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ABSTRACT
With low-voltage (LV) battery energy storage systems

(BESSs), the quasi single-stage converters (QSSCs) are
utilized to reduce power consumption in two-stage
conversion systems. Despite a good waveform quality of
applying multilevel converters, the unbalancing voltage
problems is possible to be contributed, such as decrease in
grid quality and complexity in pulse-width-modulation
(PWM). In this paper, it is the main challenge to solve
these problems for developing the on-grid LV BESS
with the QSSC. Balancing voltage control is proposed
to control the dc-dc converter. As a result, the dual dc
voltages are equalized. The system waveform quality
and power quality can be improved. The PWM stage is
then symmetrical and simplified. For more simplicity,
the two-inphase carrier-based PWM is applied. The
continuous non-sinusoidal scheme is preferred to not
only provide the full dc utilization, but also improve the
grid waveform quality in addition to the improvement
from the proposed control method. Besides, the powers
are simply controlled using the basic of the current
vector control and decoupling from the balancing voltage
control, resulting in the grid-connected enhancement
without affecting the waveform quality. A 10-kW-
microgrid-scale BESS is employed to validate the feasi-
bility of the proposed system and its superiority over
conventional systems.

Keywords: On-Grid Battery Energy Storage System
(BESS), Quasi Single-Stage Converter (QSSC), Balancing
Voltage Control, Symmetrical Pulse-Width-Modulation
(PWM), Current Vector Control

1. INTRODUCTION
Energy storage systems (ESSs) play an essential role in

a “smart” and “green” grid tomanage energy and enhance
power quality due to a high expansion of renewable
energy sources. It can be classified into four categories
i.e., mechanical, electrochemical, electric charge, and
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Fig. 1: An on-grid low-voltage (LV) battery energy storage
system (BESS) with the proposed balancing dual-dc-voltage
quasi single-stage converter (QSSC).

magnetic field types [1]. The type of the electrochemical
energy storage offers significant merits compared to the
other types, such as large quantities for storing energy,
high energy density, and fast response time, etc. Battery
ESSs (BESSs) have become suitable for grid applications,
due to the aforementioned benefits in a relatively small
space. Moreover, the performance and lifetime of BESSs
have improved and increased continuously with the
ability of quicker and longer releasing energy, as well
as more storing energy, while their cost has decreased.
The BESSs have been therefore one important part of
the consistent supplies to ensure the reliability and the
stability of the utility grid [2-4].

The BESSs have been widely used in various
grid-connected applications, especially for microgrids as
behind-the-meter applications (small-scale power gen-
erating, ∼1kW to ∼10 MW, and low voltage, ∼400 V).
The particular functions are serviced for the end user to
enhance customer experience [5,6], such as higher power
quality, higher power reliability, retail electric energy
time shift, etc. To comprehensively function these fea-
tures, the configurations of the low-voltage (LV) on-grid
BESSs are mainly divided into two conversion structures
[7-12]: single-stage conversion systems and two-stage
conversion systems. For the single-stage conversion
systems, the BESS with the dc power and the grid with
the ac power can be connected and flow their powers
through only one-stage converter, which is herein called
dc-ac converter. Such a one-step conversion not only
provides less conversion power loss, but also simplifies
the operation and control algorithms. However, the
only problem of this system is the fact that the BESS is
necessary to be operated in a high-voltage (HV) level for
sufficiently synchronizingwith the grid via the buck-type
dc-ac converter. The two-stage conversion systems are
employed to reduce the BESS-side voltage. The dc-dc
conversion stage is inserted into the former conversion
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and employed to boost/step up the BESS LVDC level to
the HVDC level for the dc-ac converter before. Even
though this leads to a smaller BESS sizing, reducing
weight, saving cost for investment and maintenance, and
so on, the twice power conversion degrades the overall
conversion efficiency. With the mentioned benefits and
drawback of the two-stage conversion system, the quasi
single-stage conversion systems were introduced [13-17]
to improve the efficiency while being able to preserve the
advantages.

The overview structure of the quasi single-stage
conversion system is shown in Fig. 1. It is similar to
that of the single-stage conversion by directly connecting
the BESS terminal to the dc-ac converter. Meanwhile,
it is also similar to that of the two-stage conversion
by connecting the BESS terminal to the dc-dc converter
for transferring the LVDC to the HVDC for the dc-ac
converter. However, the different thing is that both
of these connections are operated at the same time by
using the extra dc-ac converter topology for the dc-
ac conversion stage. To support the two dc-voltage
connections, this extra dc-ac converter is structured by
dual dc ports and here called 2dc-ac converter, where
the one dc port is used to link the dc energy from the
BESS, but the other one port is used to link the dc
energy from the dc-dc converter. As a consequence,
the dc-dc converter does not absorb all of the power.
This leads to the efficiency improvement over the two-
stage conversion while operating in a similar way with
LV BESS. The connection structure between the dc-dc
converter and the 2dc-ac converter for the quasi single-
stage conversion system is entirely called the quasi
single-stage converter (QSSC) (see Fig. 1).

With the QSSC, there are several 2dc-ac converter
topologies that can be applied to the system. In the
past works, the T-type converter is applied in [13-16]
and the neutral-point-clamped converter is applied in
[17]. It is noticed that the application with the multilevel
converters is suitable for the quasi single-stage conver-
sion systems. Although the systems have the intrinsic
benefit of a highwaveform quality by using themultilevel
converters, the applying dual-dc-port connection of the
multilevel converter with the two different dc derivations
is possible to be an undesirable cause of the unbalancing
dc voltage phenomenon. As is generally known, this
results in a decrease in ac waveform quality and further
grid power quality, harmonic loss, and finally a decrease
in efficiency [18-20]. For the grid applications, the
aforementioned negative results become one of the main
problems in the grid-connected BESS with the QSSC,
where there are no any existing works of literatures that
have investigated and debated this problem as remarked
in the following reviews. In [13], the single-phase
QSSC has been proposed with the scalar closed-loop
control for the grid-connected application. The pulse-
width-modulation (PWM) stage is made more difficult
by using up to four high-frequency carriers and is not
able to provide full dc utilization performance due to

its sinusoidal PWM-based feature. Moreover, this paper
is unclear in terms of the unbalancing dual-dc-voltage
issue. The single-phase QSSC with the sinusoidal PWM
approach has been also presented in [14]. However,
the unregulated dc-dc converter by means of the dc
transformer is employed instead of the active dc-dc
converter in order to simplify the control algorithms. As
anticipated, the dual dc voltages cannot be controlled
at all, leading to the plausibility of the unbalanced dual
dc voltages of the 2dc-ac converter, where the problem
statement was neglected. In [15], the three-phase
QSSC for the three-phase grid-connected application has
been presented with the voltage and power closed-loop
controls based on the standard current vector control
method [21-23]. One main focus is the modified space
vector PWM (SVPWM) approach for modulating the 2dc-
ac converter in the QSSC. Despite its 100% dc utilization,
the modified SVPWM strategy is significantly more
complicated in analysis, calculation, and implementation
due to the unbalanced SVPWM diagram analyzed based
on the possibility of dual-dc-voltage unbalancing. The
identical system proposed in [15] is also performed in
[16]. However, the two-inphase disposition carrier-based
PWM (CBPWM) technique is applied in [16] with the
non-sinusoidal PWM schemes. This is to avoid such
complex PWM strategies of the CBPWM used in [13]
and the SVPWM used in [15] while achieving full dc
utilization. The CBPWMoperation under the unbalanced
dc voltages is also analyzed and implemented with the
asymmetrical two carriers in amplitudes. Despite of
this, the asymmetrical PWM scheme indeed produces
the inferior waveform quality than the symmetrical
PWM scheme in any case. Due to the regardless of
the unbalancing dual-dc-voltage issue, the asymmetrical
PWM scheme is run regularly. Then, the asymmetrical
discontinuous PWM scheme is preferred to be applied.
Although it can inherently reduce the switching loss, it
reduces the waveform quality in addition to the reduced
waveform quality obtained by using the asymmetrical
PWM scheme. The model predictive power control is
employed in [17]. It has to rely on the power information
tomake forecasts, where the additional observer circuit is
required to update the data. This results in requirement of
recognizing a proper model as well as costly installation.
Again, these existing conventional studies are concerned
on regulating a constant level of the HVDC, while the
battery voltage is varied according to the BESS function.
Because of this, the dual-dc-voltage balance is not able to
be controlled, whichmay bewhy the voltage unbalancing
problem is ignored for the QSSC system.

This paper presents the balancing dual-dc-voltage
control method to figure out the unbalancing dual-dc-
voltage issue in the QSSC for the on-grid LV BESS
application, as shown in Fig. 1, where it is extended from
[24] in terms of contribution, principle analysis, results
and discussion, and evaluation. The main features and
developments are summarized as follows.

1) Balancing dual-dc-voltage control method is proposed
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Fig. 2: Detailed power-circuit schematic of the BESS with the QSSC topology, consisting of the dc-dc converter and dual-dc
port three-level NPC converter.

(a) (b) (c)

Fig. 3: Equivalent circuit diagrams with three switching states (Leg A) of the 2dc-ac converter part for the QSSC.

Table 1: Switching State Definition (Leg A) of the 2dc-ac converter part for the QSSC.

to control the dc-dc converter for producing the
HVDC that is varied to be twice as high as LVDC or
BESS voltage. That means the dual-port dc voltages
of the 2dc-ac converter are regulated to be equal all
the time for overcoming the unbalancing dc voltage
problem, whether impacting on the power circuit or
the control circuit.

2) Due to the proposed control method, the symmetrical
CBPWM is performed with the following benefits.
i) The PWM stage is simplified from [15] by using
CBPWM technique, and [13,16,17] by using sym-
metrical two-inphase disposition carriers. ii) The
voltage and current waveform qualities are improved
from [13-17] with the symmetrical and continuous

CBPWM scheme. iii) Full dc utilization is achieved
by using the continuous non-sinusoidal PWM scheme
[25].

3) The bidirectional power control based on the standard
current vector control is simple to be applied in order
to achieve effective and high performance of active
and reactive power controls, as well as power factor
(PF) correction (PFC).

4) The proposed system can be controlledwith the power
control in separating with the balancing voltage
control. That means the grid-connected LV BESS with
the QSSC can be enhanced for both inverting mode
(power grid supply) and rectifying mode (energy
storage) without compromising the grid waveform
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Fig. 4: Control-circuit block diagram of the proposed balancing dual-dc-voltage control for the QSSC.

Fig. 5: Control-circuit block diagram of the active and reactive power controls based on the standard current vector
algorithm for the QSSC.

quality.
To describe the QSSC operation and its benefit attain-

ment, the corresponding operation principle is addressed
in Section 2. Then, the key principles of the proposed
system are also given. The contributions are verified
through the simulation results in Section 3 along with the
benchmarking and comparison with the existing works.
Section 4 is the summary of this article.

2. PROPOSED BESS WITH BALANCING DUAL-
DC-VOLTAGE QSSC
In the BESS with the QSSC, it is developed by using

the proposed balancing dual-dc-voltage control. Before
moving on to the proposed approach, the operation of
the system is initially discussed in Section 2.1. Then, the
principle of the proposed control method is expressed
in Section 2.2. The continuing impact of the proposed
control method on the 2dc-ac converter’s PWM stage is
discussed in section 2.3 along with the power control
based on the standard current vector control for the grid-
connected application.

2.1 Operation Principle
From the power-circuit diagram, as shown in Fig. 1,

the on-grid BESS with the QSSC consists of the battery
system for storing and releasing the dc energy. It is sim-
ilar to that of the two-stage conversion that the terminal
of the battery is connected to the dc-dc converter, but it

is different by also connecting the battery terminal to the
lower dc port of the 2dc-ac converter. This sharing power
flow is the reason behind the power loss reduction in the
dc-dc conversion from that of the two-stage conversion,
called the QSSC. After that, the 2dc-ac converter converts
the dc energy obtained from both dc-dc converter and
battery system to the ac energy for the grid. The ratio of
the dual dc voltages is defined as

𝐾 = 2𝑣𝐿/𝑣𝐷𝐶 , (1)

where 𝐾 is the dc-port voltage ratio, 𝑣𝐿 is the lower
dc-port voltage, 𝑣𝐷𝐶 is the dc-link voltage, 𝑣𝐵𝑎𝑡𝑡 = 𝑣𝐿
is the battery terminal voltage, 𝑣𝐻 is the upper dc-port
voltage. The operating states of the QSSC per leg are
corresponding to the three states of the 2dc-ac converter,
as depicted in Fig. 3 and summarized in Table 1.

2.2 Proposed Balancing Dual-DC-Voltage Control
and PWM Stage of DC-DC Converter

Based on the aforementioned operation principle,
the proposed approach is the balancing dual-dc-voltage
control of the dc side to improve the waveform quality
of the ac side through the 2dc-ac converter operation. In
this method, the dc voltage balancing control is processed
in the closed-loop control for the dc-dc converter, as
shown in Fig. 4, according to the voltage gains of the
dc-dc converter as expressed by

𝑣𝐷𝐶 = 𝑣𝐿/(1 − 𝐷), (2)
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Table 2: Parameters of Control Circuit.

𝑣𝐿 = 𝐷𝑣𝐷𝐶 , (3)

where 𝐷 is the duty cycle of the dc-dc converter’s PWM
stage. In (2) and (3), they are the voltage gains of the
dc-dc converter for the inverting and rectifying modes,
respectively. With the proposed control diagram, the set
point of the dc-port voltage ratio (𝐾∗) is assigned at 1 to
generate 𝑣∗

𝐷𝐶 = 2𝑣𝐿 according to (1), where 𝑣∗
𝐷𝐶 is the

corresponding set point of dc-link voltage based on the
proposed control method. Substituting 𝑣∗

𝐷𝐶 into (2) and
(3), the command of 𝐷 results in 0.5 for the PWM stage
to modulate the dc-dc converter, providing 𝑣𝐷𝐶 = 2𝑣𝐿
for both inverting and rectifying modes. This leads to the
balancing of the dual dc voltages as follow:

𝑣𝐻 = 𝑣𝐷𝐶 − 𝑣𝐿 = 𝑣𝐷𝐶 /2 = 𝑣𝐿 (4)

In (4), although 𝑣𝐵𝑎𝑡𝑡 is varied decreasingly and
increasingly based on the inverting and rectifyingmodes,
respectively, the balancing dual dc voltages (𝑣𝐻 = 𝑣𝐿)
is regulated all the time by the dc-dc converter based
on the proposed control method. This is to improve the
ac-side waveform quality for all voltages and currents
in order to develop the system performance from that
of the other existing unbalancing dual-dc-voltage control
methods [13-17], where the detail is discussed in the next
subsection.

2.3 Active and Reactive Power Controls and PWM
Stage of 2DC-AC Converter

From the balancing dual dc voltages of the QSSC with
the proposed control method, the PWM stage of the
2dc-ac converter results in the identical magnitudes of
both upper and lower high-frequency triangular carriers
(𝑣𝑡𝑟𝑖,𝐻 and 𝑣𝑡𝑟𝑖,𝐿), as shown in Fig. 5. Therefore, the
general symmetrical PWM schemes can be applied for
modulating the 2dc-ac converter. In this paper, the well-
known continuous non-sinusoidal PWM scheme [25] is
performed and its duty cycle expressions are given as

Table 3: Parameters of Power Circuit.

follow:

⎧⎪
⎪
⎨
⎪
⎪⎩

𝑑𝐴 = 𝑚𝑎 (2/√3) sin(𝜔𝑡) + 𝑑0

𝑑𝐵 = 𝑚𝑎 (2/√3) sin(𝜔𝑡 − 2𝜋/3) + 𝑑0

𝑑𝐶 = 𝑚𝑎 (2/√3) sin(𝜔𝑡 + 2𝜋/3) + 𝑑0

, (5)

where 𝑑𝐴, 𝑑𝐵 , and 𝑑𝐶 are the three-phase duty cycles for
modulating Legs 𝐴, 𝐵, and 𝐶 , respectively, of the 2dc-
ac converter. 𝑑0 is the zero-sequence component. 𝜔 is
the angular fundamental frequency. 𝑚𝑎 is themodulation
index that is 0 to 1 for the linear operation. Based on
the PWM scheme of (5), the voltage gain of the 2dc-ac
converter is

̂𝑉𝐿𝐿,1 = 𝑚𝑎𝑉𝐷𝐶 , (6)

where ̂𝑉𝐿𝐿,1 is the fundamental component’s peak value
of the line-to-line voltages. For the power control, it is
carried out with the outer closed-loop control based on
the standard current vector control with the inner closed-
loop control (see Fig. 5), according to the expressions as

𝑃 = (3/2) 𝑣𝐺𝑑 𝑖𝑑 , (7)

𝑄 = − (3/2) 𝑣𝐺𝑑 𝑖𝑞 , (8)

where 𝑃 and 𝑄 are the active and reactive powers,
respectively. With the Park transformation principle
[26], 𝑣𝐺𝑑 is the direct component of the three-phase grid
voltages. 𝑖𝑑 and 𝑖𝑞 are direct and quadrature components,
respectively, of the three-phase grid currents.

Based on (5) and (6), it is generally known that the
symmetrical PWM scheme is able to provide the better
waveform qualities of the voltages and currents than
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Fig. 6: Steady-state simulated results of the BESS with the grid-connected QSSC. (a) Unbalancing dual dc voltages with
𝐾 = 0.5. (b) Unbalancing dual dc voltages with 𝐾 = 1.5. (c) Balancing dual dc voltages with 𝐾 = 1 (proposed concept).

those of asymmetrical PWM schemes, which are caused
by the unbalancing dual dc voltages owing to the other
existing control methods [13-17]. The aforementioned
improvement of the system with the proposed control
method and the simply applicable power control based
on (7) and (8) are then verified by the simulation results.

3. RESULTS AND DISCUSSIONS

To verify the performance of the proposed balancing
dual-dc-voltage QSSC for developing the grid-connected
LVBESS, aMATLAB/Simulink simulation platform of the
proposed system is built in accordance with Fig. 2 for the
power circuit and Figs. 4 and 5 for the control circuit.
The corresponding parameters are specified in Tables 2
and 3, respectively. The comparisons of the results along
with the evaluation between the proposed system and
that of the other unbalancing dual-dc-voltage conditions
are also revealed in order to support the attractiveness
of the proposed system to be a good candidate for the
on-grid LV BESS.

Fig. 6 shows the PWM stage waveforms of the 2dc-ac

converter with the fundamental-frequency duty cycles
𝑑𝐴, 𝑑𝐵 , and 𝑑𝐶 along with the switching-frequency
triangular carrier waveforms 𝑣𝑡𝑟𝑖,𝐻 and 𝑣𝑡𝑟𝑖,𝐿 operated
under the modulation index at 0.77, according to (6) for
the BESS with the constant 𝑣𝐷𝐶 at 700 V connected to
the LV ac grid. Subsequently, the dc waveforms of 𝑣𝐷𝐶 ,
𝑣𝐻 , and 𝑣𝐿, as well as the corresponding ac waveforms
of 𝑣𝐴𝑍 , 𝑣𝐴𝐵 , 𝑣𝐺𝑎, and 𝑖𝐴, are performed. To verify the
applicable power control loop, the waveforms of 𝑃 ∗, 𝑃 ,
𝑄∗, and 𝑄 are displayed accordingly. Eventually, the
frequency spectrums of 𝑣𝐴𝐵 are demonstrated. In line
with (1), the case studies of the unbalancing dual dc
voltages are related to the results of 𝑣𝐻 = 3𝑣𝐷𝐶 /4 =
525 𝑉 and 𝑣𝐿 = 𝑣𝐷𝐶 /4 = 175 𝑉 for a given 𝐾 = 0.5
and those of 𝑣𝐻 = 𝑣𝐷𝐶 /4 = 175 𝑉 and 𝑣𝐿 = 3𝑣𝐷𝐶 /4 =
525 𝑉 for a given 𝐾 = 1.5, as shown in Figs. 6(a) and
6(b), respectively. For the case study of the proposed
system, the dual dc voltages are regulated to be equal
as 𝑣𝐻 = 𝑣𝐿 = 𝑣𝐷𝐶 /2 = 350 𝑉 according to the
concept of (⁇), as shown in Fig. 6(c). As a result of the
unbalancing dual dc voltages, the asymmetrical carrier
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Fig. 7: Dynamic response of the proposed BESS through simulation in the assumed real application according to the
operating range of the battery (300V-400V).

Fig. 8: Dynamic response of the proposed BESS through simulation by controlling the active and reactive powers with the
step variations.
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waveforms are conducted in the PWM stage, resulting in
the asymmetrical PWM scheme for modulating the part
of the 2dc-ac converter. On the contrary, the proposed
concept of the balancing dual dc voltages is performed
with the symmetrical PWM scheme. Thence, the QSSC
for the BESS with the proposed concept provides the
symmetrical ac PWMwaveforms, as can be observed and
compared in terms of 𝑣𝐴𝑍 and 𝑣𝐴𝐵 waveforms. This
can be also validated by the corresponding result of the
frequency spectrum presenting the lower calculated total
harmonic distortion (THD) of 𝑣𝐴𝐵 with 𝑇 𝐻𝐷𝑣 around
10 % than that of the others. For this reason, even though
the BESS with all these case studies can support the same
active power along with the unity PF to the grid, the
proposed BESS can be connected to the grid with the
better power quality, as it is evident by the lower ripples
of the grid current 𝑖𝐴 with 𝑇 𝐻𝐷𝑖 < 5%, according to
IEEE Std. 519-2022 [27], the active power 𝑃 , and the
reactive power 𝑄. This confirms the performance of the
proposed control method that can improve the waveform
quality and the power quality for the on-grid LV BESS
with the QSSC from the existing unbalancing dual-dc-
voltage control methods [13-17].

In Fig. 7, the dynamic response of the proposed
BESS is illustrated, which consists of the dc response
waveforms (𝑣𝐷𝐶 ,𝑣𝐻 , and 𝑣𝐿), ac response waveforms
(𝑣𝐴𝑍 , 𝑣𝐴𝐵 , 𝑣𝐺𝑎, and 𝑖𝐴), and power response waveforms
(𝑃 ∗, 𝑃 , 𝑄∗, and 𝑄). Based on real application of
the BESSs, the simulation results are divided into four
scenarios, as follows.

Scenario 1 (0.25 s to 0.30 s): represents as the standby
mode of the BESS that is in a fully charged state, when
there is still enough power in the grid. Therefore, there
is no any power entered into the grid during this time
period.

Scenario 2 (0.30 s to 0.40 s): represents as the
inverting mode of the BESS to deliver the power into the
grid, when the grid lacks the power at the rated value.
It can be seen that 𝑣𝐵𝑎𝑡𝑡 or 𝑣𝐿 is decreased from the
full-charged voltage at 400 V to 300 Vwhile 𝑖𝐴 is constant,
which is proportional to the constant active power of
10 kW for this mode. As expected, the unity PF is also
achieved.

Scenario 3 (0.40 s to 0.50 s): represents as the
rectifying mode of the BESS to recharge the power into
the BESS, when it is in a low state of charge (𝑣𝐵𝑎𝑡𝑡 or 𝑣𝐿
at 300 V). During this mode, 𝑣𝐵𝑎𝑡𝑡 or 𝑣𝐿 is increased from
300 V to the full-charged voltage at 400 V again. Due
to charging at the same rated power and PF control as
the previous mode (10 kW), the magnitudes of 𝑖𝐴 and 𝑃
are still the same with the unity PF but have an opposite
direction.

Scenario 4 (0.50 s to 0.55 s): represents as the standby
mode again when the BESS is fully charged and the grid
still has a sufficient power. This leads to the similar
results to those of scenario 1.

For these four scenarios, it can be seen that the dual
dc voltages (𝑣𝐻 and 𝑣𝐿) are able to be kept at the

identical level as 𝑣𝐻 = 𝑣𝐿 = 𝑣𝐷𝐶 /2 while the battery
voltage is varied according to the BESS function. Such a
good agreement with the proposed principle leads to the
symmetrical PWMwaveforms of 𝑣𝐴𝑍 and 𝑣𝐴𝐵 , resulting
in a good waveform quality of 𝑖𝐴 and a further good
power quality. This can guarantee the practical feasibility
of the proposed control method for the grid-connected
QSSC in the BESS application.

Fig. 8 shows the usability of the power control
loop when applied to the proposed balancing dual-dc-
voltage QSSC for the BESS, where the test is divided
into four time periods under the inverting mode for
example. For the first and second time periods, the active
power is set to be changed in step from 5 kW to 10 kW
while the reactive power is set to 0 kVAR for the entire
duration. It can be seen that the proposed system can
accomplish the PFC and the desired active power control
while maintaining the balancing of the dual dc voltages.
For the last two intervals, the settings of the reactive
power at 5 kVAR and -5 kVAR are carried out to inject
0.89 leading and lagging PF, respectively, into the grid.
As a consequence, the corresponding response of 𝑖𝐴 is
then leading and lagging 𝑣𝐺𝑎 by 27 degrees. This can
prove the effectiveness of the proposed BESS serving as
the function to balance the reactive power consumption
and production of the utility grid, as independent from
the active power supporting function. This is in good
accordance with the theoretical principle of the power
control based on the standard current vector algorithm
(7) and (8). Besides, the high-quality waveform and
power of the grid-connected BESS are obtained based on
the proposed balancing dual-dc-voltage QSSC.

The comprehensive calculated 𝑇 𝐻𝐷𝑣 of 𝑣𝐴𝐵 and
𝑇 𝐻𝐷𝑖 of 𝑖𝐴 for the BESS with the QSSC at the operating
(nominal) voltage of 700 V under the variation of the
power are depicted in Figs. 9 and 10, respectively.
To compare the results obtained between the proposed
balancing dual-dc-voltage control, 𝐾 = 1, and the other
existing unbalancing dual-dc-voltage controls [13-17],
such as 𝐾 = 0.5 and 𝐾 = 1.5, the lower 𝑇 𝐻𝐷𝑣
and 𝑇 𝐻𝐷𝑖 obtained by the proposed control method
can confirm the improvement of the waveform qualities
for both voltages and currents of the system from those
of the other exiting methods for the entire low-to-
high power operating range. This can authenticate the
development of the on-grid LV BESS with the QSSC by
using the proposed balancing dual-dc-voltage control.
Note that due to the same unbalanced voltage levels of 𝑣𝐻
and 𝑣𝐿 for the cases of 𝐾 = 0.5 and 𝐾 = 1.5, which just
alternate each other between these two cases, their THD
curves result in the same profiles, as can be validated by
seeing again in Figs. 6(a) and 6(b) for the operating point
of 10 kW.

4. CONCLUSION

In this paper, the balancing dual-dc-voltage control
method is proposed for developing the on-grid LV BESS
with the QSSC in terms of waveform quality and control
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Fig. 9: 𝑇 𝐻𝐷𝑣 curves of 𝑣𝐴𝐵 versus the variation of the
active power while regulating 𝑣𝐷𝐶 at 700 V.

Fig. 10: 𝑇 𝐻𝐷𝑖 curves of 𝑖𝐴 versus the variation of the
active power while regulating 𝑣𝐷𝐶 at 700 V.

algorithm. It is utilized to control the internal dc-dc
converter by setting the command of the dc-port voltage
ratio to 1. The consequence of the HVDC twice the LVDC
or BESS voltage makes the dual-port dc voltages identical
and balanced. Although their voltage levels are varied
according to the BESS voltage, there is no any impact on
the system. Due to the achievement of the symmetrical
feature in power circuit, the control-circuit PWM stage is
also symmetrical and simplified. To make it simpler, the
symmetrical two-inphase disposition CBPWM technique
is applied. As expected, the ac waveform qualities of
the voltages and currents are improved. Moreover, the
symmetrical continuous non-sinusoidal PWM scheme
is preferred to not only offers the full dc utilization,
but also significantly improves the waveform quality
in addition to the aforementioned improvements. The
power control based on the standard current vector
control principle makes the system easy and effective
to be implemented for bidirectional active power flows,
reactive power injection, and PFC, with inverting and
rectifying modes while not impacting the grid waveform
quality due to its decoupled control operation from the
balancing voltage control algorithm. A 10-kW grid-
connected BESS simulationmodel is employed to validate
the performance and practical feasibility of the proposed
system. The control ability of the LV BESS within the
operating of 300 V to 400 V for microgrid (380 V, 50
Hz) connection ensures the absences of the overcharging
and overdischarging in the proposed system. A good
agreement and better profiles, compared with that of
conventional systems, of the results can confirm the
developments of the waveform quality and power quality

in the BESS with the QSSC along with high quality in
grid-connected performance. It can be noted that the
proposed system can be applied by using any other 2dc-
ac converter configurations, to other dc ESS microgrid
applications, such as photovoltaic, electric vehicle, and
so on, and even in other larger-scale systems (front-of-
the-meter), such as distribution, transmission, and utility
generation.

ACKNOWLEDGMENTS

This project is funded by National Research Coun-
cil of Thailand under grant NRCT5-RSA63004-19 and
by the Thailand Research Fund (TRF) under grant
PHD/0017/2559, the Graduate Program in Electrical En-
gineering; Department of Electrical Engineering; Faculty
of Engineering; Chiang Mai University (CMU), and the
Graduate School; CMU for their financial support.

REFERENCES

[1] W. Luo, S. Stynski, A. Chub, L. G. Franquelo, M.
Malinowski, and D. Vinnikov, “Utility-scale energy
storage systems: A comprehensive review of their
applications, challenges, and future directions,”
IEEE Ind. Electron. Mag., vol. 15, no. 4, pp. 17-27, Dec.
2021.

[2] M. T. Lawder, B. Suthar, P. W. C. Northrop, S.
De, C. M. Hoff, O. Leitermann, M. L. Crow, S.
Santhanagopalan, and V. R. Subramanian, “Battery
energy storage system (BESS) and battery man-
agement system (BMS) for grid-scale applications,”
Proc. IEEE, vol. 102, no. 6, pp. 1014-1030, Jun. 2014.

[3] V. A. Boicea, “Energy storage technologies: The past
and the present,” Proc. IEEE, vol. 102, no. 11, pp.
1777-1794, Nov. 2014.

[4] X. Li and S. Wang, “Energy management and
operational control methods for grid battery energy
storage systems,” CSEE J. Power Energy Syst., vol. 7,
no. 5, pp. 1026-1040, Sep. 2021.

[5] Z. Rostamnezhad, N. Mary, L.-A. Dessaint, and
D. Monfet, “Electricity consumption optimization
using thermal and battery energy storage systems
in buildings,” IEEE Trans. Smart Grid, vol. 14, no. 1,
pp. 251-265, Jan. 2023.

[6] F. Calero, C. A. Cañizares, K. Bhattacharya, C.
Anierobi, I. Calero, M. F. Zambroni de Souza,
M. Farrokhabadi, N. S. Guzman, W. Mendieta, D.
Peralta, B. V. Solanki, N. Padmanabhan, and W.
Violante, “A review of modeling and applications of
energy storage systems in power grids,” Proc. IEEE,
vol. 111, no. 7, pp. 806-831, Jul. 2023.

[7] E. Chatzinikolaou and D. J. Rogers, “A comparison
of grid-connected battery energy storage system
designs,” IEEE Trans. Power Electron., vol. 32, no. 9,
pp. 6913-6923, Sep. 2017.

[8] M. Farrokhabadi, S. König, C. A. Cañizares, K. Bhat-
tacharya, and T. Leibfried, “Battery energy storage
system models for microgrid stability analysis and



10 ECTI TRANSACTIONS ON ELECTRICAL ENGINEERING, ELECTRONICS, AND COMMUNICATIONS VOL.22, NO.1 FEBRUARY 2024

dynamic simulation,” IEEE Trans. Power Syst., vol.
33, no. 2, pp. 2301-2312, Mar. 2018.

[9] M. Stecca, L. R. Elizondo, T. B. Soeiro, P. Bauer,
and P. Palensky, “A comprehensive review of the
integration of battery energy storage systems into
distribution networks,” IEEE Open J. Ind. Electron.
Soc., vol. 1, pp. 46-65, Mar. 2020.

[10] T. S. Babu, K. R. Vasudevan, V. K. Ramachandara-
murthy, S. B. Sani, S. Chemud, and R. M. Lajim,
“A comprehensive review of hybrid energy storage
systems: Converter topologies, control strategies
and future prospects,” IEEE Access, vol. 8, pp.
148702-148721, Aug. 2020.

[11] C. Cheng, J. Gao, and K. Lo, “Hot-swappable grid-
connected multilevel converter for battery energy
storage system,” IEEE Trans. Circuits Syst. II, Exp.
Briefs, vol. 67, no. 10, pp. 2109-2113, Oct. 2020.

[12] S. Stynski, W. Luo, A. Chub, L. G. Franquelo, M.
Malinowski, and D. Vinnikov, “Utility-scale energy
storage systems: Converters and control,” IEEE Ind.
Electron. Mag., vol. 14, no. 4, pp. 32-52, Dec. 2020.

[13] H. Wu, L. Zhu, F. Yang, T. Mu, and H. Ge, “Dual-
DC-port asymmetrical multilevel inverters with re-
duced conversion stages and enhanced conversion
efficiency,” IEEE Trans. Ind. Electron., vol. 64, no. 3,
pp. 2081-2091, Mar. 2017.

[14] H. Wu, M. Han, and Y. Zhang, “Three-port rectifier-
based AC–DC power converters with sigma ar-
chitecture and reduced conversion stages,” IEEE J.
Emerg. Sel. Topics Power Electron., vol. 5, no. 3, pp.
1091-1101, Sep. 2017.

[15] H. Wu, J. Wang, T. Liu, T. Yang, and Y. Xing, “Mod-
ified SVPWM-controlled three-port three-phase
AC–DC converters with reduced power conversion
stages for wide voltage range applications,” IEEE
Trans. Power Electron., vol. 33, no. 8, pp. 6672-6686,
Aug. 2018.

[16] J. Wang, H. Wu, T. Yang, L. Zhang, and Yan Xing,
“Bidirectional three-phase DC–AC converter with
embedded DC–DC converter and carrier-based
PWM strategy for wide voltage range applications,”
IEEE Trans. Ind. Electron., vol. 66, no. 6, pp. 4144-
4155, Jun. 2019.

[17] D. Zhou, J. Wang, Y. Li, J. Zou, and K. Sun, “Model
predictive power control of grid-connected quasi
single-stage converters for high-efficiency low-
voltage ESS integration,” IEEE Trans. Ind. Electron.,
vol. 69, no. 2, pp. 1124-1134, Feb. 2022.

[18] J. Shen, S. Schröder, R. Rösner, and S. El-Barbari,
“A comprehensive study of neutral-point self-
balancing effect in neutral-point-clamped three-
level inverters,” IEEE Trans. Power Electron., vol. 26,
no. 11, pp. 3084-3095, Nov. 2011.

[19] M. Trabelsi, A. N. Alquennah, and H. Vahedi,
“Review on single-DC-source multilevel inverters:
Voltage balancing and control techniques,” IEEE
Open J. Ind. Electron. Soc., vol. 3, pp. 711-732, Nov.
2022.

[20] B. Li, H. Tian, L. Ding, X. Wu, G. J. Kish, and Y. R.
Li, “An improved three-level neutral point clamped
converter system with full-voltage balancing capa-
bility for bipolar low-voltage DC grid,” IEEE Trans.
Power Electron., vol. 38, no. 12, pp. 15792-15803, Dec.
2023.

[21] G. Wu, J. Liang, X. Zhou, Y. Li, A. Egea-Alvarez, G.
Li, H. Peng, and X. Zhang, “Analysis and design of
vector control for VSC-HVDC connected to weak
grids,” CSEE J. Power Energy Syst., vol. 3, no. 2, pp.
115-124, Jun. 2017.

[22] F. Liu, L. Hu, G. Yuan, B. Liu, and Y. Bian, “Control
loop stability criterion and interaction law analysis
for grid-connected inverter in weak grid,” IEEE
Access, vol. 11, pp. 12829-12842, Feb. 2023.

[23] L. Liu, Z. Zhang, Y. Yin, Y. Li, H. Xie, M. Zhang, Y.
Zhao, and R. Kennel, “A robust high-quality current
control with fast convergence for three-level NPC
converters inmicroenergy systems,” IEEE Trans. Ind.
Inform., vol. 19, pp. 10716-10726, Nov. 2023.

[24] W. Manokum and Y. Kumsuwan, “Balancing dual
DC voltage control in quasi single-stage con-
verter for low-voltage energy storage system grid-
connected,” in Proc. 2023 20th Int. Conf. Electri-
cal Engineering/Electronics, Computer, Telecommu-
nications and Information Technology (ECTI-CON),
Nakhon Phanom, Thailand, 2023.

[25] E. R. C. da Silva, E. C. dos Santos, and B. Jacobina,
“Pulsewidth modulation strategies,” IEEE Ind. Elec-
tron. Mag., vol. 5, no. 2, pp. 37-45, Jun. 2011.

[26] C. Zou, B. Liu, S. Duan, and R. Li, “Stationary
frame equivalent model of proportional-integral
controller in dq synchronous frame,” IEEE Trans.
Power Electron., vol. 29, no. 9, pp. 4461-4465, Sep.
2014.

[27] IEEE Standards Association, “IEEE Standard for
Harmonic Control in Electric Power Systems,” IEEE
Std 519-2022 (Revision of IEEE Std 519-2014), 2022,
pp. 1-31.

Neerakorn Jarutus received the B.Eng. (sec-
ondclass Hons.) degree and the M.Eng.
degree in electrical engineering from Chiang-
Mai University (CMU), Chiang Mai, Thailand,
in 2013 and 2015, respectively, where she is
currently working toward the Ph.D. degree in
electrical engineering at CMU. Her research
interests include power converters, PWM
techniques, and energy conversion systems.

Yuttana Kumsuwan (M’12) received the
Ph.D. degree in electrical engineering from
Chiang Mai University (CMU), Chiang Mai,
Thailand, in 2007. Hewas aVisiting Profes-
sorwith TexasA&MUniversity, Collage Sta-
tion, USA, from October 2007 to May 2008,
and with Ryerson University, Toronto, ON,
Canada, fromMarch to May 2010. Since 2015,
he has been an Associate Professor with the
Department of Electrical Engineering, Faculty
of Engineering, CMU. His research interests

include power converters, PWM techniques, multilevel converters,
energy conversion systems, and electric drives.


