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Abstract

Grid-tied inverters must satisfy fault ride-through (FRT) requirements to ensure grid
stability during voltage disturbances. However, most existing FRT-related studies have
focused on reactive current injection or voltage support functions, with few addressing
how the active power reference should be dynamically controlled during voltage dips.
In addition, few systems enable bidirectional power transfer or provide comprehensive
verification under deep voltage dips. To address this issue, this paper proposes an output
power control method for FRT in a single-phase neutral-point-clamped (NPC) inverter-
based PCS consisting of an input-parallel output-series (IPOS) dual-active-bridge (DAB)
converter and a battery. The proposed PCS dynamically reduces the output power reference
according to the retained voltage while maintaining the inverter current within the rated
limit, thereby ensuring stable operation. Computer simulations were conducted using
Altair PSIM to verify the effectiveness of the proposed method. The results confirmed
that the PCS satisfied the FRT requirements for all post-fault voltage levels. The injected
current returned to its pre-fault value within 20 ms and 90 ms for 20% and 0% voltage
dips, respectively, complying with the required recovery times. The proposed control
method enhances grid resilience and maintains power quality in single-phase low-voltage
distribution systems.

Keywords: PCS; NPC inverter; DAB converter; fault ride-through; single-phase grid-tied inverter

1. Introduction

In recent years, the deployment of renewable energy sources has expanded rapidly
worldwide, with solar photovoltaic (PV) systems undergoing significant growth. According
to the International Energy Agency (IEA), the share of renewable energy in global electricity
generation is likely to increase from 30% in 2023 to 46% in 2030 [1]. The United States ranks
among the top producers of solar electricity. There, small-scale PV systems account for
approximately one-third of the total solar capacity, and nearly 70% of these installations are
located in residential settings [2]. However, many small-scale PV systems inject power into
the grid regardless of the demand conditions. This results in local voltage fluctuations and
an imbalance between supply and demand [3]. To address such grid disturbances, Germany
enacted the “Solar Peak Act” in February 2025. It imposes various operational constraints
on PV systems. Similar policies are anticipated in other countries. As a countermeasure,
Home Energy Management Systems (HEMSs) equipped with battery storage have gained
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attention as a means to stabilize residential power flow [4-9]. These systems can absorb
surplus power and mitigate the reverse power flow by coordinating charge/discharge
operations. Thereby, these support grid stability. For residential HEMSs applications, power
conditioning systems (PCSs) are essential for bidirectional power conversion between
batteries and the grid. In addition, owing to the installation space limitations, it is important
to miniaturize the entire system [10,11]. These systems should be compact, efficient,
and compliant with the grid interconnection standards. A critical requirement is fault
ride-through (FRT). FRT is mandated in many countries to ensure grid stability during
voltage disturbances [12,13]. Without FRT capabilities, the simultaneous disconnection or
power reduction of distributed energy resources (DERs) during large-scale voltage dips or
frequency deviations (such as those caused by transmission faults or generation outages)
can result in subsequent failures throughout the power system. To prevent such instabilities,
FRT requirements mandate that grid-connected systems maintain their operations during
temporary disturbances. In Japan, the national Grid-interconnection Code mandates that
DERs remain connected for at least 1.0 s following the onset of a voltage dip until the
under-voltage relay (UVR) is permitted to activate [14]. Figure 1 outlines the FRT timing
requirements for the voltage dip. Although, systems may continue operation or cease
energization during the fault, these should not disconnect before this duration. The post-
fault response also varies depending on the retained voltage level. Figure 2 illustrates the
output power recovery requirements. For retained voltages of at least 20%, the system
should recover at least 80% of the pre-fault output within 0.1 s after voltage restoration. For
retained voltages below 20%, the output should recover to at least 80% of the pre-fault value
within 0.2 s after voltage restoration. These requirements impose stringent constraints on
PCS design, particularly under transient operating conditions.

( Occurrence of voltage dip >

l

Retained voltage level
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Figure 1. Overview of FRT requirements during voltage dips.
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To satisfy both physical constraints of residential installations and operational de-
mands of FRT compliance, this paper proposes a compact and efficient PCS architecture
that combines a three-level neutral point clamped (NPC) inverter with a dual active bridge
(DAB) converter. In particular, the three-level NPC inverter plays a critical role in improv-
ing the system compactness. By lowering the voltage stress across each switching device,
the NPC topology reduces the output voltage harmonics compared with conventional
two-level inverters [10,15]. As a result, the required DC-link capacitor size can be reduced
significantly, and the passive filter between the inverter and grid can be downsized. These
advantages directly contribute to minimizing the installation footprint of a PCS. Therefore,
the proposed system incorporates a three-level NPC inverter as the key component of its
architecture. Considering the future expansion of HEMSs, galvanic isolation is essential
to ensure both safety and functional compatibility with rooftop photovoltaic (PV) sys-
tems and electric vehicles (EVs), as emphasized in previous studies [16-18]. To fulfill this
requirement, the proposed system adopts DAB-based galvanic isolation. As shown in
Figure 3a, a conventional DAB converter consists of a single bridge that handles full-power
transfer. This results in increased conduction losses at high loads. In contrast, the proposed
system adopts an input-parallel output-series (IPOS) DAB configuration, as illustrated in
Figure 3b. This topology distributes the current among multiple input bridges. Thereby;, it
reduces the conduction losses and thermal stress [19,20]. The output series connection of
the transformer improves the efficiency and insulation performance. Moreover, considering
practical transformer characteristics such as leakage inductance and winding resistance,
as well as the transient behavior of power devices, the IPOS topology is likely to provide
further efficiency advantages.
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Figure 3. Schematic diagram of power circuit: (a) power circuit consisting of a conventional DAB
converter, (b) power circuit consisting of IPOS-DAB converter.

In response to these challenges, this paper proposes a compact and grid-compliant
PCS architecture for residential HEMSs applications. It incorporates a three-level NPC
inverter and an IPOS-DAB converter. This architecture addresses the spatial and efficiency
constraints of residential PCS design. Additionally, it facilitates broader renewable energy
integration by ensuring compliance with stringent grid interconnection standards. The con-
tributions of this study are as follows: First, a single-phase PCS architecture is proposed that
combines a three-level NPC inverter and an IPOS-DAB converter. Unlike conventional PCS
designs that employ the NPC topology solely for unidirectional operation, the proposed
system enables bidirectional power transfer between the battery and grid. This allows
both charging and discharging operations while maintaining stable grid interaction, which
significantly extends the applicability of the NPC-based configuration. This configuration
enhances both system compactness and conversion efficiency. Second, an adaptive output
power control strategy is proposed to comply with the Japanese FRT regulations. Although
several studies have investigated inverter control methods to satisfy FRT requirements,
few have explicitly addressed how output power should be regulated during voltage
dips [21-25]. Thus, the proposed method maintains the discharging operation within the
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limits of the output current of the proposed PCS even under low-voltage conditions. This
assists grid stability by supporting the local power supply during disturbances. Third, the
proposed control strategy enables rapid power recovery after fault clearance. Thereby;, it
satisfies the FRT-defined recovery times with considerable margins. In particular, it ensures
that the output power returns to at least 80% of the pre-fault level well before the deadlines
stipulated for both moderate and severe voltage dips. To clarify the novelty of this study,
Table 1 summarizes a comparison between representative FRT-related control methods and
the proposed PCS. Previous works have mainly focused on improving voltage stability or
reactive current injection during voltage sags. However, few have discussed bidirectional
power control or dynamic adjustment of output power to maintain the grid power balance.
In contrast, the proposed system achieves both FRT compliance and power balancing with
a simple control structure and compact design. Computer simulations were performed to
evaluate the feasibility and effectiveness of the proposed control strategy. The simulation
results reveal that the proposed PCS can maintain discharge operation during voltage
dips while providing an appropriate output power within the current limit of the PCS and
achieve rapid power restoration upon grid voltage recovery. These results indicate that the
proposed system can enhance grid resilience and maintain power quality in residential
low-voltage distribution networks.

Table 1. Comparison of representative FRT-related control methods.

Method

Advantages Disadvantages/Limitations

Onodera & Shimizu (2019) [23]

Power-decoupling-type
photoinverter

1. Eliminates electrolytic capacitors

and extends lifetime. 1. Voltage dip range not clearly
2. Analyzes DC-side voltage stability. defined.

3. Switches from constant-power to 2. No dynamic control of output
constant-current control during power reference.

voltage dips. 3. Strongly dependent on

4. Fast recovery after fault clearance. proportional gain tuning.

5. Ripple suppression using BEF.

Alipoor et al. (2014) [24]
Virtual Synchronous
Generator (VSG)

1. Enhances grid stability using

virtual inertia control. 1. Tested only for mild dips (>90%).
2. Combines voltage, power limit, 2. Complex control structure.

and inertia loops for stable FRT.

1. Proposes DVS-based LVRT using

Active + Reactive Current 1. Limited to unidirectional

Khan et al. (2021) [25] Control (ARACC). PV operation
Dynamic Voltage Support (DVS) 2. Verifies FRT compliance with pe | on- der 0% vol di
erid codes. 2. No analysis under 0% voltage dips.

3. Includes hardware validation.

1. Achieves FRT compliance and
power balance with simple control.
2. Enables bidirectional power

NPC + IPOS-DAB converter system  transfer between grid and battery. 1. Increased number of power
(this paper) 3. Verified at 0% and 20% devices and circuit complexity.
voltage dips.

4. Compact and efficient design using
interleaved DAB and NPC inverter.

2. System Configuration
2.1. Overview of Power Circuit

The proposed PCS consists of a single-phase NPC inverter, an IPOS-DAB converter,
and DC power source. Figure 4 illustrates the configuration of the overall power circuit.
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Anticipating future HEMSs, galvanic isolation is essential to ensure safety and compatibility
with rooftop photovoltaic (PV) systems and electric vehicles (EVs). This has been widely
acknowledged by prior studies [16-18]. Therefore, a DAB converter was selected as the
DC-DC converter system because of its isolation capability. Furthermore, DAB enables high-
power bidirectional energy transfer, which is essential for charging/discharging batteries
in practical HEMSs applications. The IPOS topology was adopted rather than a single DAB
configuration to reduce the conduction losses by distributing the current among multiple
converter bridges, particularly during high-power operation. In addition, the output series
connection of the transformer improves the efficiency and insulation performance.

il LDABS

T T

Vcpes

Figure 4. Circuit configuration of the proposed single-phase PCS composed of an NPC inverter and
an IPOS-DAB converter.

2.2. Overview of Control Block

Figure 5 illustrates the proposed control system. It consists of a phase-locked loop
(PLL), control block for the NPC inverter, and control block for the IPOS DAB converter.
The output power control of the DAB converter is designed to satisfy the fault ride-through
(FRT) requirements during voltage dips. It is described in the following section.

Phase-locked loop
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Figure 5. Control block of the proposed PCS.

The PLL is responsible for extracting the phase angle 65 of the grid voltage to syn-
chronize the system with the utility frequency. The single-phase grid voltage is first used
to generate the a8 components required for the phase-locked operation. In this process,
the « component is provided directly by the grid voltage. Meanwhile, the B component is
generated by multiplying the d-axis voltage component by sin fs. This yields a quadrature
signal orthogonal to the d-axis. These af components are then transformed into the dgq
frame. A PI controller regulates the g-axis voltage to zero, thereby enabling accurate phase
tracking. The angular frequency w = 27 fg is integrated to yield the phase angle 65, which
is used in subsequent control transformations.

The NPC inverter employs dg-axis current control to achieve unity power factor
operation with respect to the grid. To address this technical challenge, the g-axis reference
current was set to zero. This ensured that the current was aligned with the grid voltage. The
d-axis reference current was determined based on the output of a DC-link voltage controller,
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that regulates the capacitor voltage to a constant value. This voltage was intentionally
set higher than the peak grid voltage to ensure a sufficient reverse power flow during
grid injection. In DC-link voltage control, the error between the reference and measured
DC-link capacitor voltages is amplified by a PI controller to generate the d-axis current
reference. The dg-axis current errors are processed by PI controllers. The resulting voltage
references are transformed back into the af frame for pulse-width modulation (PWM),
which generates the gate signals for the inverter switches.

The DAB converter controls the output power of the DC power source by adjusting the
phase-shift angle between the primary and secondary sides. In this topology, the direction
and magnitude of the power flow are controlled based on the phase difference between the
square-wave voltages applied to the primary and secondary bridges. To implement this
phase-shift modulation, monostable multivibrators were used to generate the gate signals
for the four switching devices on each bridge. The instantaneous power flowing into or
out of the DC source was calculated as the product of the DC-side current ipcg and voltage
vepes. This value was then passed through a digital low-pass filter to extract the average
power components. The filtered signal was compared with the reference value, Pjy~g. The
resulting error was processed using a PI controller. The controller output specified the
phase shift applied to regulate the power flow of the DAB converter. In the IPOS DAB
converter adopted in this system, the two DAB converters are connected in parallel on the
primary side and driven by the same modulation signal to ensure equal power sharing.
To reduce the ripple component of the DC-side current ipcs, an interleaving method was
employed by shifting the carrier signals of the two DAB converters by one-fourth of the
switching period (Tg/4). This phase shift caused the high-frequency components of the
DAB input currents i1; and i1, to partially cancel each other out, thereby reducing the ripple
in their sum 7;. Figure 6 illustrates the effect of the interleaved operation. The waveform
in Figure 6 is drawn from Figures 4 and 5, and Table 2. The control block in Figure 5 and
circuit constants in Table 2 are explained in detail in the following sections. For clarity,
the component values in Table 2 correspond to a 6 kW residential PCS designed for a
switching frequency of 20.4 kHz and a DC-link voltage of 360 V, as detailed in Section 4. As
shown in Figure 6a, both the DAB converters operate in phase. This results in synchronous
switching that causes the individual input currents i1; and i1, to overlap. As a result, the
sum i1 exhibits a large ripple component. In contrast, Figure 6b shows that with interleaved
driving, the carriers of the two DAB converters are phase-shifted by Ts/4 This causes i1
and iy, to partially cancel each other. This suppresses the ripple component in the combined
current i and increases its ripple frequency two-fold, thereby enabling the use of smaller
LC filter components. This reduction in filter size contributes to the overall miniaturization
of the system.

Table 2. Circuit constants for Figure 4.

Item Symbol Value

AC inductor Lac 1.5 mH (8.6%)
Inductors Lgab1,2 66.2 tH

Filter inductor Lpass 24 uH

Filter capacitor Cpcs 47 uF
DC-link capacitors Cpci2 2700 pF
DC-capacitor voltage Vie 360 Vdc
Switching frequency fow 20.4 kHz

DC source UCDCS 90 Vdc
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(a) (b)

Figure 6. Primary-side current waveforms of the DAB converters: (a) without interleaving, (b) with
interleaving (Ts /4 phase shift).

3. Output Power Control Strategy of an IPOS DAB Converter to Satisfy
FRT Requirements

An overview of the control method of the IPOS DAB converter is presented in
Section 2.2. However, a power control strategy is essential to satisfy the FRT require-
ments. This section explains the output power control method implemented in response
to voltage dips in conjunction with the corresponding logic based on the retained voltage
level. When a voltage dip occurs, maintaining a constant reference output power results
in an increase in the inverter output current. The output power of the NPC inverter is the
product of the output voltage v 1 and current is, which can be expressed as

is = A )
UL1

According to (1), if the grid voltage decreases while keeping the power constant, the
inverter current increases inversely with the voltage amplitude. For example, when the
grid voltage drops to 50% of its nominal value, the current doubles to sustain the same
output power. This increased current can exceed the rated current of the switching devices
used in the inverter, which may trigger overcurrent protection or cause device failure.
Therefore, appropriate power reduction during voltage dips is essential to satisfy the FRT
requirements without violating the device limitations. ~The relationship between the
instantaneous power on the DC and AC sides during a voltage dip can be expressed by the
power balance equation as follows:

Ppa = Pac + Pcac ()

Here, Ppap represents the DC-side power supplied from the DAB converter,
Pac = vp1is denotes the AC-side power injected into the grid, and P4, represents the
power stored or released in the DC-link capacitor. Under normal operation, Ppap =~ Pac
holds, and the DC-link voltage remains nearly constant. However, during a voltage dip,
Pac decreases and the balance is disturbed, causing P4, to fluctuate and the capacitor
voltage to rise. One possible approach is to directly control the inverter output current;
however, such a method requires coordination between the output current of inverter and
the DC-link voltage regulation, resulting in a more complex control structure. Therefore,
this study adopts a simplified configuration in which the system operation is achieved
only by two control loops: the DC-link voltage control and the DC-side output power
control of the DAB converter. This approach enables the proposed system to achieve FRT
compliance while maximizing the inverter output power without exceeding the rated
current of the switching devices even under voltage dip conditions. The rated current
capacity of the switching devices used in the inverter should be considered when designing
an output power control strategy that satisfies the FRT requirements without exceeding the
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device limitations. In this system, an Si-MOSFET (IXFK150N30P3) manufactured by IXYS
is used as the switching device for the NPC inverter. Although the device has a continuous
drain current rating of 150 A, practical operation typically requires a derating margin of
approximately 70%. Accordingly, the upper limit of the inverter output current is set to
75 Arms. Based on this current limitation, the output power reference, Py, is reduced
adaptively according to the voltage retained during a voltage dip. This ensures that the
inverter output current does not exceed a safe operating range. As illustrated in Figure 7,
when the retained voltage is above 40%, the corresponding current remains below the rated
limit according to (1). Therefore, the output power can be maintained at the rated 6.0 kW
without risking overcurrent. In the range of 20-40%, however, maintaining constant power
would require a current exceeding 75 Arms. Thus, the reference power P is reduced
linearly so that the inverter output current remains within the safe operating limit. When
the retained voltage decreases below 20%, Pfy~g is set to zero to fully suspend the power
flow. This prevents overcurrent risk and ensures FRT compliance.

(kW) (A)
6.0 "
. ' (rated
o : current)
2 o (EEEEEE 75 2
o . +!
£3.0peereeeseees pfoees poreeees g
=3 . t=
1 : S
=3 ' 1)
O SR T 27 9
' S
‘ (=}
' W
100 40 20 0(%)

Retained voltage

Figure 7. Output power and source current profiles with respect to retained voltage for FRT compliance.

The output power control strategy described above is implemented using a control
block in Figure 5. This system detects the instantaneous voltage using v4_LPF. It represents
the instantaneous peak value of grid voltage v; . Based on the magnitude of vq_LPF, Py~ is
updated adaptively based on the magnitude of v4_LPF. When the retained voltage exceeds
40%, is between 20% and 40%, or reduces below 20%, the control logic branches to set an
appropriate power reference. The step-by-step flow of this control process is illustrated
in Figure 8. It provides a clear representation of the manner in which P-g is determined
based on the retained voltage. If the retained voltage is higher than 40%, Pj,~g is maintained
at 6.0 kW. This ensures full power delivery while maintaining the inverter current within
the permissible range. When the retained voltage is in the intermediate range (20—40%), the
control logic initially fixes the phase shift to 0.15 for 50 ms, corresponding to approximately
20% of the rated power output. This prevents current overshoot and provides a stable
response during the early stage of the voltage dip. After this delay, Pj-g is expressed
as follows:

04_LPF
115

This equation calculates the maximum permissible power required to ensure that the
inverter output current does not exceed 75 Arms. The denominator 115 in Equation (3)
represents the peak voltage at 40% of the rated RMS grid voltage. This value is used as
the threshold. When the retained voltage is below this level, the output power should
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be reduced to prevent exceeding the rated current of the inverter. By scaling the power
reference proportionally to the detected peak voltage with respect to this 40% reference,
the output current remains within the rated limit (75 Arms) even if the retained voltage
reduces to 20%. This approach enables the system to maintain grid power balance while
respecting the current limitation of the switching devices. When the voltage recovers,
the output power reference returns to its pre-fault value within 100 ms. This satisfies the
FRT requirement. If the retained voltage reduces below 20%, the system suspends the
power delivery entirely by setting the phase shift to zero and disabling the gate signals
for both NPC inverter and DAB converter. This measure prevents an excessive increase in
the capacitor voltage vpc. When the voltage recovers, the output power reference returns
to its pre-fault value within 200 ms, thereby satisfying the FRT requirement. This logic
ensures that the power delivery is curtailed appropriately under each voltage condition.
This effectively prevents device overcurrent while fulfilling the grid FRT criteria. After the
appropriate reference power is selected, the PI controller regulates the phase shift command
of the DAB converter to ensure that the instantaneous power Ppcg monitors the reference
value. In this manner, the control system dynamically adjusts the power delivery based
on the instantaneous grid voltage while maintaining the output current within the safe
operating range of the inverter. This ensures compliance with the FRT requirements.

40% or more Below 20%

Retained voltage level of v,

After voltage dip

* 40%~ 20%
P'ps: 6.0 kW (no change) - Set phase difference to 0
After voltage dip - Disable gate signals of DAB and NPC
Set phase difference to 0.15
After 50 mSJ After voltage recovery (within 200ms)

vq LPF Restore P’ to its before voltage dip
115

P’ cps 6.0 kWx

After voltage recovery (within 100 ms)
Restore P'cos to its before voltage dip

Figure 8. Control logic flowchart for output power reference P ~g based on retained voltage.

4. Simulation Results

A computer simulation was implemented using Altair PSIM software to validate the
effectiveness of the proposed output power control method for FRT in a single-phase NPC
inverter-based PCS with an IPOS DAB converter and DC power source. The topology
followed the configurations described in Section 2. To ensure the practical relevance of
the simulation, the system configuration and control parameters were designed based on
an actual experimental setup. In addition, the control and switching periods are the same
to demonstrate the discrete performance of a digital controller in the experimental setup.
Table 2 summarizes the key parameters used in the proposed PCS simulation. The PCS is
designed for a rated output power of 6.0 kW, which is typical for residential-scale systems.
The switching frequency was set to 20.4 kHz, which is slightly above the audible range to
ensure silent operation in residential environments. Moreover, this frequency allows the
t/4-delay block used in the inverter control to be implemented with an integer number of
samples. Specifically, to achieve an exact 90° phase shift, the switching frequency must be
an integer multiple of four times the grid fundamental frequency. Therefore, 20.4 kHz was
selected instead of 20 kHz because it is exactly divisible by 60 Hz. Accordingly, the external
inductance was selected based on the rated output specifications. Therefore, the external
inductance Lq,},1 » was determined to ensure that the DAB converter could provide a rated
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power of 6.0 kW under the maximum phase shift condition. The maximum transferable
power Pmax of the DAB converter can be expressed as follows:

where V; and V; denote the voltages of the DAB’s primary side (connected to the DC power
source) and secondary side (connected to the NPC inverter), respectively. w = 27 fgy is
the angular frequency corresponding to the switching frequency fsy. Lqap1 2 is the external
inductance between the transformer and converter legs. The value of Ly, 7 is thus selected
to ensure a rated power delivery of 6.0 kW when operating under the maximum phase
shift condition of ¢ = 7. Substituting the rated voltages and switching frequencies into
Equation (4), the external inductance is sized appropriately to satisfy the power delivery
requirements of the system.

Following the design of the external inductance, the DC-link capacitor values were
determined to suppress the voltage ripple resulting from power oscillations at two times
the grid frequency. Assuming that the inverter output current is controlled at a power
factor of 1.0 and that the grid voltage is a sinusoidal waveform, the instantaneous output
power of the grid-tied inverter P, () can be expressed as follows:

Vials Vil
2

Pny(t) = cos(2wt) (5)
The second term in (5) represents the power ripple component at two times the grid
frequency. It causes a voltage ripple across the DC-link capacitor. In the following discus-
sion, this ripple component is denoted as Pinyrip. To limit the resulting voltage ripple to
within 5% of the steady-state average DC voltage, the required capacitor size is determined
such that the energy fluctuation induced by Pinyrip can be absorbed sufficiently [26]. The
permissible energy fluctuation within the voltage limits Vinax and Vpin is given by:

1 1
P Crip — ECDC Vr%ax - ECDC Vl’%lil’l (6)

Equating Pinyrip to Pcrip, the minimum capacitance required to maintain the target
ripple constraint can be expressed as follows:
Viils
Coe w ( Vr%mx - Vr%lin) 7
Substituting the rated grid voltage Vi, inverter current Is, and +5% ripple tolerance,
the minimum required capacitance for each half of the split capacitor is calculated as
Cpc1 = Cpcz = 1230 pF. It should be noted that this value represents the theoretical mini-
mum required to satisfy the ripple constraint. In the actual implementation, approximately
two times this capacitance is adopted to provide an additional design margin and improve
the system reliability. The selected values of Cpcy and Cpc; listed, in Table 2, were adopted
in the subsequent simulation and evaluation by referring to this design principle. Detailed
device characteristics were incorporated into the simulation model to realistically evaluate
the power losses and switching behavior. The NPC inverter employs Si-MOSFETs (IXYS,
IXFK150N30P3) as switching elements. Each device has a drain—source voltage rating of
300 V, a maximum continuous drain current of 150 A, an on-state resistance of 19 m(Q), and
a forward voltage drop of 1.5V for the body diode. The primary-side full-bridge of the
DAB converter uses Si-MOSFETs (IXYS, IXFR180N15P) rated at 150 V, with a maximum
continuous drain current of 100 A, an on-state resistance of 13 m(), and a body diode
forward voltage drop of 1.5 V. The secondary-side full-bridge of the DAB converter has
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device specifications identical to those of the NPC inverter and employs an IXFK150N30P3.
Furthermore, the efficiency evaluation in this section was conducted using detailed device
parameters to realistically represent the steady-state power losses. In particular, both the
on-state resistance and body-diode forward voltage drop of the Si-MOSFETs were incorpo-
rated into the PSIM model, allowing the simulated efficiency to closely approximate the
practical operating conditions. Although the switching losses can be modeled in PSIM, they
were not included in this system. Therefore, the efficiency analysis focuses on steady-state
conduction losses, which can be accurately evaluated using the actual device parameters.
Despite this limitation, the obtained results still provide a reliable estimation of the steady-
state efficiency and sufficiently demonstrate the practical effectiveness of the proposed
control method. In addition, the DAB converter employs an ideal transformer with a turns
ratio of 1:2 (primary to secondary). Herein, zero core loss or leakage inductance is assumed.
The following section presents the simulation waveforms and power flow characteristics
under normal and fault conditions. The FRT performance was evaluated based on Japan’s
FRT requirements.

4.1. Simulation Results Under Normal Grid Voltage Conditions

Figure 9 shows the simulation waveforms under normal grid voltage conditions,
where the system provides a rated output power of 6.0 kW from the DC voltage source
to the utility grid. At the top of Figure 9, vy, is the grid voltage, is is the source current,
vepel and vepep are the capacitor voltages, vpc is the DC-link voltage, vcpcs is the battery
voltage, and ipcg is the battery current. The current ig is a sinusoidal waveform with a
unity power factor. Thus, the proposed PCS can inject active power from a battery. The
capacitor voltages vcpc and vepcey are well balanced. This implies that the midpoint
potential was stabilized. The DC-link voltage vpc was maintained at approximately 360 V,
and the voltage ripple was within 5%. This satisfied the design target. The DAB converter
transmitted 6.0 kW from the battery to the DC-link capacitor. The power injected from the
DC-link into the grid was approximately 5.71 kW.

Figure 9. Simulation results at the rated power of 6.0 kW for the IPOS DAB converter systems shown
in Figures 4 and 5. (vcpey: red curve, vcpcep: blue curve).

Battery current ipcg includes a low-frequency component. This component originates
from the second-order ripple of the DC-link side voltage of the DAB converter, which
fluctuates at twice the grid frequency due to the power pulsation associated with AC power
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transfer. In addition, a comparative analysis was performed to validate the difference in the
power conversion efficiency between the conventional DAB converter and the IPOS-DAB
converters. The conventional DAB converter was simulated under identical conditions.
The exception was that the secondary-side MOSFETs of the DAB were replaced with Si-
MOSFETs (TOSHIBA, TK100L60W, VQ). In this device, the rated voltage is 600 V, the
maximum continuous drain current is 101 A, the on-state resistance is 15 m(), and the
forward voltage drop of the body diode is 1.7 V. Similar to the case of the IPOS-DAB, the
steady-state conduction losses were modeled accurately. An ideal transformer was used in
the DAB converter to verify the basic operation of the proposed system. The winding turn
ratio of the transformer was set to 1:4. Figure 10 shows the simulation waveforms under
normal grid voltage conditions. Here, the conventional DAB converter system provides a
rated output power of 6.0 kW from the DC voltage source to the utility grid. Similar to the
IPOS-DAB system, the inverter operates with a unity power factor. Thereby, it achieves
a successful reverse power flow to the grid. The output power of the DC voltage source
is 6.0 kW. The power injected into the grid is approximately 5.69 kW. Table 3 summarizes
the power flow comparisons between the two configurations. The IPOS-DAB converter
achieved a higher efficiency of 95.2%, whereas the conventional DAB converter achieved
93.8%. This corresponds to a 1.4% gain in efficiency. The result agrees well with those
of previous studies [19,20] and further supports the advantage of the IPOS configuration.
Given that ideal transformers were assumed, the actual efficiency difference is likely to
widen in practical implementations, where the transformer core and copper losses become
significant. These observations reinforce the suitability of the proposed PCS architecture
that combines the NPC inverter and IPOS-DAB converter as a high-efficiency solution for
residential applications.

Figure 10. Simulation results at the rated power of 6.0 kW for the conventional DAB converter
systems shown in Figures 3a and 5. (vcpc1: red curve, vcpcep: blue curve).

Table 3. Power flow when comparing IPOS-DAB converter with conventional DAB converter.

DAB Output Power Injected Power
Conventional DAB converter [kKW] 6.07 5.69
IPOS-DAB converter [kW] 6.00 5.71
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To reduce the current ripple on the primary side of the DAB converter, the proposed
system employs the interleaved operation of two DAB converters. This is described in
Section 2. Figure 11 shows the simulated current waveforms under this interleaving scheme.
The top two waveforms represent the primary currents iy, and i1, of the two interleaved
DAB converters. The third waveform from the top is the combined current 7;. It exhibits
a significantly reduced ripple amplitude compared with the case in which the individual
DARB currents are combined without a phase shift. In particular, the ripple frequency of the
combined current increases to twice the switching frequency of each DAB, which effectively
shifts the dominant ripple component to a higher frequency. This frequency doubling allows
the LC filter to achieve the same attenuation performance with a smaller inductance value.
For the present LC filter parameters (Lpap = 24 uH, Cpcs = 47 pF), the cutoff frequency
is approximately 4.7 kHz, corresponding to about 1/20 of the 80 kHz ripple frequency.
If the same attenuation were required for the 40 kHz ripple observed in a conventional
single-DAB configuration, the cutoff frequency would need to be lowered to about 2.4 kHz,
which would require an inductance of approximately 90 uH (~3.8 times larger). According
to the magnetic design principle based on the area-product method [27], the inductor
volume and cost are roughly proportional to LI?/(Bmax/). Therefore, increasing L by a
factor of about 3.8 would lead to a similar increase in inductor volume and cost under
the same current and thermal conditions. For practical magnetic design, an amorphous
core material was assumed with a peak current of 70 A and a conductor cross section of
14 mm?. The allowable flux density was set to approximately half of the saturation flux
density of the amorphous material to ensure sufficient magnetic margin. Under these
conditions, the 24 pH inductor can be realized using a CS-6.3 core with 12 turns, whereas
the 90 pH inductor requires a CS-32 core with 22 turns. Figure 12 shows the dimensions of
the cut cores used for the magnetic design: (a) CS-6.3 and (b) CS-32. The core volume of
the latter is approximately three times larger, confirming the effectiveness of the proposed
interleaved IPOS-DAB configuration in reducing the inductor size and cost. Consequently,
the proposed interleaved configuration enables significant system miniaturization and
cost reduction while maintaining equivalent filtering performance. The bottom waveform
shows the output current ipcg after passing through an LC filter. The result verify that the
interleaved operation effectively suppresses high-frequency ripple components.

20 us

Figure 11. Current waveforms of DAB primary-side under interleaved operation of the IPOS
DAB converter.

4.2. Simulation Results Under 20% Voltage Dip Conditions

Figure 13 shows the simulation waveforms during a dip to 20% of the nominal grid
voltage when the PCS provides a rated power of 6.0 kW. The duration of the voltage dip is
500 ms. According to the control flow chart in Figure 8, when the retained voltage vy, falls
within the 20-40% range, the output power of the DAB converter reduces smoothly. This
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adjustment effectively prevents overcurrent, as described in Section 3. Notwithstanding the
substantial voltage reduction, the steady-state value of ig is maintained at approximately
75 Arms. The value corresponds to the upper current limit determined by the safe operating
area of the switching device. This indicates that the proposed output power control strategy
effectively prevents overcurrent by regulating the current within a safe range during the
fault. The capacitor voltages vcpc; and vepcp remain well-balanced. This indicates a
stable midpoint potential even during the voltage dip. The DC-link voltage vpc exhibits a
temporary fluctuation. However, it recovers rapidly after the fault is cleared. The bottom
two waveforms show the output voltage vcpcs and current ipcg of the DC source. The
DAB converter continues to extract power from the DC power source without interruption.
Table 4 summarizes the power flow transitions corresponding to Figure 13. It compares
the system states before, during, and after the voltage dip. During the voltage dip period,
both DAB output power and reverse power flow to the grid decrease in accordance with
the retained voltage and implemented power control strategy. According to the Japanese
FRT requirements, for voltage dips with at least 20% retained voltages, the output power
should recover to its pre-fault level within 100 ms. The power recovery time is measured as
the interval between the instant of voltage restoration and the time when the reverse power
flow exceeds 80% of its pre-fault value. In the present case, recovery is achieved within
20 ms, thereby effectively satisfying this requirement. These results verify that the proposed
system satisfies the Japanese FRT requirements with a sufficient margin. Additionally, it
ensures stable and grid-supportive operation even under severe voltage dip conditions.

Table 4. Power flow corresponding to Figure 13, comparing pre-fault, during-fault, and post-
fault operation.

. . . 100 ms After
Before Voltage Dip During Voltage Dip Voltage Recovery
Injected power
(kW] 5.71 3.19 5.75
DAB output power
(kW] 6.00 3.51 6.07
I 82 mm |
P Smm )
| TR |
| | 53 mm : 13 mmI I/ : : \|
: : 33 mm | i _____ L [
[
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Figure 12. Dimensions of the cut cores: (a) CS-6.3, (b) CS-32.
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occurred recovered 150 ms

Figure 13. Simulation waveforms under 6.0 kW output during a 20% voltage dip. (vcpcs: red curve,
vcpep: blue curve).

4.3. Simulation Results Under 0% Voltage Dip Conditions

Figure 14 shows the simulation waveforms during a grid voltage dip to 0% of its
nominal value. This occurs when the PCS provides a rated power of 6.0 kW. The duration
of the voltage dip duration is 500 ms. According to the control flow shown in Figure 8,
when the retained voltage vy falls below 20%, the output power reference of the DAB
converter is set to zero, all the switching devices are turned off, and the power transfer is
suspended to prevent reverse current injection into the grid and protect the system. This is
described in Section 3. The grid voltage vy 1, simulates the voltage dip. It reduces abruptly
to 0 V and recovers after 500 ms. As a result of the control, source current ig becomes zero
during the fault. This verifies that no current is injected into the grid under the zero-voltage
condition. Table 5 summarizes the power flow transitions corresponding to this simulation.
It also compares the system states before, during, and after the voltage dip. During the
fault, both DAB output power and reverse power flow to the grid reduce to 0.00 kW. This
demonstrates that the power transfer is suspended completely in accordance with the
control strategy. After the fault is cleared, the output power recovers to over 80% of the
pre-fault value within approximately 90 ms. The power recovery time is measured as the
interval between the instant of voltage restoration and the time when the reverse power
flow exceeds 80% of its pre-fault value. This satisfies the Japanese FRT requirement, which
stipulates that output power should recover to at least 80% of the pre-fault level within
200 ms of voltage recovery. These results demonstrate that the proposed system effectively
prevents reverse current injection during this fault scenario and rapidly resumes power
delivery in compliance with the FRT requirements.

Table 5. Power flow corresponding to Figure 14, comparing pre-fault, during-fault, and post-
fault operation.

Before Voltage During Voltage 200 ms After
Dip Dip Voltage Recovery

Injected power [kW] 5.71 0.00 5.67
DAB output power [kW]  6.00 0.00 5.94
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Figure 14. Simulation waveforms under 6.0 kW output during a 0% voltage dip.

5. Conclusions

This paper proposes an output power control method for FRT in a single-phase NPC
inverter-based PCS composed of an IPOS DAB converter and battery. The proposed PCS
can inject battery power within the limits of the output current of the NPC inverter-based
PCS when voltage disturbances occur. A computer simulation was implemented to verify
the validity of the proposed system using Altair PSIM software. To ensure the practi-
cality of the proposed control method, the simulation model was developed using the
same configuration and control parameters as those intended for the experimental setup.
Furthermore, the control and switching periods were the same to demonstrate the discrete
performance of a digital controller in the experimental setup. Under normal grid con-
ditions, the system achieved an efficient reverse power flow at a rated output of 6.0 kW.
Compared with a conventional DAB converter configuration, the proposed IPOS-DAB con-
verter improved the conversion efficiency by 1.4%. Under grid fault conditions, the output
power control strategy was verified to comply with the Japanese FRT requirements. During
a 20% voltage dip, the system maintained the output current within the safe operating
range of the device while delivering the maximum permissible power. Power recovery was
achieved within 20 ms. During a 0% voltage dip, power transfer was suspended to prevent
reverse current injection, and resumed within 90 ms after fault clearance. This satisfied
the 200 ms recovery requirement. Therefore, the proposed PCS architecture provides both
high efficiency and reliable FRT capability. This makes it a strong candidate for residential
energy systems requiring stable grid interaction. In future work, we will construct the
experimental setup and test the practicability of the proposed control method.

Author Contributions: Conceptualization, H.Y.; methodology, R.E.; Investigation, R.E.; writing—original
draft, R.E.; writing—review and editing, T.M.; supervision, H.Y.; Project administration, H.Y. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data are contained within this paper.

Conflicts of Interest: The authors declare no conflicts of interest.



Electronics 2025, 14, 4291 17 of 18

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

International Energy Agency (IEA). Renewables 2024. Available online: https:/ /www.iea.org/reports/renewables-2024 (accessed
on 4 August 2025).

U.S. Energy Information Administration (EIA). STEO Between the Lines: Small-Scale Solar Accounts for About One-Third of U.S.
Solar Power Capacity. 2023. Available online: https://www.eia.gov/outlooks/steo/report/BTL/2023/09-smallscalesolar/article.
php (accessed on 4 August 2025).

Jamroen, C.; Vongkoon, P.; Ma, T. Techno-economic assessment of grid-connected residential photovoltaic systems considering
overvoltage-induced generation curtailment. Energy Rep. 2024, 11, 5059-5068. [CrossRef]

Kothapalli, N.; Kuncham, S.K. A Transformer Less Two-Stage Three-Port Power Converter with Battery Storage for PV Systems.
In Proceedings of the 2024 Third International Conference on Power, Control and Computing Technologies (ICPC2T), Raipur,
India, 18-20 January 2024; pp. 763-768.

Rasin, Z.; Rahman, M.F. Grid-connected quasi-Z-source PV inverter for electricvehicle charging station. In Proceedings of the
2013 International Conference on Renewable Energy Research and Applications (ICRERA), Madrid, Spain, 20-23 October 2013;
pp. 627-632.

Sharma, V.; Haque, M.H.; Aziz, S.M.; Kauschke, T. Reducing Overvoltage-Induced PV Curtailment Through Reactive Power
Support of Battery and Smart PV Inverters. IEEE Access 2024, 12, 123995-124008. [CrossRef]

Xiong, W.; Zeng, ].; Wu, L.; Cheng, H. Power Management of a Residential Hybrid Photovoltaic Inverter with Battery Energy
Storage System. In Proceedings of the 2019 IEEE 10th International Symposium on Power Electronics for Distributed Generation
Systems (PEDG), Xi’an, China, 3-6 June 2019; pp. 450-454.

Kosuru, R;; Liu, S.; Chaoui, H. A Reinforcement Learning based Energy Management System for a PV and Battery Connected
Microgrid System. In Proceedings of the 2021 IEEE 30th International Symposium on Industrial Electronics (ISIE), Kyoto, Japan,
20-23 June 2021; pp. 1-5.

Emoto, R.; Okamoto, S.; Ikeda, F; Okamoto, M.; Yamada, H.; Tanaka, T. A Seamless Operation of Bidirectional Battery Charger
for Electric Vehicles with Power Quality Compensator. In Proceedings of the 2024 27th International Conference on Electrical
Machines and Systems (ICEMS), Fukuoka, Japan, 26-29 November 2024; pp. 269-274.

Liu, B.; Jain, P.; Zhu, Q.; Liu, L.; Cao, J. Simple Algorithm for Mitigating Neutral Point Voltage Fluctuations(NPVF) in 3L-NPC
inverter used for Solar Applications. In Proceedings of the 2023 IEEE International Conference on Power Electronics, Smart Grid,
and Renewable Energy (PESGRE), Trivandrum, India, 17-20 December 2023; pp. 1-5.

Pefia-Alzola, R.; Liserre, M.; Blaabjerg, F.; Ordonez, M.; Yang, Y. LCL-Filter Design for Robust Active Damping in Grid-Connected
Converters. IEEE Trans. Ind. Inform. 2014, 10, 2192-2203. [CrossRef]

Moheb, A.M.; El-Hay, E.A ; El-Fergany, A.A. Comprehensive Review on Fault Ride-Through Requirements of Renewable Hybrid
Microgrids. Energies 2022, 15, 6785. [CrossRef]

Zeb, K; Khan, S.U.L; Uddin, W,; Ishfaq, M.; Busarello, T.D.C.; Muyeen, S.M.; Ahmad, I.; Kim, H.J. Faults and Fault Ride Through
strategies for grid-connected photovoltaic system: A comprehensive review. Renew. Sustain. Energy Rev. 2022, 158, 112125.
[CrossRef]

Japan Electric Association. Grid-Interconnection Code: JEAC9701-2024; Japan Electric Association: Tokyo, Japan, 2024.

Jahan, S.; Biswas, S.P; Hosain, M.K; Islam, M.R.; Haq, S.; Kouzani, A.Z.; Mahmud, M.A.P. An Advanced Control Technique for
Power Quality Improvement of Grid-Tied Multilevel Inverter. Sustainability 2021, 13, 505. [CrossRef]

Patrao, I; Figueres, E.; Gonzdlez-Espin, F.; Garcera, G. Transformerless topologies for grid-connected single-phase photovoltaic
inverters. Renew. Sustain. Energy Rev. 2011, 15, 3423-3431. [CrossRef]

Guo, X,; Yang, Y,; He, R.; Wang, B.; Blaabjerg, F. Transformerless Z-Source Four-Leg PV Inverter With Leakage Current Reduction.
IEEE Trans. Power Electron. 2019, 34, 4343-4352. [CrossRef]

Zhang, Y,; Yang, G.; He, X.; Elshaer, M.; Perdikakis, W.; Li, H. Leakage Current Issue of Non-Isolated Integrated Chargers for
Electric Vehicles. In Proceedings of the 2018 IEEE Energy Conversion Congress and Exposition (ECCE), Portland, OR, USA,
23-27 September 2018; pp. 1221-1227.

Zhang, H.; Liu, G.; Du, S.; Guo, X.; Zhang, Z.; Hua, C. A Novel Isolated Medium Voltage Inverter for Energy Storage Application.
In Proceedings of the 2022 4th International Conference on Smart Power & Internet Energy Systems (SPIES), Beijing, China,
9-12 December 2022; pp. 523-526.

Zhang, H.; Liang, J.; Liang, ].; Fu, M.; Wang, H. Wide Voltage Range Efficiency Enhancement Scheme for Input-Parallel-Output-
Series DAB Converters in 800 V DC Microgrids. IEEE Trans. Power Electron. 2025, 40, 13716-13729. [CrossRef]

Hassan, Z.; Amir, A.; Selvaraj, J.; Rahim, N.A. A review on current injection techniques for low-voltage ride-through and grid
fault conditions in grid-connected photovoltaic system. Sol. Energy 2020, 207, 851-873. [CrossRef]

Kobayashi, H. Fault ride through requirements and measures of distributed PV systems in Japan. In Proceedings of the 2012 IEEE
Power and Energy Society General Meeting, San Diego, CA, USA, 22-26 July 2012; pp. 1-6.


https://www.iea.org/reports/renewables-2024
https://www.eia.gov/outlooks/steo/report/BTL/2023/09-smallscalesolar/article.php
https://www.eia.gov/outlooks/steo/report/BTL/2023/09-smallscalesolar/article.php
http://doi.org/10.1016/j.egyr.2024.04.063
http://dx.doi.org/10.1109/ACCESS.2024.3454313
http://dx.doi.org/10.1109/TII.2014.2361604
http://dx.doi.org/10.3390/en15186785
http://dx.doi.org/10.1016/j.rser.2022.112125
http://dx.doi.org/10.3390/su13020505
http://dx.doi.org/10.1016/j.rser.2011.03.034
http://dx.doi.org/10.1109/TPEL.2018.2861896
http://dx.doi.org/10.1109/TPEL.2025.3569084
http://dx.doi.org/10.1016/j.solener.2020.06.085

Electronics 2025, 14, 4291 18 of 18

23.

24.

25.

26.

27.

Onodera, T.; Shimizu, T. Fault-Ride-Through (FRT) Characteristics of a Power-Decoupling-Type Photoinverter System. In Pro-
ceedings of the 2019 IEEE Applied Power Electronics Conference and Exposition (APEC), Anaheim, CA, USA, 17-21 March 2019;
pp. 3207-3212.

Alipoor, J.; Miura, Y.; Ise, T. Voltage sag ride-through performance of Virtual Synchronous Generator. In Proceedings of the
2014 International Power Electronics Conference (IPEC-Hiroshima 2014—ECCE ASIA), Hiroshima, Japan, 18-21 May 2014;
pp. 3298-3305.

Khan, M.A.; Haque, A.; Kurukuru, V.S.B. Dynamic Voltage Support for Low-Voltage Ride-Through Operation in Single-Phase
Grid-Connected Photovoltaic Systems. IEEE Trans. Power Electron. 2021, 36, 12102-12111. [CrossRef]

Takeuchi, K.; Ohno, T.; Watanabe, H.; Nakata, Y.; Itoh, J.-I. Active Power Decoupling Method based on Dual Active Bridge
Converter without additional components. In Proceedings of the 2025 IEEE Applied Power Electronics Conference and Exposition
(APEC), Atlanta, GA, USA, 16-20 March 2025; pp. 21-26.

Forest, E; LabourE, E.; Meynard, T.A.; Smet, V. Design and Comparison of Inductors and Intercell Transformers for Filtering of
PWM Inverter Output. IEEE Trans. Power Electron. 2009, 24, 812-821. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://dx.doi.org/10.1109/TPEL.2021.3073589
http://dx.doi.org/10.1109/TPEL.2008.2007900

	Introduction
	System Configuration
	Overview of Power Circuit
	Overview of Control Block

	Output Power Control Strategy of an IPOS DAB Converter to Satisfy FRT Requirements
	Simulation Results
	Simulation Results Under Normal Grid Voltage Conditions
	Simulation Results Under 20% Voltage Dip Conditions
	Simulation Results Under 0% Voltage Dip Conditions

	Conclusions
	References

