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Abstract: This paper proposes the inrush current suppressor using an AC chopper in a large-capacity
wind power generation system (WPGS) with two squirrel-cage induction machines (SCIMs), which
are switched over depending on the wind speed. The input side of the AC chopper is connected to the
source in parallel. The output side of the AC chopper is connected in series with the SCIM through
matching transformers. In the proposed inrush current suppressor, the output voltage of the AC
chopper is the same as the receiving-end voltage before connecting the SCIM. By gradually decreasing
the output voltage of the AC chopper, the applied voltage of the SCIM is gradually increased without
the inrush current. The basic principle of the proposed inrush current suppressor is discussed in detail.
A computer simulation is implemented to confirm the validity and practicability of the proposed
inrush current suppressor using a power system computer-aided design/electromagnetic transients
including DC (PSCAD/EMTDC). Simulation results demonstrate that the proposed inrush current
suppressor can suppress the inrush current.

Keywords: wind power generation; AC chopper; inrush current; voltage sag

1. Introduction

The demand for energy in the world continues to increase yearly. The use of renewable energy is
crucial for solving the demand for energy. The total cumulative capacity of wind power generation
systems (WPGS) had reached 486.8 GW in 2016 [1]. Many papers focused on WPGS have been
published [2-4]. Squirrel-cage induction machines (SCIMs) are already used and installed because of
their reliability and low cost. In large-capacity WPGS, two generators are switched over depending
on the wind speed. The SCIM has an inrush current of approximately six-times the rated current at
the start-up condition, because it does not have an excitation source [5]. This inrush current causes
a voltage sag in the power system. As is well known, voltage sag affects the equipment on the grid,
such as the adjustable-speed motor, high-voltage discharge lamp and magnetic switch. The Agency
for Natural Resources and Energy in the Ministry of Economy, Trade and Industry, Japan, has issued a
guideline for grid-connection requirements for ensuring power quality [6]. This guideline recommends
that the voltage sag be within +10% and the suppressing time within 2 s of connecting the SCIM.

The mitigation methods of inrush currents have been proposed [7-11]. Typically, a soft-starter,
which consists of reverse-parallel-connected thyristors, is used to limit the inrush current in
WPGSs [7,8]. However, a soft starter generates harmonic currents from the switching of thyristors.
A method for compensating harmonic currents using a shunt active filter has been proposed to avoid
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the harmonic currents caused by the soft-starter [9,11]. In this method, a pulse width modulation
(PWM) converter, which performs as the shunt active filter, compensates both the harmonic currents
and the fundamental reactive power. However, a large-capacity PWM converter, with a rating as
high as 70% of the SCIM rating of the wind turbine, is necessary, because the PWM converter directly
supplies the fundamental reactive power generated by the SCIM in both the steady state and transient
state. In [12], a compensating method for harmonic currents generated by a soft starter using a hybrid
active power filter has been proposed. This method can compensate the harmonic current with a
small-capacity hybrid active filter. However, the calculation is complex, and the control range of power
factor is narrow because of the fixed phase-leading capacity. In [13], a method of connecting resistors
in series with the induction machine has been proposed. This method can suppress the inrush current
by a simple composition without harmonic currents. However, the series-connected resistors have
large energy losses in the inrush current suppression.

We have proposed the inrush current suppressor in a WPGS with a 2.2-kW SCIM using a matrix
converter (MC) [14]. The input side of the MC is connected in parallel to the power system. The output
side of the MC is connected in series with the induction machine through matching transformers.
The output voltage of the MC is determined by multiplying the control gain and the SCIM current.
This means that the output side of the MC performs as the resistor. In [14], the proposed inrush
current suppressor suppresses the inrush current. However, the total harmonic distortion (THD)
was high because of the switching ripple current of the MC. In [15,16], the direct duty ratio pulse
width modulation (DDRPWM) method [17] is used for the proposed inrush current suppressor.
The DDRPWM method decides the duty ratio by simple equations. The switching ripple of the input
current of the MC is low because all input phases are used in one switching cycle. A computer
simulation was implemented to confirm the validity of the proposed MC-based inrush current
suppressor. The authors confirmed that the proposed MC-based inrush current suppressor can
suppress the inrush currents for 100-kW and 400-kW SCIMs. However, the maximum THD value
of the source current was approximately 20% of the previously-proposed inrush current suppressor.
Moreover, the controller for an MC-based inrush current suppressor is complicated. It is necessary to
simplify the inrush current suppressor with low THD for practical use. Nevertheless, the doubly-fed
induction generator (DFIG)-based WPGSs for overcoming the voltage sag have been proposed [18-20].
In [18], the voltage-source inverter for compensating the voltage sag on a grid is connected between
the grid and DFIG. The controller for the inverter has a voltage sag detector and fuzzy controller.
In [19,20], the design and analysis of a fault ride-through on a grid were presented. Our study is
different in that the inrush current suppressor prevents the occurrence of voltage sag by the inrush
currents generated by the SCIM connection.

This paper proposes the inrush current suppressor using an AC chopper in a large-capacity
WPGS with two SCIMs. In the proposed inrush current suppressor, an AC chopper is used because
it can control the effective value of the output voltage in a simple way [21]. The switching pulses of
the AC chopper are generated by the commonly-used triangular-wave comparison PWM method.
Thus, the controller of the proposed method can be used in inexpensive processors. In this work,
two SCIMs, rated 100 kW and 400 kW, are switched over depending on the wind speed. The input side
of the AC chopper is connected in parallel to the power system. The output side of the AC chopper is
connected in series with the SCIM through matching transformers. In the proposed inrush current
suppressor, the output voltage of the AC chopper is the same as the receiving-end voltage before
connecting the SCIM. By gradually decreasing the output voltage of the AC chopper, the voltage
applied to the SCIM is gradually increased to suppress the inrush current. As a result, the proposed
AC chopper-based inrush current suppressor behaves as a soft starter without harmonic currents.
The basic principle of the proposed AC chopper-based inrush current suppressor is discussed in detail.
A computer simulation is implemented to confirm the validity of the proposed AC chopper-based
inrush current suppressor using the power system transient analysis simulator known as the
power system computer-aided design/electromagnetic transients including DC (PSCAD/EMTDC).
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The simulation results demonstrate that the proposed AC chopper-based inrush current suppressor
suppresses the inrush currents perfectly.
The main contributions of this paper are as follows:

e  Simplified controller compared to the previously-proposed MC-based inrush current suppressor.

e Improved THD, notch depth and area during the start of the SCIMs.

o  Comparison of the energy losses for the previous and proposed inrush current suppressors under
two wind speed profiles.

2. Inrush Current Suppressor Using AC Chopper

Figure 1 shows the system configuration with the proposed inrush current suppressor using an
AC chopper in a large-capacity WPGS. Sac, S100 and Sago are AC switches that consist of anti-parallel
connected thyristors. In this study, two SCIMs, rated 100 kW and 400 kW, are switched over depending
on the wind speed. The cut-in wind speed is 3 m/s, and the cut-out wind speed is 25 m/s in a general
large-capacity WPGS. The 100-kW SCIM is connected to the power system when the wind speed is
from 3 m/s-8 m/s, and the 400-kW SCIM is connected to the power system when the wind speed is
from 8.0001 m/s-25 m/s. In the proposed inrush current suppressor, an AC chopper is used because it
can control the effective value of the output voltage in a simple way. The AC chopper consists of six
switches per single-phase [21]. The capacitor Cs performs as a switch snubber and filter. The input side
of the AC chopper is connected in parallel to the power system. The output side of the AC chopper is
connected in series with the SCIM through matching transformers. The input side of the AC chopper
is connected to a low-pass filter to reduce the switching ripple. When the output voltage of the AC
chopper is zero, Sac is used to short the inrush current suppressor for the power loss reduction during
the normal operation of the SCIMs.
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Figure 1. System configuration with the proposed inrush current suppressor using the AC chopper in
a large-capacity wind power generation system (WPGS).

The AC chopper can drive the buck and boost chopper modes. The buck chopper mode is used
in this paper. The PWM pulses are generated by comparing the reference value and triangular wave.
The amplitude of the triangular wave is from 0 to —1. The output voltage of the AC chopper can be



Energies 2018, 11, 397 4 of 14

controlled by the reference value V.. The effective value Vot of the output voltage of an AC chopper
is given by:
Vout = d - Vin, (1)

where V},, is the effective value of the input voltage of an AC chopper and d is the duty ratio. In this
work, the turn ratio of the matching transformer is 1:4. Thus, the effective value of the output voltage
of the AC chopper is the same as the receiving-end voltage vt when V¢ is —0.75. In the proposed
inrush current suppressor, the output voltage of the AC chopper is the same as the receiving-end
voltage before connecting the SCIM. By gradually decreasing the output voltage of the AC chopper, the
voltage applied to the SCIM is gradually increased to suppress the inrush current. Figure 2 shows the
single-phase equivalent circuit of Figure 1. vt is the receiving-end voltage; va0 is the output voltage of
AC chopper; and vy, is the SCIM voltage. Applying Kirchhoff’s voltage law to the circuit in Figure 2
gives the following equation:

Vm = V1 — Vo 2)

Therefore, immediately after the SCIM is connected to the grid, the SCIM voltage v, becomes zero
by setting the output voltage of the AC chopper to Vpo = Vr. Subsequently, the SCIM voltage Vi, is
gradually increased by decreasing the output voltage of the AC chopper V0. The previously-proposed
MC-based inrush current suppressor, which can control the amplitude and phase angle of the output
voltage, behaves as resistors to the SCIM currents. The proposed method is different in that the AC
chopper increases the applied voltage of the SCIMs slightly.

Figure 3 shows the relationship between the effective values with the proposed AC chopper-based
inrush current suppressor. The initial value of Vo is the same as V. At this time, the applied
voltage Vi is zero. Thus, no inrush current occurs. V0 is reduced to zero within two seconds after
connecting the SCIM, as the guideline for grid connection for ensuring power quality [6] recommends
a suppression time of within 2 s of connecting the SCIM. Therefore, the proposed AC chopper-based
inrush current suppressor acts as the soft starter with no harmonic current.
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Figure 2. Single-phase equivalent circuit of Figure 1.
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Figure 3. Relationship between the effective values with the proposed AC chopper-based inrush
current suppressor.

3. Simulation Results

All simulations are carried out using the PSCAD/EMTDC to verify the effectiveness of the
proposed AC chopper-based inrush current suppressor.
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Table 1 lists the parameters of the SCIMs. In all simulations, the source side inductor L is 0.1 mH,
which is approximately 5% relative to the rated impedance of the 400-kW SCIM. The source voltage
is 480 Vrms, and the source frequency is 50 Hz. In this simulation, the wind turbine model on the
PSCAD/EMTDC is used. The air density is 1.229 kg/m3, and the blade area is 607 m?. Figure 4 shows
the wind condition used in this study. The wind speed depends on the atmospheric pressure variation
in many cases. The cycle of the atmospheric pressure variation is typically over 5 min. To reduce the
simulation time, the wind speed variation is assumed to be short. The 100-kW and 400-kW SCIMs are
connected to the grid from 3 m/s-8 m/s and over 8 m/s, respectively.

100-kW SCIM 400-kW SCIM |
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suppressor suppressor
lop=*==5--==-p-=--5----- i
1 I
] O A
1 | 1 |
12f---- a----- F-f-1----- I
? 1 | 1 |
R — LI AR
- 1 I 1 |
3 1 ! 1 1 400-kW SCIM
8F--- - p—————r———— o, ———— ro.
Z i I 1 i 1s connected.
Bl i
E 1 | 1 |
1 | 1 |
AF-—f~=-A4=-=---- e ——— = 1
______ a1 100-kW SCIM
7k ____: _____ :______: _____ T is connected.
i l : l
1 1 L J
00 3 6 9 12

Time [sec]
Figure 4. Simulation condition by the wind speed. SCIM, squirrel-cage induction machine.

Table 1. Parameters of the squirrel-cage induction machines (SCIMs).

Item 100-kW SCIM  400-kW SCIM
Rated power (kW) 100 400
Rated phase voltage (V) 277.13 277.13
Rated phase current (A) 120.28 481.12
Rated frequency (Hz) 50 50
Number of pole 6 4
Synchronous speed (rpm) 1000 1500
Rated wind speed (m/s) 8 15

Figure 5 shows the simulation model of the proposed inrush current suppressor on the
PSCAD/EMTDC. Figure 5a shows a power circuit of the proposed inrush current suppressor. Sac, S100
and Sy are AC switches that consist of anti-parallel connected ideal thyristors. The SCIMs and wind
turbine models are put in the subcircuit of Figure 5b. Figure 5b shows the magnified figure around
SCIMs and wind turbine models in Figure 5a. The SCIM model on the PSCAD/EMTDC has speed and
torque control modes. In this paper, we use the torque-control mode. The wind speed is determined by
the wind-speed function block with the external speed input. The wind-speed function block is used
to set the mean speed. The external speed input consists of ramp functions for the simulated wind
speed variation. The mechanical torque generated by a wind turbine is provided to each SCIM.
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Figure 5. Simulation model of the proposed inrush current suppressor on the power system
computer-aided design/electromagnetic transients including DC (PSCAD/EMTDC). (a) Power circuit
of the proposed inrush current suppressor; (b) magnified figure of SCIMs and wind turbine models
in (a).
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3.1. Simulation Results of Direct Connection

A computer simulation was implemented to confirm the inrush current and voltage sag when
the SCIM was connected to the source directly. Figure 6 shows the simulated waveforms for the
100-kW SCIM. vy, v1s and vty are the r-phase, s-phase and t-phase receiving-end voltages, respectively.
iy, iTs and i1y are the r-phase, s-phase and t-phase source currents. When the wind speed reached
3 m/s, the 100-kW SCIM was connected. The receiving-end voltage was applied to the 100-kW SCIM
directly. Thus, large inrush currents occurred. Figure 7 shows the magnified waveforms for Figure 6.
From Figure 7, the maximum value of the inrush current was 1245 A. The voltage sag is approximately
11.5%. Figure 8 shows simulated waveforms for the 400-kW SCIM. When the wind speed reached over
8 m/s, the 400-kW SCIM was connected. The receiving-end voltage was applied to the 400-kW SCIM
directly. Figure 9 shows the magnified waveforms for Figure 8. From Figure 9, the maximum value of
the inrush current was 3253 A. The voltage sag is approximately 23.2%. Therefore, the voltage sag in
all the simulation results did not meet the guideline.
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Figure 6. Simulated waveforms of the direct connection for the 100-kW SCIM.
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Figure 7. Magnified waveforms for Figure 6.
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Figure 8. Simulated waveforms of the direct connection for the 400-kW SCIM.
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Figure 9. Magnified waveforms for Figure 8.

3.2. Simulation Results with the Proposed Inrush Current Suppressor

A computer simulation is implemented to confirm the validity of the proposed inrush current
suppressor. IGBTs are used for the switching devices in the AC chopper. Table 2 lists the circuit
parameters in the simulation. The turn ratio of the matching transformers is 1:4 (AC chopper side:SCIM
side). The initial value of the reference value V.. is —0.75.

Table 2. Circuit parameters.

Item Value
Inductor of filter L, (uH) 220
Capacitor of filter G, (uF) 50
Capacitor of cell Cs (UF) 50
Switching frequency fsw (kHz) 10

Saturation voltage of IGBT Vgat (V) 195V
Forward voltage of diode Vi (V) 1.60V

Figure 10 shows the simulation waveforms with the proposed AC chopper-based inrush current
suppressor for the 100-kW SCIM. vy, vry and vt are the r-phase, s-phase and t-phase receiving-end
voltages, respectively. iy, i1 and ity are the r-phase, s-phase and t-phase source currents, respectively.
VAOr UAa0s and v are the r-phase, s-phase and t-phase output voltages of the AC chopper. Umr, Ums
and vy are the r-phase, s-phase and t-phase SCIM voltages, respectively. imr, ims and imt are the
r-phase, s-phase and t-phase SCIM currents, respectively. The output voltage of the AC chopper is the
same as the receiving-end voltage before connecting the 100-kW SCIM. Thus, the applied voltage of
the 100-kW SCIM is almost zero when the switches Sy turn on. From starting the proposed inrush
current suppressor, the output voltage of the AC chopper is reduced for 2 s. The applied voltage of the
100-kW SCIM is gradually increased. Thus, no inrush currents occur with the proposed inrush current
suppressor. From Figure 10, the maximum source current is 25 A when the 100-kW SCIM connects to
the source. At this point, the voltage sag is approximately 3.1%. From this simulation result, the inrush
current of the 100-kW SCIM is reduced by approximately 98%, and the voltage sag of the 100-kW
SCIM is reduced by approximately 73% by connecting the proposed inrush current suppressor.

Figure 11 shows the simulation waveforms with the proposed inrush current suppressor for the
400-kW SCIM. The output voltage of the AC chopper is the same as the receiving-end voltage before
connecting the 400-kW SCIM. Thus, the applied voltage of the 400-kW SCIM is almost zero when
the switches Sy turn on. From Figure 11, the maximum source current is 88 A. The voltage sag is
approximately 7.7%. From this simulation result, the inrush current of the 400-kW SCIM is reduced
by approximately 97%, and the voltage sag of the 400-kW SCIM is reduced by approximately 67% by
connecting the proposed inrush current suppressor. Thus, the validity of the proposed inrush current
suppressor is confirmed by the simulation results.
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Figure 10. Simulation waveforms with the proposed inrush current suppressor for the 100-kW SCIM.
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3.3. Comparison of the Previous and Proposed Inrush Current Suppressor

Figures 12 and 13 show the simulation waveforms for 2 s when the proposed inrush current
suppressor is connected to the 100-kW SCIM and 400-kW SCIM, respectively. From these simulation
results, no inrush currents occur during the inrush current suppression. The capacities of the proposed
AC chopper-based inrush current suppressor are calculated at the maximum point of the source current.
The capacity of the proposed inrush current suppressor for the 100-kW and 400-kW SCIMs is 189.6 kVA
and 416.2 kVA, respectively. Therefore, the previous inrush current suppressor is advantageous for the
capacity of the inrush current suppressor, and the proposed inrush current suppressor is advantageous
for the THD of the source current. Table 3 gives the comparative analysis. The previously-proposed and
proposed inrush current suppressor can reduce the voltage sag to within £10% [6]. The advantages of
the proposed AC chopper-based inrush current suppressor are low inrush current and low THD as
compared with the previously-proposed MC-based inrush current suppressor.

Table 4 indicates the comparison of the notch depth and area in IEEE Std 519-2014 [22]. The IEEE
Std 519-2014 recommends the notch depth and area for voltage sag. The two proposed inrush current
suppressors meet the IEEE Std 519-2014. The notch depth and area for the proposed AC chopper-based
inrush current suppressor are smaller than those for the previously-proposed MC-based inrush
current suppressor.

:vTr ,st VTt

500 V

1.0 ] 1.5 2.0 2.5 3.0 sec
100 kW IM 1is connected.

Figure 12. Simulation waveforms for 2 s when the proposed inrush current suppressor is connected to
the 100-kW SCIM.
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Figure 13. Simulation waveforms for 2 s when the proposed inrush current suppressor is connected to
the 400-kW SCIM.

Table 3. Comparative analysis. THD, total harmonic distortion; MC, matrix converter.

Ttem Inrush Voltage THD of
¢ Current (A) Sag (%) Source Current (%)

Direct tion 100-kW SCIM 1245 11.5 0.08

frect connecto 400-kW SCIM 3253 232 11
Previously inrush current suppressor  100-kW SCIM 146 1.0 20.9
(using MC) [15] 400-kW SCIM 158 0.5 239

Proposed inrush current suppressor  100-kW SCIM 25 3.1 2.5
(using AC chopper) 400-kW SCIM 88 7.7 1.3

Table 4. Comparison of notch depth and area in IEEE Std 519-2014.

Ttem Notch Notch
Depth (%) Area (V ps)
IEEE 519-2014 20 22,800
Direct i 100-kW SCIM 11.8 85,000
frect connection 400-kWSCIM 280 248,000
Previously inrush current suppressor  100-kW SCIM 74 19,900
(using MC) [15] 400-kW SCIM 12.1 21,770
Proposed inrush current suppressor  100-kW SCIM 3.1 7200

(using AC chopper) 400-kW SCIM 9.2 18,000
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Table 5 indicates the energy loss of the inrush current suppressors during the inrush current
suppression. In Table 5, the suppression time is 2 s for all results. To calculate the energy loss, this
paper uses three parallel-connected IGBTs (Infineon, FF1400R17IP4, 1700 V, 1400 A) for each switch in
the AC chopper. In the resistor connection method, the resistors used are 0.518 (2 and 0.718 Q) for the
100-kW and 400-kW SCIM, respectively. These values are approximately 40-times the stator resistance
of the SCIM [13]. The energy loss of the proposed AC chopper-based inrush current suppressor can be
reduced to approximately 50% as compared to the resistor connection method.

Figure 14 shows the wind speed profiles [23,24]. In this study, the cut-in wind speed used is 3 m/s.
The switchover wind speed of the SCIMs is more than 8 m/s. In the case of Figure 14a, the switchover
occurs once daily. In the case of Figure 14b, the cut-in is 12-times a day. It is assumed that each
wind speed profile occurs at the same rate for a year. Under this assumption, the energy losses
can be calculated for one year. The energy loss of the resistor connection method is approximately
306 kWh/year. However, the energy loss of the proposed inrush current suppressor is approximately
152 kWh/year.

16 m/s ' H }
1 1 1
—O 1
w
5]
o
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o]
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00:00 6:00 12:00 1800 2400
Time
(@)
6 m/s ' ' i
- i : i
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PU 1
=
00:00 6:00 12:00 13:00 2400

Time

(b)
Figure 14. Wind speed profiles. (a) Wind speed profile with large speed fluctuation [23]; (b) wind
speed profile with small speed fluctuation [24].

Table 5. Energy losses of the inrush current suppressors during the inrush current suppression.

Item Energy Loss (k])
. . 100-kW SCIM 212
Resistor connection [13] 400-KW SCIM 486
Previously inrush current suppressor  100-kW SCIM 117
(using MC) [15] 400-kW SCIM 197
Proposed inrush current suppressor  100-kW SCIM 62.4

(using AC chopper) 400-kW SCIM 246
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4. Conclusions

This paper proposed the AC chopper-based inrush current suppressor in a large-capacity WPGS
with two SCIMs. The switching pulses of the AC chopper are generated by the commonly-used
triangular-wave comparison PWM method. Thus, the controller of the proposed method can be used
in inexpensive processors. The basic principle of the proposed inrush current suppressor has been
discussed in detail. The applied voltage of the SCIM can be controlled by the output voltage of the AC
chopper. Thus, the proposed inrush current suppressor behaves as a soft starter without harmonic
components. A computer simulation was implemented to confirm the validity of the proposed
method. From the simulation results, the proposed inrush current suppressor has suppressed the
inrush current to within 15% as compared to the rated currents of SCIMs. The THD was lower than the
previously-proposed MC-based inrush current suppressor. The notch depth and area, which have been
regulated by IEEE Std. 519-2014, were evaluated for the direct connection; in the previously-proposed
and currently-proposed inrush current suppressors. The proposed inrush current suppressor can
reduce the notch depth and area as compared to direct connection and the previously-proposed inrush
current suppressor. Moreover, the energy loss was estimated according to two types of wind speed
profiles. The energy loss was reduced to approximately 50% as compared to the resistor connection
method. The authors conclude that the proposed AC chopper-based inrush current suppressor is
useful for practical uses.
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