passive
CM EMI filters and special designed transformer with shielding
layer [58], [59]. However, these methods will increase hardware
costs, volume, and design complexity. On the other hand, the
CM voltage and current can also be mitigated according to
modulation schemes. An improved modulation-based method
was proposed for 3L. NPC-based DAB converters to suppress
CM voltage [175]. In this control strategy, certain relationship
among phase-shift angles and duty cycles of gate pulses should
be satisfied to keep the switching-node voltages constant, and
further to suppress CM EML In [176], a CM current can-
cellation technique was developed for paralleled NPC-based
DAB converters, where dv /dt cancellation with complementary
switching is used to suppress low-frequency CM conducted
EMI, and power sharing is applied together with dv/dt can-
cellation to reduce the resonant peaks during high-frequency
range.

V. INTERACTION OF EFFICIENCY- AND RELIABILITY-ORIENTED
CONTROL STRATEGIES

The efficiency-oriented and reliability-oriented control strate-
gies for the NPC-based DAB converters are discussed separately
in Sections III and IV, respectively. However, most of these
control strategies are determined by the phase-shift angles and
duty cycles, and thus, despite the different optimization objec-
tives, the efficiency- and reliability-oriented control strategies
inevitably influence each other due to their reliance on these
shared control variables.

A. Synergistic Interaction

The control strategies aimed at enhancing both efficiency and
reliability can exert mutually reinforcing effects, which can be
summarized as follows.

1) Minimum-rms/peak-current control strategies for effi-
ciency improvement can reduce the current stresses on
power devices. Therefore, the reliability of these devices
can be significantly enhanced, as lower current stresses
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mitigate thermal loading, and minimize the risks of failure
mechanisms such as solder fatigue and bond wire degra-
dation. By alleviating these stress factors, such control
strategies not only improve efficiency, but also extend the
operational lifetime of the DAB converters.

2) ZVS control schemes, proposed to improve the converter
efficiency, can also enhance the reliability of power semi-
conductors by reducing the switching losses and junc-
tion temperatures. Furthermore, ZVS operation mitigates
dv /dt-related electrical stress and EMI, contributing to a
more robust and stable operating environment for long-
term device reliability.

3) When an OCF occurs on NPC-based DAB converters, the
increased dc bias causes higher inductor current, which
results in increased power losses on power semiconduc-
tors, auxiliary inductor, and transformer. Therefore, when
an FT control scheme is applied to bring the postfault
inductor current back to symmetrical, both the reliabil-
ity and efficiency of NPC-based DAB converters can be
enhanced. A similar condition applies to the TS dc bias
suppression control strategies.

4) Neutral-point voltage imbalance with a large voltage devi-
ation will cause waveform distortion on terminal voltage
Ved, Which further result in zero-current-point drifting
of the inductor current 7;. As a result, the ZVS oper-
ation will fail under certain conditions. When the CSS
technique is applied to balance the capacitor voltages,
the phase relationship between terminal voltages and
inductor current remains constant, and thus, the ZVS
control proposed for normal state (i.e., without voltage
imbalance) can also be achieved during balancing state.
Therefore, both the reliability and efficiency can be en-
hanced with the neutral-point voltage balancing control
scheme.

B. Conflicting Interaction

While some control strategies can simultaneously improve
both efficiency and reliability, others may present tradeoffs be-
tween the two objectives. These conflicts arise when optimizing
one aspect inadvertently compromises the other, primarily due
to the shared modulation parameters and operational constraints.
These conflicting interaction can be mainly summarized as
follows.

1) Efficiency-oriented control schemes generally take total
power loss minimization as their primary optimization
objective. As a result, the power loss distribution across
individual semiconductor devices cannot be actively reg-
ulated. However, for reliability-oriented operation, the
power loss and corresponding thermal stress need to be
more evenly balanced among different power devices,
particularly between the outer and inner switches of the
NPC legs, to mitigate localized overheating and extend
device lifespan. On the other hand, when loss and thermal
balancing is considered as the major reliability-oriented
objective, the improvement of total converter efficiency
will be impacted. Therefore, achieving an optimal tradeoff
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between global efficiency and device-level thermal relia-
bility remains a key challenge in the coordinated design
of control strategies.

2) Control strategies for efficiency optimization are typically
designed with steady-state performance as the primary
objective, such as achieving soft-switching operation and
reducing rms current under steady conditions. However,
when additional reliability-oriented control is introduced,
the control variables may change, potentially compromis-
ing the effectiveness of these efficiency optimization meth-
ods. For instance, when applying MIA or FSS method to
balance the neutral-point voltage, the inductor current will
increase and the ZVS constraints will not be satisfied under
certain operating conditions due to the varying phase-shift
angles and/or duty cycles. Therefore, the efficiency during
the balancing process will be impacted [76].

3) Some reliability-oriented control strategies are developed
in conjunction with topology modifications. When addi-
tional power devices or circuit components are integrated
into the NPC-based DAB converters, the overall converter
efficiency may be adversely affected due to increased
conduction losses, added parasitic elements, or reduced
power density. For instance, passive dc-bias suppression
techniques introduce extra passive components such as
capacitors or auxiliary transformer cores, which increase
the overall volume and conduction paths, potentially de-
grading efficiency under certain operating conditions.
Similarly, the voltage-stress-reduction approach proposed
in [87] replaces a diode with a power semiconductor (see
Fig. 30), which incurs additional switching and gate-drive
losses. These examples illustrate that structural modi-
fications aimed at improving reliability may introduce
new loss mechanisms or increase system complexity, thus
highlighting an inherent tradeoff between efficiency and
reliability in converter design and control.

VI. CHALLENGES AND FUTURE DIRECTIONS

The prior control strategies can address certain issues related
to efficiency and reliability enhancement of NPC-based DAB
converters; however, some challenges still pose significant barri-
ers. Simultaneously, promising research directions are emerging
that could unlock new potential to further improve the efficiency
and reliability of multilevel DAB converters.

A. Power Loss Balancing Between Outer and Inner Switches

In Section IV-D, the power loss balancing between leading
and lagging arms has been discussed. However, a severe power
loss imbalance also exists between outer and inner switches (e.g.,
S1and S5). This is because the inner switches conduct current in
alonger time, and the current values at switching instants of outer
and inner switches are different. Some loss balancing control
schemes have been proposed based on ANPC inverters [27],
[177], [178] and ANPC-based DAB converters [179]. However,
there is no necessary redundant zero switching states to reduce
the switching losses on inner switches for loss balancing in the
NPC-based DAB converters.
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When the outer and inner switches turn-ON and -OFF syn-
chronously, the power loss imbalance can be significantly re-
duced. Thus, the 2VL modulation (see Fig. 6) can satisfy the
requirement for all NPC topologies such as 3LHB, 3LFB, and
HFB. Furthermore, 3VL modulation can be used to 3LFB and
HFB topologies to enhance optimization performance due to
increased DoFs compared to 2VL modulation. It should be noted
that the 3VL modulation of 3LFB in Fig. 6 cannot achieve syn-
chronous switching for outer and inner switches due to the duty
cycle difference. Therefore, a phase-shift angle «;7§,, should
be applied rather than a duty cycle dT, to achieve the 3VL
modulation, which is similar to that of 2LFB topology. However,
the 2VL and 3VL modulation has limited potential for efficiency
improvement compared to SVL modulation. On the other hand,
the power loss distribution can also change by hardware mod-
ification. A hybrid Si + SiC 3LFB is used to primary side of
NPC-based DAB converters, where Si IGBTSs and SiC MOSFETS
are applied as inner and outer switches, respectively [180], [181],
[182]. With a ZVS-on control strategy, the turn-OFF losses of
inner Si IGBTs can be reduced by lower turn-OFF currents, and
outer SiC MOSFETS benefit from less conduction time.

B. Power Estimation in TS DC Bias Suppression

As analyzed in TS dc bias reduction control, the control
variables during SS I and SS II should be determined to calculate
the modified control variables during TS. However, in certain
conditions such as output load changes, the transferred power
in SS II may not be immediately known at the instant when
parameter variation occurs. Therefore, the implementation of
TS DC bias suppression control becomes challenging under
these circumstances. As analyzed in Section IV-C, a TS control
with feedforward compensation was employed to suppress the
impact of output voltage fluctuation in [172]. Nevertheless, the
duty cycles in SS II are still required to develop the feedforward
control.

A potential solution of the above issue is to add power es-
timation to the TS dc bias suppression. It mentioned in [166]
that the transferred power and corresponding control variables
can be predicted by the dc load, which can be obtained by
sampling output voltage and current. However, the inductance
and capacitance in practical dc loads lead to a slow dynamic
response of the output current with a load change, resulting
in inaccurate power estimation based on sampled voltage and
current. Thus, extracting the resistance component of dc load
and predict the active power will be the future task for TS dc
bias suppression control.

C. Performance Prediction for Optimization Design

The efficiency and reliability of NPC-based DAB convert-
ers depends highly on the factors including topologies, con-
trol strategies, operating parameters, and coefficients of power
devices. Thus, the converter performance should be evaluated
during design phase to determine the optimum combination of
these factors. Commercial simulation platforms such as MAT-
LAB/Simulink and PLECS can be applied to predict certain
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performance issues of NPC-based DAB converters. However,
the following three limitations restrict their effectiveness:

1) slow simulation speed, especially when numerous combi-
nations of various factors need to be compared during the
design phase;

2) limited functionality, with some desired features not avail-
able in these simulation platforms;

3) complexity of simulation system, as modifying parameters
such as topologies generally requires manual adjustments
or creation of different simulation files, leading to redun-
dant simulation system and increased complexity.

In order to predict the performance under various factors and
achieve optimization design, some optimization design tools
have been developed based on digital modeling in MATLAB
code for 2L DAB converters, where the calculation speed is
fast, and various factors can be easily switched [183], [184].
An optimization design tool for NPC-based DAB converters
can be proposed in a similar way in the future with structure
as shown in Fig. 31. The topologies including 2/3L FB and
HB, control strategies, operating parameters, and coefficients
of power devices should be included in a database, and a
specific factor can be selected by a certain variable. Therefore,
various factors can be switched smoothly by only changing the
variables. The efficiency- and reliability-related issues such as
current and voltage stresses, power losses, and thermal can be
obtained by digital models of DAB converters. In this manner,
the optimization design process can be significantly accelerated.
Furthermore, models related to certain functionality can be
added to the optimization design tools according to optimization
requirements.

D. Multilevel DC-DC Converters in MVDC/HVdc Scenarios

This work mainly focuses on the issues of 3L NPC-based DAB
converters. However, as MVDC systems continue to evolve,
there is a clear trend toward even higher VLs. When the dc-link
voltage in MVDC applications is tens of kVs or higher, a single
NPC-based DAB converter is hard to meet the voltage-blocking
capability with commercial power semiconductors. Therefore,
it is also necessary to briefly discuss relevant research on higher
level converters to better contextualize this study within the
broader development of MVDC systems. Various multilevel
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dc—dc converters developing from DAB topology have been dis-
cussed such as cascaded NPC-based DAB converters, cascaded
2L. DAB converters [8], [185], [186], multilevel NPC-based
DAB converters [70], [187], [188], and modular multilevel DAB
converters [189],[190], [191], [192], as shown in Fig. 32. Several
work has compared the characteristics of certain multilevel
dc—dc converters applied to MVDC and HVdc systems [193],
[194]. However, the criteria for evaluating the performance of
different MV dc—dc converters remain insufficiently defined, and
a comprehensive comparison of these topologies is still lacking.
Note that the main scope of this work remains centered on the
3L NPC-based DAB converter,

According to prior research, the major characteristics of
MV dc—dc converters encompass hardware costs, power den-
sity, efficiency, reliability, control complexity and flexibility,
voltage gain, insulation performance, footprint, and other rel-
evant factors [195]. Thus, the evaluation of various multi-
level DAB variants should be carried out from these aspects.
Due to the high-power high-voltage features and complicated
implementations, it is very challenging to obtain the perfor-
mance indices and develop following comparisons from physical
prototypes of all multilevel dc—dc converters. A potential method
to achieve the evaluation is to develop the electro-thermal model
of these converters, and then assessment models of different
performance indices such as efficiency and reliability will
be added to the evaluation system based on the results of
electro-thermal model, as shown in Fig. 33. The evaluation
system can be achieved by digital modeling in MATLAB or
by hardware-in-the-loop with RT Box/Typhoon. In this manner,
the performance-related data can be collected from the digital
evaluation system, and the most suitable converter for a certain
MVDC scenario can be selected by comparing the data among
various multilevel DAB variants.
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VII. CONCLUSION

3L NPC topology offers increased voltage-blacking capa-
bility and step-up ratios compared to 2L topology in DAB
converters. Thus, the NPC-based DAB converters have potential
to be applied to MVDC scenarios. This article has reviewed
prior efficient and reliable control strategies for NPC-based
DAB converters applied to MVDC systems. First, modulation
schemes with various DoFs based on HB, FB, and HFB struc-
tures with NPC topology were analyzed. In addition, operating
modes under certain constraints of optimization objectives and
modeling methods for calculating transferred power were dis-
cussed. Subsequently, the control strategies that can increase
converter efficiency were discussed in terms of modulation
schemes with various DoFs, solution types, optimization ob-
jectives, and algorithms. On the other hand, control strategies
for reliability enhancement of NPC-based DAB converters were
reviewed in detail including neutral-point voltage balancing
control, FD and FT control, TS dc bias current suppression con-
trol. Other reliability-related control strategies such as power-
loss balancing control, voltage/current stress reduction control,
and conducted EMI suppresion control were also sketched.
Furthermore, the interaction of efficiency- and reliability-
oriented control strategies was discussed. Finally, the challenges
and potential solutions of NPC-based DAB converters and
related MVDC/HVdc converters were discussed, which can
provide guidance for future research.

REFERENCES

[1] S. Du, B. Wu, K. Yian, D. Xu, and N. R. Zargari, “A novel medium-
voltage modular multilevel DC-DC converter,” IEEE Trans. Ind. Elec-
tron., vol. 63, no. 12, pp. 7939-7949, Dec. 2016.

I. Alhurayyis, A. Elkhateb, and J. Morrow, “Isolated and nonisolated
DC-to-DC converters for medium-voltage DC networks: A review,”
IEEE J. Emerg. Sel. Top. Power Electron., vol. 9, no. 6, pp. 7486-7500,
Dec. 2021.

X. Pei, O. Cwikowski, D. S. Vilchis-Rodriguez, M. Barnes, A. C. Smith,
and R. Shuttleworth, “A review of technologies for MVDC circuit
breakers,” in Proc. 42nd Annu. Conf. IEEE Ind. Electron. Soc., 2016,
pp. 3799-3805.

(2]

(3]

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 41, NO. 2, FEBRUARY 2026

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

(12]

[13]

[14]

[15]

(16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

J. Yao, W. Chen, C. Xue, Y. Yuan, and T. Wang, “An ISOP hybrid
DC transformer combining multiple SRCs and DAB converters to inter-
connect MVDC and LVDC distribution networks,” IEEE Trans. Power
Electron., vol. 35, no. 11, pp. 11442-11452, Nov. 2020.

CIGRE, “Medium voltage direct current (MVDC) grid feasibility
study,” 2020. [Online]. Available: https://electra.cigre.org/309-april-
2020/technical-brochures/medium-voltage-direct-current-mvdc- grid-
feasibility-study.html

S. P. Engel, M. Stieneker, N. Soltau, S. Rabiee, H. Stagge, and R. W. De
Doncker, “Comparison of the modular multilevel DC converter and the
dual-active bridge converter for power conversion in HVDC and MVDC
Grids,” IEEE Trans. Ind. Electron., vol. 30, no. 1, pp. 124-137, Jan. 2015.
A. Giannakis and D. Peftitsis, “MVDC distribution grids and potential
applications: Future trends and protection challenges,” in Proc. 20th Eur.
Conf. Power Electron. Appl., 2018, pp. 1-9.

Y. Wang, Q. Song, Q. Sun, B. Zhao, J. Li, and W. Liu, “Multilevel MVDC
link strategy of high-frequency-link DC transformer based on switched
capacitor for MVDC power distribution,” IEEE Trans. Ind. Electron.,
vol. 64, no. 4, pp. 2829-2835, Apr. 2017.

V. M. Hrishikesan, C. Kumar, and M. Liserre, “An MVDC-Based meshed
hybrid microgrid enabled using smart transformers,” IEEE Trans. Ind.
Electron., vol. 69, no. 4, pp. 3722-3731, Apr. 2022.

E. A. Gunther, “The state of medium voltage DC architectures for utility-
scale PV,”2018. [Online]. Available: https://www.pv-tech.org/the-state-
of-medium-voltage-dc-architectures- for-utility-scale-pv/

J. Pang, K. Wang, M. Wu, W. Zhou, Z. Zheng, and Y. Li, “Modula-
tion and soft-switching optimization control of multilevel dual active
bridge DC-DC converters,” IEEE Trans. Power Electron., vol. 40, no. 1,
pp. 1936-1951, Jan. 2025.

R. W. De Doncker, D. M. Divan, and M. H. Kheraluwala, “A three- phase
soft-switched high-power-density DC/DC converter for high-power ap-
plications,” IEEE Trans. Ind. Appl., vol. 27, no. 1, pp. 63-73, Feb. 1991.
B. Zhao, Q. Song, W. Liu, and Y. Sun, “Overview of dual-active-
bridge isolated bidirectional DC-DC converter for high-frequency-link
power-conversion system,” I[EEE Trans. Power Electron., vol. 29, no. 8,
pp. 40914106, Aug. 2014.

C. Song, Y. Yang, Z. Tang, and F. Blaabjerg, “Modulation of 2/3-Level
dual-active-bridge DC-DC converters for soft-switching and minimum
current stress,” in Proc. 46th Annu. Conf. IEEE Ind. Electron. Soc., 2020,
pp. 2913-2918.

M. A. Moonem and H. Krishnaswami, “Analysis and control of multi-
level dual active bridge DC-DC converter,” in Proc. IEEE Energy Con-
vers. Congr. Expo., Raleigh, NC, USA, 2012, pp. 1556-1561.

B. Li, X. Wu, G. J. Kish, and Y. R. Li, “Dual 3L-NPC converter system
with improved power quality for bipolar DC distribution,” IEEE Trans.
Power Electron., vol. 39, no. 12, pp. 16553-16565, Dec. 2024.

J.H. Jung, S.I. Hwang, and J. M. Kim, “A common-mode voltage reduc-
tion method using an active power filter for a three-phase three-level NPC
PWM converter,” IEEE Trans. Ind. Appl., vol. 57, no. 4, pp. 3787-3800,
Jul./Aug. 2021.

A. Ruderman, B. Reznikov, and M. Margaliot, “Simple analysis of a
flying capacitor converter voltage balance dynamics for DC modulation,”
in Proc. Int. Power Electron. Motion Control Conf., Poznan, Poland,
2008, pp. 260-267.

A. Ruderman and B. Reznikov, “Three-level H-bridge flying capacitor
converter voltage balance dynamics analysis,” in Proc. 13th Eur. Conf.
Power Elect. Appl., Barcelona, Spain, 2009, pp. 1-10.

H. Feng et al., “Passive capacitor voltage balancing of SiC-Based three-
level dual-active-bridge converter using hybrid NPC-Flying capacitor
structure,” IEEE Trans. Power Electron., vol. 37, no. 4, pp. 4183-4194,
Apr. 2022.

X.Ruan, L. Zhou, and Y. Yan, “Soft-switching PWM three-level convert-
ers,” IEEE Trans. Power Electron., vol. 16,n0. 5, pp. 612-622, Sep. 2001.
H. Sheng, F. Wang, and C. W. Tipton IV, “A fault detection and pro-
tection scheme for three