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Abstract: The inverter of an energy storage system, which plays an important role in maintaining
the voltage of a stand-alone microgrid, can shut down in response to external or internal abnormal
conditions. Such a protective measure can cause the microgrid to blackout. A redundant inverter can
be configured to respond upon failure of the main inverter to ensure higher stability of the stand-alone
microgrid. However, the microgrid may experience several to tens of blackout cycles when the main
inverter fails owing to a time delay in the operation of the sub inverter. To overcome this limitation,
we propose an LCpL filter for suppressing any sudden changes in the microgrid during the transition
period between the main and sub inverters. In addition, this study also describes a control method
for the sub inverter to prevent system blackouts. A 100 kW microgrid system consisting of two
100 kW inverters with LCpL filters and loads was used to demonstrate the efficacy/utility of the
proposed method.

Keywords: energy storage system; filter design; remote island microgrid; seamless transfer

1. Introduction

Renewable energy contributed to 10% of the world’s primary energy consumption in 2017 owing
to improved technology and economic efficiency. In addition to the Paris Agreement, individual
countries will continue to implement their own renewable energy support policies and their share
is expected to increase to 17% by 2040 [1,2]. There has been an increase in wind and photovoltaic
(PV) power generation in areas with grid parity due to continuous price reductions, and integrated
operation with the energy storage system (ESS) has improved the sustainability of power generation.
The development of such renewable energy technologies has been possible owing to a shift from the
existing central power generation method to a distributed method using various new and renewable
energy sources. Furthermore, this has enabled application expansion to microgrids and opportunities
to conduct various research projects in this area [3-6].

Island areas have long been powered by diesel-powered plants as it is difficult to connect these
areas to existing grids owing to technological or economic reasons. Diesel-powered generation has
limitations, such as high fuel costs, the transfer, storage, and management of fuel, and CO, emissions.
Island microgrids, which use renewable energy sources and energy storage devices, have been
introduced as a solution to overcome the above limitations [7-9]. A microgrid consisting of a 664.4 kW
photovoltaic power generator, 837 kWh ESS, and diesel generator that has been built on the Robben
Island in South Africa is expected to save 235,000 L of fossil fuel and reduce 820 tons of CO, emissions
per year [10,11]. An island microgrid consisting of two 250 kW wind power generators, a 114 kW
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photovoltaic power generator, 3.86 MWh ESS, and three 150 kW diesel generators has been constructed
on Gapa Island in South Korea.

An island microgrid mainly consists of diesel generators, renewable energy sources, and the ESS.
The power supply demands can be met without a diesel generator by using only a renewable energy
generator and the ESS, if the combined energy from the renewable sources and ESS is greater than the
total load. Under such conditions, the voltage of the island microgrid is controlled by the inverter of
the ESS [12]. The inverter offers advantages such as quick response characteristics and a bidirectional
power flow but is generally characterized by a relatively lower overload rate as compared to a diesel
generator. Thus, inverters can be used in parallel in the microgrid to ensure higher grid voltage stability.
Some of the inverters connected in parallel can be operated at all times, while others can be operated
alternatively only in the event of a malfunction or during periods of inverter maintenance. Grid voltage
recovery might be delayed when all inverters are operating in parallel and are shut down by a blackout
resulting from a temporary overcurrent or similar problem. Thus, the stability of the island microgrid
can be improved by using a sub inverter in the standby mode to ensure uninterruptible or fast grid
voltage recovery in the event that the main inverter unexpectedly shuts down.

As mentioned above, a seamless transfer between the main and sub inverters in the microgrid is
essential to ensure stable operation. Conventional studies have suggested mode transition algorithms
between the current and voltage controls to achieve seamless transfer from the grid connected to
stand-alone operations [13-22]. The droop [23-28] and master-slave controls [28-32] have been
researched in parallel inverter operation algorithms, wherein a majority of the algorithms impose the
condition that all the inverters connected in parallel should be operated.

In this paper, we propose a method to maintain the grid without power outages using a sub
inverter in the standby mode in the event that the power supply from the main inverter in the standalone
mode is unexpectedly shut down. The voltage fluctuation of the island microgrid is instantaneously
analyzed when the main inverter switches off and a factor that activates the sub inverter to control
the microgrid voltage without blackout is derived. This study proposes a new filter design, control,
and operation technique for an inverter that can mitigate the abovementioned limitations. We test
and verify the design, control, and operation of the proposed filter in an island microgrid test bed
consisting of two 100 kW inverters.

2. System Description

Figure 1 shows the configuration of the island microgrid located on Gapa Island in South Korea.
Power has been supplied in the past by three 150 kVA diesel generators, which have been supplemented
with wind and photovoltaic power and an ESS to form a microgrid. Residential properties mainly
contain 114 kW photovoltaic power generators, while two 250 kVA wind power generators function
as the main power source. The installed wind turbine (WT) is essentially a squirrel-cage induction
generator that can be directly connected to an AC grid, and offers economic advantages owing to
the ease of control/operation and less demands on the system hardware requirements [33]. However,
a large voltage fluctuation may occur owing to the overcurrent and transient currents at start-up when
the turbine is directly connected to the grid without an inverter. Figure 1 shows that the wind turbine
generator and the ESS are connected in a back-to-back configuration to eliminate/mitigate the effect of
a large instantaneous fluctuation from the squirrel-cage induction generator, thus facilitating operation
independent of the microgrid voltage.
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Figure 1. Gapa Island microgrid in South Korea.

The ESS can be operated in either a stand-alone or integrated mode with a diesel generator to
control the power supply from the microgrid. The functioning of the diesel generator and ESS depends
on the generated renewable energy (WT, PV), battery state of charge (SoC), and the loads as shown in
Table 1. The diesel generator is stopped and power is supplied using the energy stored in the battery
and from renewable sources when the battery SoC is: (1) greater than the set SoC that determines
the operation of the ESS in the stand-alone mode; or (2) greater than the minimum SoC and the
renewable energy generation is greater than the load. The island microgrid voltage at this point of
time is controlled by the inverter connected to the ESS. A power failure may occur if the inverter stops
operating owing to an overcurrent or malfunction from an external accident. A sub inverter is installed
in parallel to the main inverter as a backup to prepare for a power blackout.

Table 1. The operation mode of a stand-alone microgrid. WT—wind turbine; PV—photovoltaic;
SoC—state of charge; ESS—energy storage system.

Amount of Renewable Energy

Generation (WT, PV). Battery SoC Diesel Generator ESS Operation
SoC < min SoC Generation Charge
Greater than the Load min SoC < SoC < set SoC - Charge
set SoC < SoC - Charge
SoC < min SoC Generation Charge
Lesser than the Load min SoC < SoC < set SoC Generation Charge/Discharge
set SoC < SoC - Discharge

3. System Analysis

Figure 2 shows a simplified schematic of the island microgrid configuration from Figure 1 that is
powered only by renewable energy sources (WT, PV) and the ESS. The wind power generator that is in
a back-to-back configuration with the ESS does not directly affect the microgrid voltage and can thus
be excluded from the configuration, as can the stand-alone operation of the ESS. The microgrid voltage
can be controlled quickly by the sub inverter, which is in the standby mode, when the main inverter is
powered off. For this operation, it is effective to transmit the stop signal of the main inverter to the
sub inverter to maintain the grid voltage. Communication or hard wiring can be used for conveying
information, wherein the signal transmission time delay, which depends on the transmission method,
is known as tgelgy.
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Figure 2. A simplified configuration diagram of the microgrid equipped with an LC filter inverter.

Figure 2 shows that the microgrid can be simplified to only having the inverter filter capacitor and
parallel circuit of the load resistance when the pulse width modulation (PWM) is interrupted owing to
a malfunction in the main inverter containing an LC filter. Equation (1) shows that the voltage of an
RC parallel circuit without power can be expressed as a negative exponential function. Here, C is the
filter capacitor of the inverter and R is the load resistance.

o(t) = voe t/RC 1)

As shown in Equation (1), the grid voltage is a function of the RC filter circuit attenuation, with
the detailed operation represented by the experimental waveform shown in Figure 3. The figure shows
that when the main inverter stops where one of the three phase voltages equals zero (and remains
at this value), the remaining two phases have the same magnitude, which is reduced by a negative
exponential voltage of the opposite sign and converges to zero. Here, vy, v, and vy, represent the
line-to-line voltages of the load.

Dapload vpcload Deaload

(350 'V/div) (350 V/div) (350 V/div)

ol sl

10 ms/div §
. I

Figure 3. The waveforms of the grid voltage after inverter shutdown (LC filter-type inverter).

The activation of the sub inverter after the shutdown of the main inverter may lead to the
occurrence of f4,,. A large difference between the actual grid and sub-inverter output voltages owing
to the time delay can result in an offset in the transformer flux and generate an inrush current owing to
the saturation phenomenon. The inrush current could be several times higher than the rated current of
the inverter [34,35], and overcurrent protection may get activated when the sub-inverter is operated.
Figure 4 shows the experimental waveforms of the inrush current as a function of the load voltage
generated during inverter start-up, when fast system recovery control is used under a 10 kW load
condition. Here, v, v, and v, are the line-to-line voltages of the load and i, TR i, TR ‘and i. TR are the
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transformer currents. It can be confirmed that the inverter switches off when the transformer current
exceeds the 200 A inverter current protection level.

Dpcload Deaload Vapload
(350 V/div) (350 V/div), (350 V/div)

5ms/div |
bR :
(100 A/div)
RS i
Protection level of the inverter : £200A
i“l‘RJ )
(100-A/div) 3 5ms/div

Figure 4. Load voltage and transformer inrush current waveforms during inverter startup.

Figure 5 shows that the cause of the above phenomenon corresponds to area F, which is the
difference between the microgrid and original reference voltages during f4,,. During this period,
the shutdown of the main inverter is recognized by the sub inverter after time #4,1,, and the voltage is
controlled to equal the reference voltage. The magnetic flux offset corresponding to F is generated in
the transformer and becomes saturated, which might produce an inrush current.

Voltage Reference

Voltage‘ i
(vref)

F= Oref — 'UphMG B
Microgrid\Voltage
Time

\ 4

Time Delay—>I
(tdelay) T

Stop Run
(Main Inverter) (Sub Inverter)

Figure 5. Microgrid voltage fluctuation during the shutdown of the main inverter in the energy storage
system (ESS) stand-alone mode (LC filter-type inverter).

The difference between the original steady-state and microgrid voltages should be reduced during
tdelay to quickly restore the microgrid voltage to its original value. The use of the LC parallel connected
L filter, the LCpL filter, shown in Figure 6 is suggested to achieve the above. The inductor connected
in parallel with the capacitor in the LCpL filter prevents the breakdown of the grid voltage when
the inverter shuts down. It is also used to compensate for the reactive power flowing in the inverter
capacitor when ESS is operated in an integrated mode with a diesel generator. The microgrid can be
simplified to an RLC parallel circuit during the shutdown of the main inverter containing the LCpL
filter. Equation (2) defines the RLC circuit voltage with underdamped characteristics, while Figure 7
shows the damped sinusoidal response characteristics.

o(t) = e‘“t(Alejwdt +Aze_jwdt) = e " ((A1 + Ap)coswgt + (A1 — Ap)sinwgt) ()

Figure 7 shows that the area F is reduced during 4., as compared to that in Figure 5, indicating
that a decrease in the load power results in a decrease in area F. Thus, a decrease in voltage is suppressed
during the time delay owing to the start-up/activation of the sub inverter.
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Figure 6. A simplified configuration of the microgrid containing the LCpL filter inverter.
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Figure 7. Microgrid voltage fluctuation during the shutdown of the main inverter in the ESS stand-alone
mode (LCpL filter-type inverter).

4. Proposed LCpL Filter Design Method

In this paper, we propose a new LCpL filter design method for the fast recovery of grid voltage in
the absence of the transformer inrush current during the shutdown and startup of the main and sub
inverters, respectively. A load capacity that can be operated without inrush current in the transformer
is determined taking into consideration the transformer saturation magnetic flux density based on the
LCpL filter design. We consider a case wherein the load is balanced and can be approximated to the
resistive load.

4.1. Design Procedure

LC filters are generally used in the inverter voltage source to reduce the switching frequency
of the voltage. The resonance frequency of the LC filter is generally between 1/5th to 1/10th of the
switching frequency, with an infinite combination of LC filters satisfying this condition. The LC filter
combination is determined depending on the application. The filter inductor (Ls) can be determined
by considering the ripple current limits and the magnitude of the voltage drop at the fundamental
frequency. The filter capacitor (Cy) can be determined by considering factors such as the suppression of
the voltage fluctuation due to load variation and capacitive reactive power limits [36-38].

The LCpL filter can be designed to resemble the LC filter and be its equivalent to reduce the
switching frequency of the voltage. This is because the impedance of an inductor connected in parallel
to the filter capacitor at the switching frequency is negligibly large. Additionally, the LCpL filter should
be designed to have underdamped characteristics of the RLC parallel circuit in a certain load range
during tg41,, after stoppage of the main inverter. Furthermore, it is necessary to calculate the load
range in which the magnetic flux of the transformer is not saturated when the sub inverter operates
to restore the normal voltage. The reactive power of the LC parallel circuit should also be taken into
consideration. The design procedure is outlined below:
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1.

ARSI

Equation (3) shows the characteristic equation for the RLC parallel circuit.

1 1
2 2 _ 2 _
s +2as+w, =s +—RCS+—LC 0 3)

The cut-off frequencies, LeCy and w,, should be determined. In the above equation, w, = 1/ \/(LpCf)
and o = 1/2RCy. The condition « < w, has to be satisfied to obtain an underdamped response,
wherein the voltage equation can be expressed by Equation (2) and the natural resonance frequency
wg is given by V(w,? — a?) [39].

The saturation flux density of the transformer B, nominal voltage v,, nominal frequency w,, and
flux density of the transformer at nominal voltage B, should be determined.

The delay ¢4z, should be determined.

The flux density surplus of the transformer B, is equal to Bs — B;.

The natural frequency w, is determined to be the nominal frequency.

o is determined using Equation (4). Equation (4) defines the magnetic flux offset By caused by
difference between the original reference and microgrid voltages during t s

1 Tdelay 1 Td@lay \/E'U @
Be > By|By = — V2v, sin(w,t)dt — — e~ ==L sin(wyt)dt 4
o hln= g [ VasinGon- g [ O nwati| @)
where, Nt is the number of turns in the transformer and A is its cross-sectional area.

The power factor limit at the nominal frequency is determined when both the diesel generator
and inverter are in operation. Using the set power factor, the reactive power Q is calculated from
the fixed power factor PF as shown in Equation (5), where P; represents the rated power of one

phase of the diesel generator.
1
Q:deﬂﬁ—l ®)

The required total capacitance of the microgrid is calculated using wy, Q, @, v, and w,. Equation (6)
defines the reactive power Cr || LT, which can be summarized using Equation (7). Here, Ct and
Lt are the total capacitance and inductance of the microgrid, respectively.

1 1
2 — e e
o -wcr)= (i = =) ©
w? = w? + (—Qwr ) (7)
o r foT

Equation (8) is valid under the underdamped response condition.

wo = AJw? +1/4R2C2 ®)

Equation (9) given below can be derived from Equations (7) and (8).

2 2 [Qw T _
(@3- w?)C2 - (0—2’)@ + 175 =0 ©)

:
Cr can be obtained using Equation (10) when wj is equal to w,, and results in Equation (11) when
substituted with the equation for a.

__u
 4R2Qu;,

Cr (10)
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_ Quw;

v2a2

Cr

(11)

9. The value of Cy can be calculated by dividing Cr by Nj,, (the number of inverters).

10. Cgand o are used to calculate the value of R.

11.  w, can be calculated using Equation (8), while Lt is equal to 1/(we2Cr) and Ly is LT X Niyp.
12. Lyis equal to 1/(a)f2Cf).

4.2. Design Example

The ESS installed in the Gapa Island microgrid shown in Figure 1 has an inverter capacity of 1 MW.
In this paper, we will design and test the filter of a 100 kW inverter. The design conditions/parameters
are shown in Table 2.

Table 2. Design conditions/parameters.

Parameter Value (Unit)
Inverter capacity (Pj,;) 100 (kW)
Inverter switching frequency (fsw) 4.2 (kHz)
Number of inverters (Nj;,) 2 (Units)
Diesel generator capacity (Pgieser) 100 (kW)
Grid line to neutral voltage (V) 220 (Vrms)
Grid frequency (fe;i4) 60 (Hz)
Maximum load (Ppax joad) 50 (kW)
Saturation flux density of the transformer (B;) 1.88 (Tesla)
Flux density (Br) of the transformer at nominal voltage (B;) 1.21 (Tesla)
Transformer turn count (N7) 32 (turn)
Transformer cross section (A) 0.022 (m?)

The cut-off frequency of the L filter was selected to be 560 Hz taking into consideration a
switching frequency of 4.2 kHz to attenuate the harmonic voltage of inverter. The ¢4, was 5 ms, and
the magnetic flux surplus B, of the transformer was 0.67 tesla. The natural resonance frequency wy
was 377 Hz, By was about 0.666 tesla, and o was determined to be 193 from Equation (4).

The power factor limit was >0.99, reactive power Q was 2570 VA, and Cy was determined to be
540 uF from Equation (11). The capacity of each inverter was 270 uF. The load resistance was 4.8 ()
based on the reference phase voltage, which allowed it to immediately follow the reference voltage
without the transformer inrush current at a 30% inverter load factor. w, was calculated from Equation
(7), and Lt and L, were determined to be 10.3 mH and 20.6 mH, respectively, while Lsis 0.3 mH.
The final values of the designed LCypL,, have been listed in Table 3.

Table 3. The Lfopr filter parameters.

Parameter Value (Unit)
Filter inductor (L) 0.3 (mH)
Filter capacitor (Cy) 270 (uF)

Parallel inductor (L) 20.6 (mH)

5. Proposed Control Method

5.1. Sub Inverter Startup Method

The magnitude of the microgrid voltage that decreases during t,, after the main inverter has
stopped was determined by the above designed LCpL filter and loads. The startup method of the sub
inverter depends on the sensed voltage of the microgrid during f gy -
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Figure 8 shows a flowchart of the operation of the sub inverter. The sub inverter directly attains
the reference voltage when the difference between the magnetic flux density variations corresponding
to the reference and reduced microgrid voltages is lesser than the flux surplus in the transformer. In all
other cases, the sub inverter starts in the soft start mode when the microgrid voltage falls below the
minimum value. One could consider ways of changing the reference voltage to avoid the generation of
the inrush current. However, this can cause a large voltage fluctuation and is hence not investigated in

this paper.
Various Protection
Scenarios

Main Inverter (Stop)

v

Transmit the Status of the Main Ta
Inverter to the Sub Inverter “ " Selection of the Sub
I Inverter Operation Type

Be > Bk
Equation (4)

Waiting for

Twait ?
\ 4 “| decrease in vumc

Tracking to vrf | Teon

Soft-start

Stabilization of T,
VpnMC !

Figure 8. A flowchart showing the operation of the sub inverter.
5.2. Sub Inverter Control Algorithm

The sub inverter estimates the phase of the microgrid voltage in the standby mode. A fixed
reference phase derived from a previous reference value obtained before f4,,, was available when a
stop signal was received from the main inverter. Figure 9 shows the block diagram of the sub inverter
control algorithm. This study mainly focuses on the LCpL filter design and assesses the situation to
immediately follow the reference voltage without inrush current in the transformer. Thus, we used a
simple voltage control method in this study and did not address the voltage controller design problem.
The voltage controller only controls the magnitude of the voltage using feedback, while the phase only
calculates the initial value and generates the reference phase without any change.

Voltage
and
Angle
Reference i
Generator >

ap Vandf VapcMC
Plant

A4
\4

Vae

abe

vac | ap

A

VMG abe

Figure 9. Block diagram showing the control algorithm of the sub inverter.
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6. Experimental Results

Figure 10 shows the diagram of the test configuration and the components used to verify the
proposed LCpL filter design and control methods. The test components include a 480 kW DC power
supply, two 100 kW 3-phase inverters, and a 100 kW load device. Hard wiring was used to transmit
the stop signal of the main inverter and the relay (RB111A-24VAC/DC, ABB) circuits were configured.
The tge1qy 0ccurred within 5 ms. Tables 1 and 2 in Section 4.2 list the inverter parameters, and Table 3
shows the test conditions. The test conditions might vary depending on the load power and stop point.
The PWM of the main inverter was stopped and the voltage control of the sub inverter was checked
under each test condition. The test results were divided into two categories, namely seamless transfer,
and soft-start. Seamless transfer refers to an immediate control required to reach the reference voltage
value. Soft-start refers to the voltage recovery that takes place within tens of ms following a dip in
the microgrid voltage below the reference value. Table 4 shows the experimental conditions that are
dependent on the loads, stop phase of the main inverter, and voltage control methods.

Load T

%

Main Inverter

£ddng 1amog O
ll
il
ll

N — MEE
Main Inverter &= Sub Inverter =
B I By || == e e

—_——— e

Sub Inverter

(a) (b)

Figure 10. The test configuration used in our study: (a) Configuration of the experimental setup; (b)
Experimental setup.

Table 4. The different test conditions in our study.

Test Conditions Filter Type Load Power (Py,,4) Stop Point Test Result
1 30 kW Vap, 0° seamless transfer
2 30 kW Uap, 45° seamless transfer
3 LCpL filter 30 kW Uy, 90° seamless transfer
4 10 kW Vap, 0° seamless transfer
5 80 kW Vap, 0° soft-start

Figure 11 shows the experimental results from Test Conditions 1, 2, and 3 shown in Table 4.
The line-to-line voltage of the 3-phase load shows underdamped characteristics when the PWM of the
main inverter is stopped. Figure 11a shows that the sub inverter starts operating at 5 ms after the main
inverter is stopped at the 0° phase of v, indicating a fast recovery to the nominal voltage without
blackout. Figure 11b,c show similar characteristics when the main inverter is stopped at the 45° and
90° phase values of v,,. Figure 12 shows the respective v,, waveforms of Test Conditions 1, 2, and 3,
which indicate that recovery to the nominal voltage takes place within one cycle from the stopping
point of the main inverter PMW.

Figure 13 corresponds to the Test Condition 4 in Table 4. The voltage dip at a load of 10 kW is
smaller and recovers faster to the nominal voltage as compared to the previous test load of 30 kW.
Figure 14 corresponds to Test Condition 5 in Table 4. The ‘soft start’ mode is activated at a load of 80
kW as the LCpL filter is designed to immediately recover to its nominal voltage without generating an
inrush current in the transformer up to a load of 30 kW. It was found that the sub inverter could reach
the nominal voltage within tens of ms after starting the operation when the load voltage falls below a
specific level.
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The tests under the above five conditions confirmed that the sub inverter with the designed LCpL
filter and under the specified load conditions immediately recovered the voltage without power failure
when the main inverter stopped working. Furthermore, it was established that the sub inverter starts
in the soft-start mode under all other conditions.
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Figure 11. The grid voltage and current waveforms corresponding to the various experiment conditions
listed in Table 4: (a) Test Condition 1: Pj,,y = 30 kW, Stop point = v, at phase 0°; (b) Test Condition 2:
Pjopq = 30 kW, Stop point = v, at phase 45°; (c) Test Condition 3: Py, = 30 kW, Stop point = v, at
phase 90°.
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7. Conclusions

In this paper, a method for fast grid voltage recovery was proposed using redundant inverters
to ensure high stability in the island microgrid operation in cases where there is a malfunction in
the main inverter of the ESS. The voltage dip phenomenon of the microgrid was analyzed when
the main inverter of the ESS that is solely responsible for supplying power to the island microgrid
unintentionally stopped operating. Based on the above, an LCpL filter design method was proposed
wherein the sub inverter could immediately restore the nominal voltage without generating inrush
current in the transformer when the main inverter ceased to function below a certain load capacity.
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Additionally, startup methods and a control algorithm were proposed for the sub inverter based on the
designed LCpL filter and load capacity. Experiments were conducted using various loads and two
100 kW inverters with LCpL filters to demonstrate the efficacy of the proposed methods. Several tens
of blackout cycles occur to bypass the inrush current when an LC filter is used. Our proposed method
facilitates grid recovery within one cycle without any power failure. Thus, this demonstrates that the
proposed method improves the stability of a stand-alone microgrid, wherein a high level of stability
is required.
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