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Evaluation of Capacitor Voltage Balancing Control
Strategies for Multilevel DAB Converters

Chaochao Song, Member, IEEE, Ning Wang, Student Member, IEEE, Ariya Sangwongwanich, Senior Member,
IEEE, Yongheng Yang, Senior Member, IEEE, and Frede Blaabjerg, Fellow, IEEE

Abstract—Dual-active-bridge (DAB) converter with multilevel
neutral-point-clamped (NPC) topology has shown potential to
be a viable solution for medium-voltage DC (MVDC) systems.
However, it will face a crucial challenge with regard to capacitor
voltage balancing. In order to mitigate the negative effects caused
by the voltage imbalance, e.g., overvoltage on certain devices, var-
ious control strategies for voltage balancing have been developed.
To better design and implement the voltage balancing strategies,
this paper evaluates several voltage balancing approaches, i.e.,
modified-duty-cycle (MDC) method, modified-phase-shift-and-
duty-cycle (MPSDC) method, fixed-switching-state (FSS) method,
and complementary-switching-state (CSS) method. These voltage
balancing approaches have distinct characteristics in terms of
dynamics, efficiency, robustness, applicability with modulation
strategy, and implementation complexity. Evaluation results show
that the MDC and MPSDC methods have advantage of extending
to various control strategies. However, they are affected by
current polarity identification, and have large current and power
fluctuations. The FSS method is the most robust and the simplest
one, but it also has poor dynamics. On the other hand, the CSS
method can deliver smooth dynamics and high efficiency, but
it relies on identifying the polarity of inductor current, and it
cannot be used to the single-phase-shift (SPS) and triple-phase-
shift (TPS) control strategies. Based on the evaluation results,
the suitable applications of different voltage balancing methods
are discussed.

Index Terms—Dual-active-bridge converters, neutral-point-
clamped topology, capacitor voltage balancing, evaluation.

I. INTRODUCTION

MEDIUM voltage DC (MVDC) systems have attracted
increasing attention in industry and academia with the

growing adoption of DC generation plants (e.g., photovoltaic
(PV)), DC loads (e.g., electrical vehicles), and energy storage
systems [1]–[5]. Compared to the AC power-transfer networks,
the MVDC systems can achieve higher power-transfer effi-
ciency, capability, and flexibility, while lower control com-
plexity [6]–[10]. However, as many key technologies are not
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Fig. 1. A neutral-point-clamped (NPC)-based dual-active-bridge (DAB)
converter: V1 and V2 are the DC-link voltages, vab and vcd are the AC
voltages of the two bridges, 1 : n is the turns ratio of the transformer, Ls is
the series inductor, iL is the inductor current, io is the neutral-point current,
VCU and VCL are the capacitor voltages of CU and CL.

fully developed and commercialized, the MVDC systems still
remain in the testing and development phases [11]. The explo-
ration of medium voltage (MV) DC-DC converters is crucial in
the development of MVDC systems [12]–[14]. Among various
DC-DC topologies, neutral-point-clamped (NPC)-based dual-
active-bridge (DAB) converter, as shown in Fig. 1, is a
promising solution thanks to its superiority of high power
density, soft-switching capability, bidirectional power flow
capability, galvanic isolation, and high voltage-blocking ca-
pability (compared to traditional two-level DAB converter)
[15]–[19]. Moreover, the NPC topology has gained significant
attraction as being the most widely adopted and commercial-
ized multilevel topology. Two-level and three-level topology is
applied to the primary side according to the voltage level. The
two-three (2/3)-level DAB converter (i.e., two-level topology
in the primary side) is suitable for the applications where the
input and output voltage ratings are considerably different,
e.g., between the battery and MVDC bus in the energy storage
systems. On the other hand, the three-three (3/3)-level DAB
converter can be employed to the MVDC scenarios where the
input and output DC voltages are close.

Capacitor voltage balancing (also referred to as neutral-
point voltage balancing) is an additional control challenge
for the NPC-based DAB converters compared to the two-level
DAB converter. Owing to the asymmetrical gate pulses (caused
by the tolerances in the pulse generator or gate drivers),
asymmetrical layout, and tolerances in the power devices (e.g.,
DC-link capacitors), the two capacitor voltages may become
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unbalanced under certain conditions in practice [20]–[22]. This
may cause overvoltage for certain power devices, which will
affect their lifetime, and even damage these devices [23]–
[28]. Moreover, a significant voltage imbalance can lead to
distortion in the AC terminal voltage of the NPC bridge (i.e.,
vcd in Fig. 1). This, in turn, can negatively impact the accuracy
of the power model and further deteriorate an optimal control
for DAB converters [27], [28]. Therefore, a method to achieve
capacitor voltage balancing should be employed to the NPC-
based DAB converters.

Capacitor voltage balancing control strategies have been
discussed for various power electronic converters, e.g., mod-
ular multilevel converter (MMC), cascaded two-level DAB
converters, and multilevel hybrid-clamped converters [29]–
[32]. However, these voltage balancing methods cannot be
applied to the NPC-based DAB converters owing to different
topology and modulation schemes. The voltage balancing
methods proposed for NPC-type inverter/rectifier can provide
more inspiration for the research of the NPC-based DAB
converters due to the same NPC topology [33], [34]. Nev-
ertheless, the modulation of the NPC-type inverter/rectifier
and DAB converter is different, making the characteristics
related to voltage balancing different. For instance, identi-
fying the current polarity in certain switching states online
is challenging in the DAB converter due to non-sinusoidal
current waveform and high variation frequency (e.g., tens of
kHz to 1 MHz). In addition, different from the inverter/rectifier
where the phase current frequency is much lower than the
switching frequency, when certain switching states change
within a switching cycle to balance the capacitor voltages,
the inductor current of the DAB converter will be distorted
severely under certain conditions as the current frequency
is the same as the switching frequency, resulting in large
current and power fluctuations. Consequently, when applying
the voltage balancing control of NPC inverter/rectifier to the
DAB converters, the above issues should be addressed.

Prior-art research has proposed various voltage balancing
methods for the NPC-based DAB converters. Certain compo-
nents, e.g., flying capacitors, are used to suppress capacitor
voltage imbalance in [35], [36]. However, additional hard-
ware components will cause higher cost and power losses.
On the other hand, capacitor voltages are balanced by con-
trol strategies in most research [27], [28], [37]–[48]. The
existing voltage balancing control can be mainly divided
into four approaches: 1) modified-duty-cycle (MDC) method,
2) modified-phase-shift-and-duty-cycle (MPSDC) method, 3)
fixed-switching-state (FSS) method, and 4) complementary-
switching-state (CSS) method. A voltage balancing control
proposed in [45], [46] regulates the duty cycles of gate pulses
to increase the dwell time of the switching states which
benefit the voltage balancing (i.e., the charges necessary for
the neutral point). Thus, the difference between two capacitor
voltages can be eliminated. In [38]–[44], the control strategies
balance the capacitor voltages by dynamically modifying the
phase-shift angles together with the duty cycles of gate pulses.
The MDC and MPSDC methods rely on the inductor current
polarity to identify the beneficial and adverse switching states,
which requires heavy pre-calculations when the operating

parameters change in a wide range. In order to decouple
the voltage balancing from the inductor current polarity, the
control strategies based on the FSS method were proposed
in [27], [47]. Under the applied switching states in the FSS
method, the direction of the neutral-point current can be
controlled independently from the inductor current polarity.
Therefore, the pre-calculation for current polarity is not re-
quired, which simplifies the implementation. However, the
dynamics of DAB converters will be affected by the voltage
distortion during the voltage balancing, especially when there
is a frequent transition between the steady state and balancing
state. Alternatively, a CSS method was proposed to suppress
current and transferred power fluctuations during the voltage
balancing [28], [48]. This method involves substituting the
adverse switching states with their corresponding comple-
mentary switching states. Accordingly, the direction of the
neutral-point current can be controlled in a way to assist
the voltage balancing. At the same time, the voltage vcd and
inductor current iL can be maintained unchanged. Hence, the
CSS method can achieve smooth dynamics. However, it also
depends on current polarity identification.

In addition to inductor current polarity identification and
converter dynamics, other characteristics, e.g., efficiency and
robustness, are also different among various voltage balancing
approaches. However, due to the lack of a comprehensive
comparison of these voltage balancing control strategies, it
remains difficult to determine which approach is the most
appropriate for specific applications and operating conditions.
Therefore, this paper benchmarks various voltage balancing
control methods based on a two-three (2/3)-level NPC-based
DAB converter (i.e., a two-level full-bridge is applied to the
primary side). It should be noted that the analysis and results
can also be applied to the case where both sides are NPC
bridges. The main contributions of this paper are:
• Certain comparison has been carried out among some ca-
pacitor voltage balancing methods in [27] and [28]. However,
the comparison mainly focuses on dynamics with a large
capacitor voltage error and robustness, while other crucial
issues, e.g., dynamics with frequent transitions between steady
and balancing states, transient switching conditions (zero-
voltage-switching (ZVS) and hard-switching (HS)), applicabil-
ity to various control schemes (e.g., single-phase-shift (SPS)
control, and triple-phase-shift (TPS) control), and implemen-
tation complexity, have not been discussed. Thus, this paper
gives a comprehensive comparison among various capacitor
voltage balancing approaches in terms of dynamics, efficiency,
robustness, applicability with modulation strategy, and imple-
mentation complexity based on experimental tests.
• Based on the evaluation results, the applications where each
capacitor voltage balancing control strategy can be suitably
used are discussed.

The rest of the paper is arranged as follows. The basic
analysis of the switching states, and main demands on capac-
itor voltage balancing of the NPC-based DAB converters are
analyzed in Section II. Different voltage balancing approaches
are presented in Section III. The benchmarking based on
experiments and simulations is detailed in Section IV. Finally,
Section V presents the conclusions.
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Fig. 2. Typical waveforms of the switching sequence, voltage vcd, inductor
current iL, and neutral-point current io with a five-level control scheme.
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Fig. 3. Topology and waveforms of a two-three (2/3)-level DAB converter:
(a) Waveforms of vab, vcd, and iL, and (b) a two-level H-bridge applied to
the primary side.

II. BASIC ANALYSIS FOR VOLTAGE BALANCING

A. Switching State Analysis

Fig. 2 shows the gate pulses, AC terminal voltage vcd,
inductor current iL, and neutral-point current io for the NPC
bridge in the NPC-based DAB converters. ϕ1 and ϕ2 denote
the duty cycles of the outer switches (i.e., S21, S24, S25,
and S28) and inner switches (i.e., S22, S23, S26, and S27),
respectively, satisfying ϕ1 + ϕ2 = 2π, and αs is the phase-
shift angle between the two legs of the NPC bridge. In addition
to the above three control variables, the DAB converters
are also controlled by the phase-shift angles/duty cycles of
the primary-side bridge (i.e., the waveform of vab), and the
phase-shift angle between the two-side bridges. With various
topologies used to the primary side, the control variables and
the waveform of vab are different. For instance, when a two-
level bridge is applied to the primary side, the waveforms of
the voltages and inductor current will be as shown in Fig. 3,
where αp is the phase-shift angle in the primary side, and αps

is the phase-shift angle between the two bridges.
For convenience, the switching states are expressed by [P],

[O], and [N], as shown in Table I. For instance, under such a
definition, the switching state [PO] denotes that the gate pulses
of S21 and S22 in the first leg, and S26 and S27 in the second
leg, are ON, and the others are OFF. Among the five levels
on the voltage vcd, the current io will flow through the neutral
point when vcd = ±0.5V2, i.e., under the four switching
states [OP], [PO], [ON], and [NO]. In ideal operation, the two
capacitor voltages VCU and VCL are balanced as the waveform
of io is symmetrical in each switching period (see Fig. 2),

TABLE I
SWITCHING STATES FOR NPC BRIDGE OF THE NPC-BASED DAB

Switching State ON Switches (first leg) ON Switches (second leg)
[P] {S21, S22} {S25, S26}
[O] {S22, S23} {S26, S27}
[N] {S23, S24} {S27, S28}

S21 S23

S22 S24

S27 S25

S28 S26

io

α
,

θ

(a)

α  occurs
,

VCU (50V/div)

VCL (50V/div)

V2 (200V/div)

iL (20A/div) 200ms/div

(b)

Fig. 4. Voltage imbalance caused by the asymmetrical gate pulses. (a)
Disturbance phase-shift angle α′ on S22 and S24. (b) Experimental results
of unbalanced capacitor voltages.
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Fig. 5. Control structure of the NPC-based DAB converters with capacitor
voltage balancing [38], [45]–[47].
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Fig. 6. Demands for capacitor voltage balancing control.

which means the charges drawn from and injected into the
neutral point are equal. However, certain non-ideal factors,
e.g., the asymmetrical gate pulses and layout, and tolerances
in the capacitors, will deteriorate the voltage balance, and
may cause overvoltage on certain devices. For example, Fig.
4 demonstrates the capacitor voltage imbalance caused by
an error in the phase-shift angle α′ (i.e., asymmetrical gate
pulses). In order to avoid these negative effects, a voltage
balancing control should be employed to the NPC-based DAB
converters. Fig. 5 illustrates a generic control structure of
NPC-based DAB converters, which is composed of a basic
phase-shift control to achieve power-transfer management, and
a voltage balancing control to avoid voltage imbalance.

B. Demands on Voltage Balancing Control

For a capacitor voltage balancing control, in addition to
eliminating the difference between the two capacitor voltages,
other demands should also be considered, as shown in Fig. 6,
which are expressed as follows:
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1) Limited current and power oscillation:
After the voltage balancing control is activated, the wave-

form of the voltage vcd may be distorted caused by the
variation of the duty cycles and/or phase-shift angles, and the
inductor current will fluctuate due to

diL(t)

dt
=
vab(t)− vcd(t)/n

Ls

(1)

Furthermore, as the current changes, the transferred power will
also fluctuate due to

P =
1

Ths

∫ Ths

0

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

The current and power fluctuations will be more significant
with a continuous imbalance factor, e.g., a disturbance phase-
shift angle α′ (see Fig. 4(a)), due to the frequent transitions
between the balancing state and steady state. Thus, the oscil-
lation should be suppressed by the voltage balancing control
to achieve smooth dynamics and stable operation.
2) High efficiency:

While performing voltage balancing, fluctuations in the
inductor current can increase the root-mean-square (RMS)
values, leading to higher power losses in the DAB converters
[49]. These fluctuations can also alter the phase relationships
between the voltage vcd and current iL, which can impact
soft-switching operation. Therefore, it is essential to design a
voltage balancing control strategy that can effectively suppress
the increment in power loss and prevent efficiency reduction.
3) Robust to parameter variations:

Variations in operating parameters during voltage balancing
can cause the zero-crossing point of the inductor current to
shift, potentially leading to a reversal of the neutral-point
current direction for a specific switching state. This can in-
crease the voltage balancing period, and in extreme cases, lead
to further degradation of voltage imbalance due to incorrect
identification of the inductor current polarity. Thus, the voltage
balancing control requires high robustness against operating
parameter variations.
4) Applicable to various control schemes:

In normal operating state (i.e., no capacitor voltage imbal-
ance), the NPC-based DAB converters can be controlled by
various phase-shift control schemes, e.g., SPS control (see
Fig. 7(a)), TPS control (see Fig. 7(b)), and five-level control
(see Fig. 2). It should be noted that the SPS and TPS control
schemes are special cases of the five-level control. When
the duty cycles ϕ1 and ϕ2 are π (ignoring dead time), and
the phase-shift angle αs is 0, the five-level control will be
the converted to SPS control. On the other hand, when the
duty cycles ϕ1 and ϕ2 are π, and the phase-shift angle
αs is not equal to 0, it will be converted to TPS control.
With different optimization objectives, certain control schemes
will be employed depending on the operating parameters and
conditions. The capacitor voltage balancing control should be
applicable to various control strategies, so that it does not need
to be regulated when the operating conditions and parameters
change.
5) Simple implementation:

When certain switching states are applied to capacitor
voltage balancing control, e.g., [OP], [PO], [ON], and [NO]

S21 S23

S22 S24

S27 S25

S28 S26

vcd

θ

(a)

S21 S23

S22 S24

S27 S25

S28 S26

vcd

αs

θ

(b)

Fig. 7. Waveforms of the switching sequence and voltage vcd with: (a) SPS
control, and (b) TPS control.

in Fig. 2, the direction of the neutral-point current io should
be identified based on inductor current polarity, because the
neutral-point current will be opposite under the conditions
when iL > 0 and iL < 0, as shown in Fig. 8. How-
ever, since the zero-crossing point of the inductor current
is affected by various factors, such as the DC-link voltages,
transferred power levels, and operating modes (divided by
different relationships of the duty cycles and phase-shift an-
gles), determining the inductor current polarity requires heavy
pre-calculations based on the inductor current expression,
especially when the operating parameters vary widely. A
practical and feasible voltage balancing control strategy should
be easily implemented after compromising the above demands,
which means less pre-calculation, parameter regulation, and/or
operating-mode transition is required.

By taking the above demands as the evaluation criteria,
various capacitor voltage balancing approaches for the NPC-
based DAB converters are discussed in the following.

III. CAPACITOR VOLTAGE BALANCING CONTROL
STRATEGIES

A. Modified-Duty-Cycle (MDC) Method

As analyzed above, the capacitor voltages can be balanced
when the dwell time of the four switching states [OP], [PO],
[ON], and [NO] is regulated, which can be achieved by
modifying the duty cycles of the gate pulses [45]. The MDC
method applies an additional duty cycle ϕM to the original
duty cycles to regulate the capacitor voltages, as shown in Fig.
9. Since the direction of the neutral-point current io is affected
by the inductor current polarity (see Fig. 8), the regulation
of the duty cycles will be different under various inductor
current polarity during the four intervals. Fig. 9 illustrates four
conditions under different combinations of current polarity,
where IL[A,B] and IL[C,D] represent the average inductor
current during [A, B] and [C, D], and f {iL(t)} represents
the inductor current model, which is used for determining the
polarity of the inductor current. Due to the symmetry of the
inductor current in a switching period, the current polarity
during [a, b] and [c, d] will be opposite to that of [A, B]
and [C, D], respectively. Therefore, only the current polarity
during [A, B] and [C, D] is analyzed. Under certain current
polarity, the switching states which can assist the voltage
balancing can be identified. For instance, for the condition
of VCU > VCL, voltage balancing requires a current injection
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Interval [A, B] Switching state [OP] vcd = -0.5V2

iL > 0 io > 0, CU discharging

Interval [C, D] Switching state [PO] vcd = 0.5V2

Interval [a, b] Switching state [ON] vcd = 0.5V2

Interval [c, d] Switching state [NO] vcd = -0.5V2

iL < 0 io < 0, CU charging

iL > 0 io < 0, CU charging iL < 0 io > 0, CU discharging

iL > 0 io > 0, CL charging iL < 0 io > 0, CL discharging

iL > 0 io < 0, CL discharging iL < 0 io > 0, CL charging

Fig. 8. Current conduction paths under the four switching states [OP], [PO],
[NO], and [ON] when the inductor current iL is positive and negative. Note
that iL > 0 means that iL flows from the primary to the secondary side,
io > 0 means that io is injected into the neutral point, and vice versa.

into the neutral point, i.e., io > 0. When IL[A,B] > 0 and
IL[C,D] > 0 (which means IL[a, b] < 0 and IL[c, d] < 0),
the required positive neutral-point current can be obtained
under the switching states [OP] and [NO], which can be seen
from Fig. 8. Therefore, these two switching states are defined
as beneficial switching states. Conversely, [PO] and [ON]
are considered adverse switching states, as the neutral-point

VCU VCL

PI controller M
0

VC+

Duty cycle modification

Current polarity 
determination

Beneficial/adverse 
switching states 

identification

f{iL(t)}

carrier reference

gate pulse

S21 S23
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S22 S24

S27 S25

S28 S26

A B

C
D a b

c d

φM

NP OP OO PO PN NPNOOOON

θ

Mode 1: IL [A, B] > 0 & IL [C, D] > 0

A B

C D a b

c d

NP OP OO PO PN NPNOOOON

θ

Mode 2: IL [A, B] > 0 & IL [C, D] < 0

S21 S23

vcd

S22 S24

S27 S25

S28 S26

A
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C
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c d

NP OP OO PO PN NPNOOOON

θ

Mode 3: IL [A, B] < 0 & IL [C, D] > 0
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c d
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θ

Mode 4: IL [A, B] < 0 & IL [C, D] < 0

φM

φM
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φM

φM

φM

φM

φM

adverse switching statesbeneficial switching states

Fig. 9. Implementation of the modified-duty-cycle (MDC) voltage balancing
method for the condition of VCU > VCL.

reference

gate pulse 

carrier

Steady State

α2i φ2i

Balancing State

α2i φ2i’ ’

Fig. 10. Phase-shift angle and duty cycle of the gate pulse for each switch
with capacitor voltage balancing control strategies.

current during these two switching states is negative. In Fig.
9 (as well as Figs. 11, 13, and 14), the beneficial and adverse
switching states are marked in blue and yellow, respectively,
and the dotted lines on the switching sequences and voltage vcd
denote the waveforms before the voltage balancing is enabled.

In order to increase the required charges to the neutral point,
the dwell time of the beneficial switching states should be
increased, while that of the adverse switching states should
be decreased. In order to achieve this, the additional duty
cycle ϕM is dynamically modified by a proportional-integral
(PI) controller based on the error between the two capacitor
voltages (i.e., 4VC = VCU − VCL), and then, ϕM will
be added to the original duty cycles of certain gate pulses
to increase the required charges to the neutral point. Fig.
10 illustrates the gate pulse generation, where α2i and ϕ2i
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(i = 1 ∼ 8) are the phase-shift angle and duty cycle of each
switch during the steady state, and α′2i and ϕ′2i are that during
the balancing state. In the MDC method, the phase-shift angles
for all the switches are maintained unchanged while the duty
cycles of S21 and S22 are modified (S23 and S24 are inverted
by S21 and S22, respectively). Therefore, the control variables
in the MDC method during the capacitor voltage balancing
state can be expressed as

α′2i = α2i(i = 1 ∼ 8), ϕ′2i = ϕ2i(i = 5 ∼ 8)
Mode 1 :ϕ′21 = ϕ21 − ϕM, ϕ

′
22 = ϕ22 + ϕM

Mode 2 :ϕ′21 = ϕ21 + ϕM, ϕ
′
22 = ϕ22 + ϕM

Mode 3 :ϕ′21 = ϕ21 − ϕM, ϕ
′
22 = ϕ22 − ϕM

Mode 4 :ϕ′21 = ϕ21 + ϕM, ϕ
′
22 = ϕ22 − ϕM

(3)

It should be noted that the duty cycle of the switches in the
second bridge leg (i.e., S25 ∼ S28) can also be regulated for
voltage balancing. However, the performance of the voltage
balancing control will be similar to Fig. 9. Thus, this paper
only analyze the condition when the duty cycles are modified
for the switches in the first bridge leg (i.e., S21 ∼ S24) in the
MDC method. In addition, M in Fig. 9 is the upper threshold
for the output of PI controller, and is also the maximum value
of ϕM , which will affect the dynamics of the NPC-based DAB
converters in terms of current/power fluctuations and settling
time during voltage balancing. In order to avoid voltage and
current waveform distortion with constant switching sequence,
the upper threshold M should be lower than 0.5(π−ϕ1) [28].

On the other hand, for the other imbalance condition, i.e.,
VCU < VCL, io < 0 is required for voltage balancing.
Consequently, the beneficial and adverse switching states will
be opposite to the condition of VCU > VCL, and the duration
of the four switching states [OP], [PO], [ON], and [NO]
should also be regulated in an opposite way. For instance,
when IL[A,B] > 0 and IL[C,D] > 0, the duty cycles will be
adjusted as illustrated in Mode 4 of Fig. 9 for the condition of
VCU < VCL. A similar condition applies also for the MPSDC
method and CSS method.

B. Modified-Phase-Shift-and-Duty-Cycle (MPSDC) Method

Since the sawtooth carrier is used to generate the gate
pulses of the power switches, when the reference is changed
to regulate the duty cycle (see Fig. 9), the duration of the first
two intervals [A, B] and [C, D] is modified by ϕM , while that
of the other two intervals [a, b] and [c, d] is kept constant.
If all the four intervals are required to change for a shorter
balancing period, the phase-shift angles should be regulated
together with the duty cycles. Fig. 11 shows a typical MPSDC
method with different inductor current polarity, where αM is
used to modify the phase-shift angles and duty cycles. For
Mode 1 and Mode 4, the duty cycles are not changed, and the
phase-shift angles are increased or decreased by αM . On the
other hand, both the phase-shift angles and duty cycles should
be regulated for Mode 2 and Mode 3. The control variables
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vcd
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S28 S26

A B

C
D a

b

c d
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Fig. 11. Implementation of the modified-phase-shift-and-duty-cycle (MPSDC)
voltage balancing method for the condition of VCU > VCL.

for the four modes during the voltage balancing are expressed
as

α′2i = α2i(i = 5 ∼ 8), ϕ′2i = ϕ2i(i = 5 ∼ 8)

Mode 1 :

{
α′21 = α21 + αM, α

′
22 = α22 − αM,

ϕ′21 = ϕ21, ϕ
′
22 = ϕ22

Mode 2 :

{
α′21 = α21 + αM, α

′
22 = α22 + αM,

ϕ′21 = ϕ21 + 2αM, ϕ
′
22 = ϕ22 + 2αM

Mode 3 :

{
α′21 = α21 − αM, α

′
22 = α22 − αM,

ϕ′21 = ϕ21 − 2αM, ϕ
′
22 = ϕ22 − 2αM

Mode 4 :

{
α′21 = α21 − αM, α

′
22 = α22 + αM,

ϕ′21 = ϕ21, ϕ
′
22 = ϕ22

(4)

C. Fixed-Switching-State (FSS) Method

In the above two approaches, the capacitor voltages are
balanced by regulating the original four switching states [OP],
[PO], [ON], and [NO]. Thus, the beneficial and adverse
switching states should be determined based on inductor
current polarity, which requires heavy pre-calculations and
potentially cause other issues (detailed in Section IV). In order
to decouple the voltage balancing from the current polar-
ity identification, the FSS method introduces two additional
switching states [N(+)N(+)] and [P(−)P(−)] (as defined in
Table II) [27], [47]. Under the two additional switching states,
the direction of the neutral-point current io can be controlled
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TABLE II
ADDITIONAL SWITCHING STATES FOR FSS METHOD

Switching State ON Switches (first arm) ON Switches (second arm)
[P(+)] {S21} {S25}
[P(−)] {S22} {S26}
[N(+)] {S23} {S27}
[N(−)] {S24} {S28}

VCU > VCL Switching state [N(+)N(+)]

VCU < VCL Switching state [P(-)P(-)]

iL > 0 io > 0, CL charging iL < 0 io > 0, CL charging

iL > 0 io < 0, CU charging iL < 0 io < 0, CU charging

Fig. 12. Current flow paths for the switching state [N(+)N(+)] and
[P(−)P(−)] for VCU > VCL and VCU < VCL, respectively.

regardless of the inductor current polarity, as shown in Fig.
12. Therefore, a certain switching state, determined by the
unbalanced condition, is employed during intervals [E, F] and
[e, f], i.e., [N(+)N(+)] when VCU > VCL, and [P(−)P(−)]
when VCU < VCL, as shown in Fig. 13, where Vthr is the
threshold to activate the voltage balancing control. It can be
seen from Fig. 13 that certain phase-shift angles and/or duty
cycles should be regulated to obtain the fixed switching state
[N(+)N(+)] or [P(−)P(−)]. However, since the gate pulses for
S21 and S24 are kept unchanged, they can be used as reference
signals, and the other gate pulses can be obtained by

VCU > VCL :

{
S22 = S21,S23 = S21,S28 = S21

S25 = S24,S26 = S24,S27 = S24

VCU < VCL :

{
S26 = S21,S27 = S21,S28 = S21

S22 = S24,S23 = S24,S25 = S24

(5)

By doing so, the phase-shift angles and duty cycles for certain
switches are not required to calculate, which can simplify the
implementation of the voltage balancing control.

D. Complementary-Switching-State (CSS) Method

During the voltage balancing with the MDC, MPSDC, and
FSS methods, the voltage vcd changes, as shown in Figs. 9, 11,
and 13. Thus, the inductor current and transferred power will
fluctuate. To avoid current overshoots and improve the DAB
dynamics, the CSS method was proposed [28], [48]. In this
method, the CSS pairs refer to two switching states that enable
the neutral-point current io to flow in opposite directions
while maintaining the same voltage vcd. Accordingly, it can
be obtained from Fig. 8 that [PO] and [ON], [OP] and [NO]
are two CSS pairs.

Fig. 14 depicts the CSS method under different inductor
current polarity. For instance, as earlier analyzed, [PO] and
[ON] are the adverse switching states when IL[A,B] > 0
and IL[C,D] > 0. Thus, these two switching states should be
replaced by their corresponding CSSs during the respective
intervals, i.e., [PO] is replaced by [ON] during [C, D], and
[ON] is replaced by [PO] during [a, b]. After the replacement,
all the four switching states will be beneficial for voltage
balancing due to the opposite direction of io. At the same
time, the current and power fluctuations can be effectively
suppressed due to the unchanged voltage vcd. The control
variables in the CSS method can be obtained by

Mode 1 :


α′21 = α21 + αs, α

′
22 = α22,

α′27 = α27, α
′
28 = α28 − αs,

ϕ′2i = ϕ2i(i = 1 ∼ 8)

Mode 2 :


α′21 = α21 + αs, α

′
22 = α22 + αs,

α′27 = α27 − αs, α
′
28 = α28 − αs,

ϕ′21 = ϕ21 + αs, ϕ
′
22 = ϕ22 + αs,

ϕ′27 = ϕ27 − αs, ϕ
′
28 = ϕ28 − αs

Mode 3 :


α′2i = α2i, (i = 1 ∼ 8)

ϕ′21 = ϕ21 − αs, ϕ
′
22 = ϕ22 − αs,

ϕ′27 = ϕ27 + αs, ϕ
′
28 = ϕ28 + αs

Mode 4 :


α′21 = α21, α

′
22 = α22 + αs,

α′27 = α27 − αs, α
′
28 = α28,

ϕ′2i = ϕ2i, (i = 1 ∼ 8)

(6)

The CSS method can achieve smooth dynamics without
current and power fluctuations. However, since the beneficial
and adverse switching states are determined by the inductor
current polarity, the CSS method also requires the current
polarity identification, which is similar to the MDC and
MPSDC methods.

The main characteristics of the four capacitor voltage bal-
ancing methods have been summarized in Table III. The
MDC, MPSDC, and CSS methods require current polarity
identification to determine the beneficial and adverse switching
states, as they apply the original switching states, i.e., [OP],
[PO], [ON], and [NO], while the FSS method does not need
due to applying two novel switching states [N(+)N(+)] and
[P(−)P(−)]. In addition, two of the four intervals [A, B], [C,
D], [a, b], and [c, d] are regulated during each switching cycle
for the MDC and CSS methods, while all the four intervals
are modified for the MPSDC method. As for the FSS method,
two novel intervals [E, F] and [e, f] are applied to regulate the
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TABLE III
MAIN CHARACTERISTICS OF VARIOUS VOLTAGE BALANCING METHODS

Voltage balancing method MDC MPSDC CSS FSS
Current polarity identification No need Need

Applied switching states
Original switching states Novel switching states
[OP], [PO], [ON], [NO] [N(+)N(+)], [P(−)P(−)]

Number of modified intervals 2 4 2 2
Additional PI controller Need No need

VCU > VCL

S21

vcd

S22

S27

S28

E

NP N(+)N(+) PN NPN(+)N(+)

S23

S24

S25

S26

F

e f

VCL

+VCU VC

VC >Vthr

VC <-Vthr

FSS: [N(+)N(+)]

FSS: [P(-)P(-)]

Modulation 
transition

θ

VCU < VCL

E

NP P(-)P(-) PN NPP(-)P(-)

F

e f θ

beneficial switching states

Fig. 13. Implementation of the fixed-switching-state (FSS) voltage balancing
method.

capacitor voltages. Furthermore, an additional PI controller is
used to regulate the time intervals of certain beneficial/adverse
switching states in the MDC and MPSDC methods, while it
is not required for the CSS and FSS methods as the regulated
time intervals are determined by the phase-shift angles and
duty cycles.

IV. EVALUATION OF CAPACITOR VOLTAGE BALANCING
CONTROL STRATEGIES

The four voltage balancing control strategies apply different
approaches to achieve the required neutral-point charges and
realize capacitor voltage balance. Thus, they have different
characteristics in terms of dynamics, robustness, implemen-
tation complexity, and so on. To benchmark these voltage
balancing strategies, experimental tests are carried out based
on a 2/3-level DAB setup, as shown in Fig. 15, and the main
parameters are given in Table IV. It should be noted that the
capacitor voltage imbalance in all the following experiments
is generated by the asymmetrical gate pulses (see Fig. 4).

A. Dynamics

Fig. 16 shows the experimental results with various voltage
balancing control strategies under the same operating param-
eters. In order to compare the voltage and current waveforms
between steady state and balancing state, and verify the that
the fluctuations on inductor current and output voltage are
caused by the variations of terminal voltage vcd as theoretical

TABLE IV
MAIN PARAMETERS OF THE EXPERIMENTAL PROTOTYPE

Parameters Values
Rated power P 2.5 kW

Series inductor Ls 100 µH
DC-link capacitors Cin, CU , and CL 680 µF

Transformer turns ratio n 2
Switching frequency fs 10 kHz
Power switches (IGBT) Semikron SK35GB12T4

S21 S23

vcd

S22 S24

S27 S25

S28 S26

A B

C D a b

c d

NP OP OO ON PN NPNOOOPO

Current polarity 
determination

Beneficial/adverse 
switching states 
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Complementary 
switching state 

replacement

f{iL(t)}

VCU VCL

θ

αs

A B

C D a b

c d

NP OP OO PO PN NPOPOOPO

θ

αs

PO ONCSS replacement

αs

αs

ON NOCSS replacement

Mode 1: IL [A, B] > 0 & IL [C, D] > 0 Mode 2: IL [A, B] > 0 & IL [C, D] < 0

S21 S23
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S22 S24

S27 S25
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C D a b

c d

NP NO OO ON PN NPNOOOON

θ
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A B

C D a b
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NP NO OO PO PN NPOPOOON

θ
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αs
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Mode 3: IL [A, B] < 0 & IL [C, D] > 0 Mode 4: IL [A, B] < 0 & IL [C, D] < 0

αs αs

adverse switching statesbeneficial switching states

Fig. 14. Implementation of the complementary-switching-state (CSS) voltage
balancing method for the condition of VCU > VCL.

Auxiliary power supply

DC source

Main circuit

Fig. 15. A two-three (2/3)-level NPC-based DAB prototype.

analysis, a large voltage imbalance value (i.e., 4VC = 50
V) is applied in Fig. 16 to clearly show the balancing-state
performances with various voltage balancing methods. It can
be seen from Fig. 16 that the inductor current iL and output
voltage V2 (i.e., the transferred power) will fluctuate in the
MDC, MPSDC, and FSS methods, due to the changed voltage
vcd during the transition, which can be seen from the zoom-
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VCL (50 V/div) iL (20 A/div)

FSS control is activated

3

4
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vcd (250 V/div)

iL (20 A/div)

40 µs/div

3.5 A

38 V

(c)

VCU (50 V/div) V2 (100 V/div)

40 ms/div

VCL (50 V/div)
iL (20 A/div)

CSS control is activated

3

4

CSS control is activated

vcd (250 V/div)

iL (20 A/div)

40 µs/div

(d)

Fig. 16. Experimental results during the voltage balancing under the condi-
tion: V1 = 120 V, V2 = 300 V, P = 950 W, 4VC = 50 V, ϕ1 = 0.9π,
αp = 0.05π, αs = 0.06π, and αps is regulated by PI controller to achieve
reference output voltage with: (a) MDC method (M = 0.05π), (b) MPSDC
method (M = 0.05π), (c) FSS method, and (d) CSS method.

in waveforms in Fig. 16(a)-(c). Furthermore, when the upper
boundary (i.e., M ) of the modified duty cycle/phase-shift angle
and the parameters of PI controller in the MDC and MPSDC
methods are the same, the inductor current and output voltage
oscillation is larger with the MPSDC method (60-V 4V2 and
7-A 4IL) compared to the MDC method (45-V 4V2 and 5.5-
A 4IL). This is because all the four intervals [A, B], [C, D],
[a, b], and [c, d] are regulated in the MPSDC method, which
causes more severe voltage distortion. However, the balancing
period will also be shorten with the MPSDC method due to
the same reason. On the other hand, the transition dynamics
can be maintained smooth without inductor current and output
voltage fluctuations with the CSS method, since the voltage
vcd can be kept unchanged, as shown in Fig. 16(d).

When there is a continuous imbalance source in the modula-
tion or hardware circuits, the DAB converter will be switched
between the steady state and the balancing state frequently.
Fig. 17 shows the experimental results of the four voltage
balancing methods with a continuous disturbance phase-shift
angle α′, which is constant in each switching cycle. Since

10 V

1.7 A

α  occurs
,

MDC control is activated

VCU (50 V/div)

VCL (50 V/div)

V2 (50 V/div)

iL (20 A/div)
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(a)
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,
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iL (20 A/div)
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40 ms/div

(b)
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,
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VCL (50 V/div)
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iL (20 A/div)
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40 ms/div

(c)
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,

CSS control is activated

VCU (50 V/div)

VCL (50 V/div)

V2 (50 V/div)

iL (20 A/div)

200 ms/div
40 ms/div

(d)

Fig. 17. Experimental results under a continuous α′ (α′ = 0.005π) and the
same parameters as Fig. 16 with: (a) MDC method, (b) MPSDC method, (c)
FSS method, and (d) CSS method.

the threshold voltage Vthr for activating the voltage balancing
control should not be too large to avoid significant voltage
imbalance (e.g., Vthr = 5 V is applied in Fig. 17), the additional
control variables ϕM and αM in the MPSDC method will
be limited. Thus, the inductor current and output voltage
fluctuations caused by the frequent transitions will be low,
as shown in Fig. 17(a) and (b). As for the FSS method, due to
more significant change on the voltage vcd (see Fig. 13), the
fluctuations will be more severe, which can be seen from Fig.
17(c). On the other hand, as shown in Fig. 17(d), the dynamics
can be improved with the CSS method, because the voltage
vcd, as well as the inductor current and the transferred power,
will be the same between the steady and balancing states, even
if the converter is switched between the two states frequently.

The inductor current and output voltage oscillation (i.e.,
4IL and 4V2) with various voltage balancing approaches
under different power levels is shown in Fig. 18, which is
expressed as

4IL = Ipb − Ips
4V2 = V2max − V2min

(7)

where Ipb and Ips are peak values of inductor current in
the balancing state and steady state, respectively, and V2max
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Fig. 18. Fluctuations of inductor current and output voltage with various
voltage balancing control strategies under different power levels when V1 =
120 V and V2 = 300 V: (a) for the condition when 4VC = 50 V, (b) for
the condition with a continuous imbalance factor (α′ = 0.005π and Vthr = 5
V), and (c) the control variables under various power levels (Note: the outer
phase-shift angle αps is regulated by a PI controller).

and V2min are the highest and lowest values of the output
voltage during the voltage balancing. Fig. 18(a) illustrates the
fluctuations when the capacitor voltage error is 50 V (similar to
Fig. 16), and Fig. 18(b) shows the condition with a continuous
imbalance factor (similar to Fig. 17). As shown in Fig. 18(a),
MPSDC method will cause the highest inductor current and
output voltage fluctuations under various power levels with a
large voltage imbalance (4VC = 50 V). In addition, it can
be seen from Fig. 18(b) that the output voltage will oscillate
the most with the FSS method with a continuous imbalance
factor and limited threshold Vthr (α′ = 0.005π and Vthr = 5 V)
due to more severe waveform distortion on vcd. On the other
hand, the CSS method can achieve lowest transient fluctuations
under various power levels.

Fig. 19 shows the experimental waveforms under various
capacitor voltage balancing methods with a step change on the
output voltage and transferred power under the condition of
α′ = 0.005π (i.e., continuous imbalance source) and Vthr = 5
V. It can be seen from Fig. 19 that these methods can balance
the capacitor voltages in these cases. On the other hand, the
CSS method can achieve the best dynamic performance, while
the other three methods will result in inductor current and
output voltage fluctuations.

B. Efficiency

Generally, the efficiency of the DAB converters is de-
termined by the conduction and switching losses of power
switches, and magnetic losses. The root-mean-sqaure (RMS)
values of the inductor current will strongly affect the con-
duction losses and magnetic losses [49]. Thus, due to the
inductor current fluctuations during the voltage balancing in
the MDC, MPSDC, and FSS methods, the conduction losses
and magnetic losses will be affected. As for the CSS method,
the inductor current can be kept unchanged, and thus, the
conduction and magnetic losses will be similar to those of
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Fig. 19. Experimental results under various capacitor voltage balancing
methods with a step change on: (a) output voltage (from 270 V to 300 V),
and (b) transferred power (from 950 W to 1350 W).

the steady state. On the other hand, the number of switching
for all the voltage balancing control strategies is not increased,
i.e., all the switches are turned ON and OFF once during each
switching period with the four voltage balancing methods.
Therefore, the switching losses will not be increased by the
number of switching. However, the hard/soft-switching states
for the switches will be affected due to the current zero-
crossing point drift. For instance, Fig. 20 illustrates the ZVS
conditions during the steady and balancing states using differ-
ent voltage balancing methods based on the 2/3-level DAB
prototype. The operating parameters are identical to those
shown in Fig. 16. As shown in Fig. 20, the inductor currents at
the turn-ON instants (i.e., points A, B, C, and D) are positive in
the steady state. Thus, all the switches are turned ON in ZVS
based on the ZVS constraints [50], [51], which can be seen,
for instance, from the waveforms of the collector-emitter and
gate-emitter voltages (i.e., vce and vge) of S22. Nevertheless,
after activating the MDC, MPSDC, or FSS balancing control,
the waveforms of vcd and iL will change, as well as the current
polarity at the switching instants. As a result, certain switches,
e.g., S22, will be turned-ON in non-ZVS, as shown in Fig.
20. On the other hand, although the switching sequence will
also change in the CSS method, the current polarity at the
turn-ON instants will not change. Thus, the soft-switching
operation will not be affected. Fig. 21 shows the corresponding
average power loss distribution obtained by simulation in
PLECS, where the conduction and switching losses of IGBTs
are obtained based on the parameters (e.g., on resistance)
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Fig. 20. Experimental results of the ZVS states in steady state and the
balancing state with various voltage balancing methods based on the 2/3-level
DAB prototype.
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and electro-thermal model (extracted from datasheet) of the
IGBT. On the other hand, the power losses of transformer,
inductor and other components are calculated based on the
analytical power-loss models discussed in [49], [52]. It can
be seen from Fig. 21 that the conduction losses, switching
losses, and magnetic losses after applying the CSS control
can basically be maintained constant compared to those of the
steady state, while the power losses with the the other three
methods will be increased. Therefore, the efficiency (i.e., η) of
the DAB converter under the CSS control is similar to that of
the steady state. However, by applying the MDC, MPSDC, or
FSS control, the efficiency will be lowered. This can be further
confirmed by the experimental efficiency comparison under
different power levels based on the 2/3-level DAB prototype,
as shown in Fig. 22, where the operating parameters are the
same as Fig. 18(c).

C. Robustness

The beneficial and adverse switching states in the MDC,
MPSDC, and CSS methods are identified based on the inductor
current polarity at the instant of voltage balancing control
activation, and are generally assumed to be unchanged during

90

91

92

93

94

95

96

0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

Transferred power (kW)

C
o

n
v

er
te

r 
ef

fi
ci

en
cy

 (
%

)

MPSDC method
MDC method

FSS method
CSS method

Steady state

Fig. 22. Converter efficiency with various voltage balancing control methods
under different power levels in the 2/3-level DAB prototype.

the voltage balancing process (i.e., before a balancing state
finishes). This is because: (1) when the parameters change
during balancing state, the dynamic current polarity cannot
be estimated by the steady-state current model. In addition,
the current model during dynamic process is very difficult to
be obtained, making the current polarity during balancing state
hard to determine; (2) when the current polarity is re-identified
during the balancing process with the CSS method, the control
variables (i.e., phase-shift angles and duty cycles) cannot be
obtained by (6), because the switching sequence has already
been changed after the voltage balancing control is activated.
Thus, to determine the switching sequence if the voltage
balancing control is updated during the balancing state, the
new expressions of the control variables should be explored,
which will make the modulation system very complicated due
to multiple transition cases. Therefore, the capacitor voltage
balancing control keeps unchanged during the balancing state.
As a result, when the operating parameters change during the
voltage balancing, the performance of these three methods will
be deteriorated in certain conditions due to their model-based
feature.

Fig. 23 illustrates the simulations when a step change occurs
on the transferred power levels during the voltage balancing.
As shown in Fig. 23(a), when the voltage balancing control
is enabled, the current polarity is positive during interval [A,
B]. Thus, the corresponding switching state is identified as a
beneficial one when VCU > VCL, and increasing its duration
is needed for the MDC method. However, following the step
change, the current polarity during [A, B] becomes negative,
making the switching state adverse for voltage balancing. As a
result, the extended interval [A, B] for the MDC control will
increase the incorrect-direction charges to the neutral point,
which will impede the voltage balancing. The worst condition
is when the required neutral-point charge is less than that of
the other direction due to the incorrect identification of the
beneficial and adverse switching states, the voltage imbalance
will become worse, and the two capacitor voltages cannot
be balanced, as shown in Fig. 23(a). The MPSDC and CSS
methods have similar issue due to the model-based feature,
as shown in Fig. 23(b) and (d). On the contrary, the FSS
method will not be affected by the changed current polarity,
and thus, the two capacitor voltages can still be balanced
after the step change, as shown in Fig. 23(c). Therefore,



12

50

100

200

250
MDC method 

is activated
Step change occurs

40 ms/div
10 μs/diviL [A, B] > 0

vcd

iL

VCU

VCU &VCL (50 V/div), vcd (100 V/div), iL (10 A/div)  

150

iL [A, B] < 0

vcd

iL

VCL

(a)

50

100

150

200

250
MPSDC method 

is activated
Step change occurs

40 ms/div
10 μs/div

iL [A, B] > 0

vcd

iL

VCU

VCU &VCL (50 V/div), vcd (100 V/div), iL (10 A/div)  

VCL

vcd

iL

iL [A, B] < 0

(b)

50

100

150

200

250
FSS method 
is activated

Step change occurs

40 ms/div
10 μs/div

vcd

iL

VCU

VCU &VCL (50 V/div), vcd (100 V/div), iL (10 A/div)  

VCL
vcd

iL

(c)

50

100

150

200

250
CSS method 
is activated

Step change occurs

40 ms/div
10 μs/div

iL [A, B] > 0 iL [A, B] < 0

vcd

iL

vcd

iL

VCU &VCL (50 V/div), vcd (100 V/div), iL (10 A/div)  

VCU

VCL

(d)

Fig. 23. Simulation results when the transferred power changes from 1580
W to 1200 W under V1 = 200 V and V2 = 300 V with: (a) MDC method,
(b) MPSDC method, (c) FSS method, and (d) CSS method.

compared to the other three approaches, the robustness against
parameter variations can be enhanced by the FSS method.
Furthermore, even though there is no parameter change, the
variation of zero-crossing point of the inductor current during
voltage balancing with the MDC and MPSDC methods may
also cause a wrong inductor current polarity identification and
opposite neutral-point current. This issue will not occur on the
CSS method, as the inductor current waveform (i.e., current
zero-crossing point) maintains unchanged after applying the
CSS method. Therefore, the CSS method has better robustness
compared to the MDC and MPSDC methods.

It is worth pointing out that when the operating parameters
of the DAB converters remain within a limited range, or when
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Fig. 24. Balancing-state waveforms with: (a) MDC method in SPS control,
(b) MDC method in TPS control, (c) MPSDC method in SPS control, and
(d) MPSDC method in TPS control.

it operates in ZVS state across the entire power range, the
inductor current polarity will remain constant during specific
intervals (e,g., [A, B]). Consequently, parameter variations will
not affect the identification of beneficial and adverse switch-
ing states, which can improve the robustness of the MDC,
MPSDC, and CSS methods under such conditions. In addition,
multiple current polarity identification and voltage balancing
update during the balancing process can also enhance the
robustness, which requires more exploration in the future.

D. Applicability With Modulation Strategy

All the above is analyzed based on the five-level control,
and the voltage balancing control strategies should also be
applied to other control schemes if different control schemes
are used to achieve certain optimization objectives. For the
SPS and TPS control, the current will not flow through the
neutral point o in ideal operation, i.e., the four switching states
[OP], [PO], [ON], and [NO] are not employed, as shown
in Fig. 7. Therefore, the CSS method cannot be used to
balance the capacitor voltages in the SPS and TPS control,
since the interval of the complementary switching states after
replacement is 0. As for the MDC and MPSDC methods, by
modifying the phase-shift angle or duty cycle, the intervals
where the current can flow through the neutral point will
appear, as shown in the shaded area of Fig. 24. Fig. 25
shows the experimental results when the MDC and MPSDC
voltage balancing methods are applied to the SPS and TPS
control, where it can be seen that after activating the voltage
balancing method, the capacitor voltages can be balanced with
the additional intervals. Furthermore, when the FSS method is
applied, two intervals [E, F] and [e, f] (see Fig. 13) are used
to balance the capacitor voltages, and the two intervals are
expressed as

t[E,F ] = t[e,f ] = αs +
ϕ2 − ϕ1

2
(8)
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Fig. 25. Experimental results for the voltage balancing control under the
condition of V1 = 120 V, V2 = 300 V, P = 950 W, and M = 0.06π
V with: (a) MDC method in SPS control, (b) MDC method in TPS control
(αs = 0.08π), (c) MPSDC method in SPS control, and (d) MPSDC method
in TPS control.

In the TPS control, the two duty cycles ϕ1 and ϕ2 are the
same (see Fig. 7(b)), and the intervals [E, F] and [e, f] are
equal to αs based on (8). Thus, the FSS method can be used
to balance the capacitor voltages with the TPS control. On the
other hand, in the SPS control, the two intervals are 0 due to
αs = 0 and ϕ1 = ϕ2. Therefore, if the FSS method is applied
to the SPS control, the two switching states [N(+)N(+)] and
[P(−)P(−)] can be added by an additional control variable ϕM ,
as shown, e.g., in Fig. 26. As is to say, the FSS method is able
to be used to SPS control, but requires additional regulation
on the gate pulses, since the relationship among the control
variables in (5) is no longer applicable.

It should be noted that when the phase-shift angle αs is
close to 0, the five-level control shown as Fig. 2 will be similar
to TPS control. Thus, although the NPC-based DAB converter
still works in five-level control scheme, the intervals where
the charges can flow through the neutral point are close to
0. As a result, the capacitor voltage balancing will be very
slow if applying the CSS method. In this scenario, the other
three methods, i.e., MDC, MPSDC, and FSS methods can be
applied to achieve voltage balancing. Furthermore, if the duty
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Fig. 26. An example when the FSS method id used to the SPS control.

cycles ϕ1 and ϕ2 in the five-level control are close to 50%,
the five-level control will be similar to SPS control, and thus,
MDC or MPSDC method is preferred for voltage balancing.

E. Implementation Complexity

According to the previous analysis, the MDC, MPSDC
and CSS methods require identification of the beneficial and
adverse switching states based on the inductor current polarity.
Thus, in order to increase the duration of the beneficial
switching states in the MDC and MPSDC methods, or to
replace the adverse switching states in the CSS method, the
current polarity models during the four intervals should be pre-
calculated, as this current is usually not measured physically
with a sensor. Especially, compared to the CSS method where
the waveform of the inductor current remains unchanged, the
zero-crossing points of the inductor current will dynamically
float during the voltage balancing with the MDC and MPSDC
methods, resulting in a more complicated pre-calculation and
current polarity identification. Moreover, the voltage balancing
may be affected if the current model is not accurate due to
the non-ideal factors, e.g., power losses and slight DC bias
on iL. On the other hand, the employed switching states
in the FSS method enable the neutral-point current to flow
independently of the inductor current polarity. Therefore, the
pre-calculation for the inductor current polarity is not needed
in the FSS method, and thus, its implementation can be
simplified compared to the other three approaches. In addition,
the performance of the MDC and MPSDC methods is affected
by the value of M (see Figs. 9 and 11). Fig. 27 shows the
experimental results for the MPSDC method with different
M (MDC method has similar performance). It can be seen
that with a lower M , the current and power fluctuations can
be reduced, while the settling time will be increased. Thus,
a trade-off between the current fluctuations and balancing
period should be made by suitably selecting the value of
M when the MPSDC or MDC method is used. Therefore,
the implementation of MPSDC and MDC methods are more
complicated than the CSS method.
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TABLE V
EVALUATION OF THE CAPACITOR VOLTAGE BALANCING APPROACHES

Method References Dynamics Efficiency Robustness Extensibility Implementation

MDC [45], [46]
current and output voltage
fluctuations are large with
a large M and 4VC

lower than the steady
state in ZVS operation

low, will be affected by
load variation and current
zero-crossing point drift

high, can be used
to various control
schemes

difficult, due to current
polarity identification
and choice for M

MPSDC [38]–[44]
current fluctuations are lar-
ger than the MDC method

lower than MDC method
due to larger RMS current

same as the above same as the above same as the above

FSS [27], [47]
output voltage fluctuations
are large with a continuous
imbalance source

lower than the steady
state in ZVS operation

high, will not be affected
by current polarity varia-
tion

medium, can be used
to TPS control, but
needs additional reg-
ulation in SPS control

simple, due to no need
of current polarity
identification

CSS [28], [48]
smooth without significant
current fluctuation

high, equal to the steady
state

low, will be affected by
load variation, but will
not be affected by current
zero-crossing point drift

low, cannot be used
to SPS/TPS control

medium, due to current
polarity identification

M = 0.05πM = 0.075πM = 0.1π
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Fig. 27. Dynamics with the MPSDC method under various M (i.e., the upper
boundary of αM in Fig. 11).

F. Discussion and Application

Table V summarizes the characteristics of the four voltage
balancing approaches based on the above analysis. Further-
more, a quantitative comparison among these methods is
conducted, as shown in Fig. 28, where the four approaches
are sorted under each performance issue and assigned scores
of 1 to 4. Note that a higher score indicates less pre-calculation
burdens and implementation complexity, and better dynamics,
efficiency, robustness, and extensibility. In addition, when two
voltage balancing methods have similar performance, e.g., pre-
calculation burdens for MDC and MPSDC methods, the two
methods are assigned the same score. It should be noted that
according to the previous analysis, the MPSDC method has
worst dynamics with a large capacitor voltage error (see Fig.
16 and Fig. 18(a)), while the FSS method will cause the
most significant output voltage oscillation with a continuous
imbalance source and limited threshold Vthr (see Fig. 17 and
Fig. 18(b)). In most cases, when the voltage balancing control
is included in the control system, the capacitor voltage error
4VC will not increase to a large value, as the threshold Vthr
for triggering the voltage balancing will be set as limited. In
addition, a continuous imbalance source will cause a more
severe negative effect, which requires focused consideration.
Thus, the dynamics are evaluated based on the second condi-
tion (i.e., Fig. 17 and Fig. 18(b)).

From Table V and Fig. 28, the superiority and suitable
applications for each approach can be obtained as:
• CSS control method exhibits superior dynamics, par-

ticularly when there is a continuous factor causing voltage

Dynamics

Efficiency Robustness

Applicability
Implementation 

complexity

1

2

3

4

MDC method
MPSDC method

CSS method

FSS method

Fig. 28. Comparison chart for various voltage balancing approaches.

imbalance. Additionally, it can improve the efficiency of
the DAB converter during the transition compared to the
other three methods. However, the model-based feature of
this approach restricts its application to the scenarios where
operating parameters vary extensively, due to its low robust-
ness against parameter variations and heavy pre-calculation
burdens. In addition, the CSS method cannot be extended
to SPS and TPS control, which will also hinder its use in
certain conditions. Therefore, the typical situations where this
method is applicable are: 1) variation range of operating
parameters is limited, so that the the inductor current polarity
can be easily determined; 2) soft-switching operation under
five-level control, as the inductor current polarity is unchanged
at the switching instants; 3) applications with a continuous
imbalance factor, due to the low current and power oscillation,
and high efficiency under the long-term adjustment.
• The two switching states [N(+)N(+)] and [P(−)P(−)]

involved in the FSS method provide the advantages of low
pre-calculation burdens, high robustness, and simple imple-
mentation due to independence on inductor current polarity.
Nevertheless, frequent transitions between steady and balanc-
ing states may cause large fluctuations on inductor current and
output voltage that can negatively affect its performance. Thus,
the FSS method is mainly suitable for the condition with a
wide parameter variation (e.g., energy storage systems), while
without continuous imbalance factor and frequent transitions.
• MDC and MPSDC methods have similar performances,

and they do not have superiority in terms of most performance
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indices compared to the other two methods. However, they can
be extended to various phase-shift control strategies without
additional regulation. Thus, when SPS or TPS control is
employed to the steady state to simplify the control algo-
rithm compared to the five-level control [50], [53], MDC
and MPSDC methods can be used to balance the capacitor
voltages. Notably, it has been confirmed that SPS control will
be used for the condition of k = 1 (k is the voltage conversion
ratio, defined as k = nV1/V2), and TPS control is suitable
under the condition of k > 1 [4], [54]. Therefore, MDC or
MPSDC method is suitable to such conditions.

V. CONCLUSION

This paper has presented four capacitor voltage balancing
approaches for the NPC-based DAB converters, i.e., MDC,
MPSDC, FSS, and CSS methods. Subsequently, an evalu-
ation of these approaches was conducted based on a 2/3-
level NPC-based DAB prototype, where the characteristics
including dynamics, efficiency, robustness, applicability, and
implementation complexity have been compared. Comparative
results show that the FSS method can achieve lowest control
complexity and highest robustness against operating parameter
variations. However, the dynamics and efficiency of the DAB
converter are negatively affected, especially with frequent
transitions between steady and balancing states caused by a
continuous imbalance source. On the contrary, the CSS method
can realize the best performance in terms of dynamics and
efficiency. If the DAB converter operates under soft-switching
conditions or in applications where operating parameters re-
main within a limited range, it is easy to determine and main-
tain the inductor current polarity regardless of the operating
parameters. Consequently, the performance in terms of robust-
ness and implementation complexity can also be improved.
Under such conditions, the CSS method is the most suitable
voltage balancing approach. Nevertheless, the CSS method is
not suitable in SPS and TPS control schemes, where the MDC
or MPSDC method can be applied easily. Certain issues about
voltage balancing of the NPC-based DAB converters should be
analyzed in the future, e.g., the voltage balancing during the
start-up/shut-down process (as the dynamic current polarity
is difficult to be determined), and multiple current polarity
identification and updates during balancing state to enhance
the robustness of the MDC, MPSDC, and CSS methods.
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