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Abstract: The introduction of distributed generation (DG) into distribution systems is expanding
due to carbon neutral policies. DG with intermittent output characteristics brings frequent voltage
variations in distribution systems. Generally, a step voltage regulator (SVR) is installed in the long
distribution line and controls its voltage, which has limits of stable voltage regulations due to the
slow tap-changing rate, switching losses, and short life span. To solve those problems, this paper
proposes an IGBT-based SVR using zero-voltage switching. It is verified that the stable operation can
be obtained through simulation by PSCAD/EMTDC 4.6 software and empirical experiments.

Keywords: distribution systems; tap-changing transformer; step voltage regulator; zero-voltage
switching; IGBT

1. Introduction

With carbon neutral policies around the world, the introduction of distributed gen-
eration (DG), such as solar power generation, into distribution systems is expanding. In
particular, when distribution lines are long, voltage variations become more pronounced
due to the intermittent output of DG. This has a negative impact on the power quality
of consumers.

A countermeasure against this voltage variation is to install a voltage controller called
a step voltage regulator (SVR) in the middle of a long distribution line to adjust the voltage
to an appropriate range [1,2].

An SVR usually uses mechanical switches to move taps, which may cause contact
wear and arcing and are unfavorable for frequent operations [3-5]. Additionally, the slow
tap-changing rate with a time delay during tap changes may expose loads in distribution
lines to under- or overvoltage.

To solve those problems, hybrid and power semiconductor methods have been pro-
posed. The hybrid method uses both mechanical contacts and power semiconductors for
tap changing, which enables relatively fast switching. However, if a proper procedure is
not performed during the tap-changing process, arcing may occur, causing carbonization
of the contacts and requiring constant maintenance [6-9].

Therefore, it is necessary to design an SVR using a power semiconductor with fast
tap changing and no arcing. Power semiconductors include a thyristor, TRIAC, and an
insulated gate bipolar transistor (IGBT). The SVR using a thyristor, named a thyristor
voltage regulator (TVR), has been developed and applied to long distribution lines until
now because it has relatively high power and high voltage ratings compared to other
devices [10,11].

However, a thyristor is a line-commuted device, and a short circuit occurs when
switching taps around the current zero point [12-14]. To prevent the large current in short
circuit, a resistor or inductor is used [15-18], but the slow switching rate of a thyristor and
the control complexity still remain challenges. TRIAC with two thyristors connected in
anti-parallel also has the same problem [19]. On the other hand, IGBT has not been used as
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switch elements in an SVR due to low blocking voltage. Nevertheless, IGBT is replacing
conventional thyristors because it operates at high speeds with self-commutation and is
useful for continuous voltage regulation [20-23].

Power semiconductors have characteristics such as latching current and threshold
voltage that cause a time delay between turning on and off. Therefore, these require
inductors to be connected in series with the switching device for continuous current
flow [21]. However, it increases switching stress and losses in bidirectional commutation.
In addition, a short circuit may occur during instantaneous tap hard changing. The turn-
on/ off overlap switching between switches during tap changes is applied in an SVR [22].
This has the advantage of avoiding the interruption of the current but comes with the
disadvantage of large switching losses and a short-circuit current when controlling high
voltage and large power. In an SVR using IGBT, a short-circuit current and circulating
current may occur when two switches are turned on and off simultaneously due to an error
signal by the power supply [24,25].

To enhance the stability and efficiency of the IGBT-based SVR (ISVR), the zero-current
switching method is used as a control scheme for bidirectional IGBTs. This method offers
the advantage of reducing voltage surges that occur during tap changes and minimizing
switching losses [26,27]. In this method, commutation is based on the current direction.
Thus, if it changes during the commutation process, a short current may occur and may
cause damage to the switching elements. Also, the phase difference between the voltage
and current in inductive loads may push the collector-emitter voltage (Vcg) beyond its
voltage rated at the current zero point, resulting in inaccurate switching operations.

Zero-voltage switching is performed around the voltage zero-point and the short-
circuit current is quite small. Therefore, the zero-voltage switching can ensure the stable
switching operation of the IGBT and reliably eliminate switching losses [28,29].

This paper proposes a new ISVR which has an SVR topology to minimize the occur-
rence of overvoltage causing a short current, and the zero-voltage switching method is
applied for safe and easy control.

Section 2 describes the general SVR’s switching methods and their problems. In
Section 3, its topology and switching method is proposed. In Section 4, a simula-
tion is conducted by modeling the target distribution system and ISVR using PSCAD.
In Section 5, the empirical experiment is conducted to confirm the performance through
building the ISVR.

2. Classification of an SVR

An SVR can be categorized into mechanical, hybrid, and electronic switching methods
based on the type of switching device. This chapter provides a description of the control
process and associated challenges.

2.1. Mechanical SVR

According to the IEC 60076-21 [30] standard, a mechanical SVR is divided into series
winding and series transformer, both with an A type or B type, depending on the location
of the series winding or transformer.

2.1.1. Series Winding SVR

Figure 1 shows the A-type series winding SVR which has a series winding and a shunt
winding. In addition, the current transformer and voltage transformer are connected for
measuring the load current and load-side voltage, respectively. The series winding adjusts
V1oad by adjusting its tap. In the B-type series winding, its series winding is on the opposite
side to that of type A.
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Figure 1. A-type series winding SVR.

2.1.2. Series Transformer SVR

As shown in Figure 2, the series winding in Figure 1 is replaced by a series trans-
former which is connected to the secondary winding of the parallel transformer. This has
type A and B according to its series transformer location.
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Figure 2. A-type series transformer SVR.

In the case of the series transformer, caution must be exercised, as overvoltage may oc-
cur when switching taps due to the opening of the secondary side of the series transformer,
as illustrated in Figure 2.

2.2. Hybrid SVR

The hybrid SVR uses a combination of mechanical switches and power semiconductors
to reduce arcing associated with tap switching.

2.2.1. Thyristor Type

A hybrid SVR using a thyristor is shown as Figure 3. It incorporates a diverter switch
structure to enhance arc extinction, resulting in a relatively faster tap-changing speed
compared to a mechanical SVR [6].

=
\

Figure 3. Hybrid SVR using a thyristor.
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This method offers the advantage of significantly reducing arcing. During the tap-
changing process, the anti-parallel connected thyristors ignite for a short period of time.
However, thyristors have the disadvantage that the holding current may lead to short
circuits between taps, thereby reducing the reliability of the system.

2.2.2. IGBT Type

Figure 4 shows a hybrid SVR using IGBTs, which are connected in series. There is no
need for a current-limiting impedance between changing taps, enabling quick switching
between taps. However, this method requires complex control when tap changing [9].
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Figure 4. Hybrid SVR using IGBT.

2.3. Power Semiconductor-Based SVR
2.3.1. Thyristor Type

Figure 5 shows a TVR which is three-terminal unidirectional and is connected by
two devices in anti-parallel to enable the bidirectional flow of current in a TRIAC-like
structure [16].
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Figure 5. TVR with current-limiting resistor.

This TVR has a current-limiting resistor (R7), six tap-changing switches (51 ~ Sg),
and one bypass switch (57).

The current-limiting resistance goes through a bypass circuit during tap changing. At
that time, the bypass circuit consists of the secondary side of the series transformer and the
resistance. In this process, a voltage drop occurs as much as the load current multiplied by
the resistance value, also causing the same drop in the distribution line.

2.3.2. IGBT Type

Figure 6 shows the circuit of an IGBT-based SVR using zero-current switching [27],
which uses capacitors to reduce the voltage surge that occurs during tap changing.
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Figure 6. IGBT-based SVR with zero-current switching.

Zero-current switching is performed at the zero-point of the current, ensuring the
minimization of surge voltage during switching. However, in the event of a change in
current direction or an error during tap changing, a short circuit may occur.

2.4. Comparison of SVR According to the Switching Method

A mechanical SVR has the advantage of low power losses in a steady state and high
ratings. However, it has the disadvantage of shortening the life span due to the slow
tap-switching speed and the occurrence of arcs during switching.

A hybrid SVR allows for relatively fast tap changing and can prevent arcing, but
reliability may be reduced due to the complexity of auxiliary circuits and control.

A power semiconductor SVR has large power losses in a normal state. When tap
changing, sufficient protection measures must be provided according to transient conditions
and device capacity. Table 1 shows the pros and cons of different SVR methods.

Table 1. Comparison of SVRs according to switching method.

Switching Method Type Advantage Disadvantage
Series winding High efficiency and stability Large short-circuit current
Mechanical . Reduces switch voltage level
Series transformer Complex control
and fault current
Thyristor tvpe ) o Complex control and
Hybrid Yy yp Relatively fast switching short circuit
speed and arc prevention
IGBT type Complex control
Thyristor type High rated capacity Slow switching
Power semiconductor o . .
IGBT type Fast tap switching Relatively low rating

3. ANew ISVR

In this section, a new ISVR is introduced. It incorporates an SVR topology designed
to minimize the occurrence of overvoltage, which can lead to short circuits. Additionally,
zero-voltage switching is applied for safe and convenient control with inductive loads.
Section 3.1 explains the structure and Section 3.2 covers the operating principle.

3.1. Topology of an ISVR

An ISVR uses the series transformer structure of IEC 60076-21, which has a tap on the
load-side transformer and is considered optimal in terms of power rating and insulation
requirements. The series transformer (T;.s) for voltage compensation is located on the
source side. A 4-winding parallel transformer (T es) to determine the compensation
voltage is connected to the load side.

There are nine switches (S; ~ So), and switching operations occur when the tap is
changed. Among the nine switches, numbers S; ~ Sg are bidirectional IGBT switches
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which perform switching operations when tap changing. Once the compensation voltage is
determined, two of the eight switches are selected and fired. There are total of 13 voltage
levels that can be controlled through the fired switch and the secondary winding of the
parallel transformer. Sg serves as a bypass circuit and uses a relatively high rated thyristor.
This is used as a protection circuit for the IGBT in the event of ISVR internal failure or a
distribution line accident.

The RC snubber circuits are connected in parallel to ensure minimum voltage surge
in switching elements when changing taps. The equivalent circuit of the tap-changing
transformer is shown in Figure 7.

° WA °
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h h
E Ss Sz
H H
%‘ Tshune
3¢ 120
h h
6 Sz Ss
H H

3

1:1
R h h
b A s
o H H
L
Conmaa
=
h h
S, LY =
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Figure 7. Single-phase equivalent circuit for a new ISVR. Tsjes, Tspuns: series and shunt transformer.

Vseriond: secondary voltage of series transformer. L;: internal circuit inductance. S1~Sg: bidirectional
IGBT module for tap changing. Sg: bidirectional thyristor for bypass. R, Cspyp: sSnubber resistor
and capacitor.

3.1.1. Design of Parallel Transformer Tap

This ISVR has 0% of the nominal voltage of the connected system as a compensation
voltage, which has 13 taps. The unit tap voltage AV7y), is determined by Equation (1). The
compensation voltage and operation switches according to the tap position number are

shown in Table 2. 05
AV = E% (@)

Table 2. Compensation voltage and operation switch according to tap position number.

Tap Position Number Compensation Voltage [%] Operation Switches
1 —6AVry, 51, Ss
2 —5AVry S3, Sg
3 —4AVry, 51, 52
4 —3AVry, Sy, 53
5 —2AVay S5, Sg
6 —AVyp 51, Se
7 0 51, S4
8 +AVTﬂp 53, 54
9 +2AVTap Sz, S7
10 +3AVTﬂp 55, 56
11 +4AVTﬂp 54, 55
12 +5AVTgp 56/ S7
13 +6AVTap 54, S7

A power semiconductor has a time delay between turning on and off. Therefore, a
short circuit may occur due to a control error during the switching process of a power
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semiconductor, as shown in Figure 8. The short-circuit current is determined by tap position,
and the short-circuit current is calculated by Equation (2).

Vtap
RicBT + RpDiode )

Isc = 2 )

= : Previous tap current it flow
——> : Next tap current flow
——> : Short circuit current flow

=

3

*h ]E]I-;} 15';]!15 k h
Y iy LT M

2 3 2

=
h Eeh Eh Kk L
,Ew 1551#56 :E‘Eufz E:IHSB

P
LT

Figure 8. Short-circuit current flow during short circuit in a new ISVR.

To minimize the magnitude of the short-circuit current, the voltage during tap chang-
ing must be set to the smallest value. Tap position numbering in Table 2 is proposed to
satisfy that condition.

3.1.2. Bidirectional Switch Configuration

A bidirectional switch must take into account all of the characteristics of the device.
Figure 9 shows bidirectional switches composed of a combination of power semiconductors.

p——¢
A kF o AR
Pt -1

(a (b)
Figure 9. Types of bidirectional switches: (a) 1 IGBT + 4 Diode; (b) 2 IGBT + 2 Diode.

id
N

Figure 9a is a bidirectional switch using an IGBT with a unidirectional flow in the
middle of the full bridge composed of four diodes. Since it uses one IGBT, the structure is
simple and the price is relatively low. However, the series operation of three power semi-
conductors for commutation results in high conduction losses and limited commutation
control. Additionally, reliability is reduced because six control signals are required when
switching taps. Figure 9b is a bidirectional switch consisting of two IGBTs and two diodes,
with a common emitter arrangement. This arrangement allows for switching control in one
time step through a common gate signal, thus reducing device control errors and increasing
reliability. Therefore, the switch in the ISVR utilizes the arrangement shown in Figure 9b.

3.1.3. Voltage Regulator Method

The LDC method is used as a voltage control method. This method is applied to the
SVR for proper voltage control of long distribution lines. It keeps the virtual load center
point at a constant voltage to minimize voltage error regarding the voltage on the entire
distribution line under load conditions from light load to peak load [31]. The virtual load
center is also called the regulating point and its voltage is denoted by the symbol V.

As shown in Figure 10, the LDC obtains the real-time voltage and current data mea-
sured by PT and CT at the secondary side of the SVR, which are denoted by Visyr and
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I1svr, respectively. The voltage V, of the regulating point with equivalent impedance Z.;
can be calculated by Equation (3).

Vo = Visvr — Zeg X I1syr 3)

eq_
Substation Side Load Side ﬂ CIA A

ISVR F, \_‘] ’\N\, Y'Y $
X
IT—-———=—=—— S i [ i
ICT

1

I Load
: Center
1

1

Figure 10. Operation structure of LDC.

Then, according to whether V}, is within the desired value Vs,; + deadband, the ISVR’s
tap operates up or down with a time delay.

Generally, Vs, and Z,; = R + jX are determined by using the secondary side voltage
VisvR max Of the SVR, I1syR max and its power factor cos 6,4y at peak load; or the secondary
side voltage Vigyr min of the SVR and IjsyR yin at a light load. They are calculated by
Equation (2) for unidirectional power flow distribution systems without DG [31].

3.2. IGBT Switching Method

The IGBT’s switching method uses zero-voltage switching which enables simple
control and minimizes switching losses. The reason for using zero-voltage switching is
explained below.

In zero-point switching, there are usually two methods: zero-current switching and
zero-voltage switching. First, zero-current switching is based on the amplitude and direc-
tion of the current. If the current direction changes between tap changes, a short circuit
may occur. In addition, IGBTs can operate stably only when a switching signal is applied
within a certain collector-emitter voltage range. However, most of the loads on distribution
lines are inductive, which have a lagging power factor as shown in Figure 11. Due to the
voltage—current phase difference in Figure 11, stable operation cannot be achieved if the
switching signal is applied in a range beyond V- rated at the zero-point of the current.

®: Zero Current Point —— : Current when pf is 0.9
pf#1.0 , ®:Zero Current Point —— : Current when pfis 0.8
Voltage @ : Over V¢ Point

and Voltage

Current r Ve
l Time
Current p Current

with pf=0.9 with pf=0.8

Figure 11. Operation characteristic due to the voltage and current phase difference in inductive loads.

In Figure 11, the blue line represents the voltage wave, the black line the current wave
when the load power factor is 0.9, and the purple line the current wave when the load
power factor is 0.8. As the power factor decreases, the current has a phase angle that lags
the voltage. In this paper, the magnitude of the current at the voltage zero-point is about
83 A and 103 A, respectively.

Zero-voltage switching can prevent overlap between the current and voltage by
reducing the voltage to zero before the current begins to increase in switching-on transients.
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This can reduce switching and conduction losses by reducing voltage and current stress on
the switching element.

Additionally, since the ISVR uses a bidirectional IGBT module, the operating charac-
teristics of the device must be considered. After the voltage across the switch reaches zero,
a turn-off delay occurs, as shown in Figure 12, owing to the IGBT characteristics and system
clock time before switching to the next tap. If a tap is switched without considering the
delay time and the IGBT corresponding to the next tap is fired, the parallel transformer and
the IGBT form a short circuit, causing a large short-circuit current. In addition, the current
temporarily flows into the snubber circuit of the switch during the delay time. If it is set
too long, the series transformer may be open and the voltage across the series transformer
becomes near to the system voltage 1.0 p.u. Therefore, zero-voltage switching through
accurate zero-point detection is indispensable.

Previous IGBT Turn-Off Next IGBT Turn-On

ISVR ~ .,

b @ : Zero Voltage Point
Voltage .

1

Previous Tap m

}

1 tq

Figure 12. Turn-off delay occurring during zero-voltage switching.

In addition to switching taps, the thyristor connected to the tap repeats turn-on
and turn-off operations every half cycle for a bidirectional current flow. As a result,
harmonic waves continuously occur [13,14]. On the other hand, IGBTs with a common
emitter structure maintain conduction except for during tap switching, so harmonics do
not occur. It is not easy to detect the zero point for voltages containing harmonics, but
accurate zero-point detection is possible by reducing distortion using methods such as d-q
transformation [32]. The voltage zero-point detector proposed in this paper is shown in
Figure 13a. The zero-point detector measures the voltage of the ISVR circuit and generates
the zero-voltage signal at the moment it crosses from “—V” to “+V” or vice versa based
on amplitude 0. In Figure 13b, the zero-voltage signal has a value of 1 at the zero-voltage

point, otherwise, it has 0 value.
Voltage | o . Zero Voltage Point

+Vseri,2nd +Vseri,2nd

ISVR

Detect
Voltage
Amplitude

Zero Signal ) . ) Time
I I _Vseri,an I I _Vseri,an
' ! !
Sign Change Y S [, [ [
(+) — (—) Voltage
Zero
or Signal
=) —) 0 Time
(a) (b)

Figure 13. Voltage zero-point detection method: (a) voltage zero-point detection controller based on
voltage amplitude; (b) zero-voltage signal depending on voltage amplitude.

The tap-switching procedure using zero-voltage switching is shown in Figure 14. If
the line voltage is monitored and beyond a permissible voltage range, the tap-changing
command is directed to the ISVR by the LDC. Then, tap change switching is performed at
the nearest voltage zero-point just after a tap change command is directed to the ISVR.
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ISVR Voltage

Beyond
Permissible
range

Tap Change
Command

Detect Voltage
Zero-point

l

IGBT Turn-off
in
Previous Tap

|

IGBT Turn-on
In
Next Tap

Figure 14. Tap-changing procedures with voltage zero-point control method.

4. Simulation and Results

To verify normal tap switching of the ISVR, a simulation is conducted for a single
distribution line. Figure 15 Shows a single 22.9 kV distribution line model, which is
branched off from the 154 kV /22.9 kV, 45 MVA substation.

Substation ISVR
154 / 22.9kV . 10km A 10km
Y-Y-A CNCV ALOC ALOC ALOC ALOC ALOC ALOC
500m  1km 1km 1km

1km 1km

Total Load Load Load Load
PeakLoad : 10[MVA] (pf: 0.9)
Grid Light Load : 2.5[MVA] (pf : 0.9)

Load Load Load

Figure 15. A typical distribution system model to be analyzed.

The main transformer of the substation was 154 kV/22.9 kV, 3-phase 45 MVA, and
the neutral point of the transformer was grounded through the reactor. The underground
cable CNCV-325 mm? was used from the 22.9 kV substation outlet to the 500 m point, and
from the 500 m point onwards, the overhead line ALOC 160-95 mm? consists of 20 km. The
distribution line was divided into 20 sections and a 0.5 MVA load was connected every
1 km. The total load of the distribution line is an inductive load of 10 MVA at a heavy load
and 2.5 MVA at a light load, and both have a load power factor of 0.9. The components and
parameters of the model distribution systems are as shown in Table 3.
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Table 3. Components and parameters for model distribution systems.

Index Value Remark
3-Winding Transformer (154 kV/22.9 kV /6.6 kV)
Rated Power 45/60 MVA
Positive Sequence %X1_» 14.55
Positive Sequence %X;_3 7.87 45 MVA
Positive Sequence %X3_1 2.08 Based
Connection Type Y—Ye—A
Distribution Line (22.9 kV, 20 km)
CNCV325 mm
Positive Impedance 0.0179 +j0.0284 (3 /km
Zero Impedance 0.0532 +j0.0173 (3 /km 100 MVA
ALOC 160-95 Based
Positive Impedance 0.0347 +j0.0746 (3 /km
Zero Impedance 0.1199 +j2926 O3/km
Peak Load 9.0 [MW] + 4.36 Mvar
Lagging
Light Load 2.25 [MW] + 1.09 Mvar

To compensate for the 5% voltage drop in the distribution line, an ISVR with a voltage
adjustment range of +5% is modeled in Figure 16, which uses a B-type series transformer. The
Tseries has a turn ratio of 1:1 (660:660 V) and the Tgy,,,;,; has a turn ratio of 1:20 (660:13,200 V).
The parallel transformer is a 4-winding transformer, and the total secondary rating voltage
is 660 V; the turn ratio of the 2nd, 3rd, and 4th windings is 1:3:2 (110:330:220 V). The
% impedance of all transformers is 2%, and their capacity is 200 kVA, respectively.

@

-(_“w‘wtgi "‘“?“J Tseries
%] 0.66:0.66[kV] ] ]
:l BE =L BEH s & 5. BE
Rsnubéé g“;‘gws‘l 3 ’f_sl,iis,a ié gggs,s éé E‘;‘EE_’
Con gt 90 gt g ved” g ead -
T| T|7’ 7‘ T‘: 0.66:13.112n[kV]

#2 (0.11[kV]):z ,3
s S g
¢ f #3 (0.33[kV, [ e
+ g O3BRY) el
GS_Byr ®

#4 (0422[kV])i 1]

Je I8 qc I #1 (13.2[kV])

5 BiHn sl BEHL & X3 2 XD
g ysH s gres g oyE

Figure 16. Modeling through PSCAD/EMTDC.

As described above, there are a total of 13 voltage levels that can be controlled through
the combination of a parallel transformer and a switching element. Eight bidirectional
IGBTs perform switching operations during tap changing, and one bidirectional thyristor
switch is used in bypass mode in the event of a fault or a malfunction in the internal circuit
of the tap switching transformer. Table 4 shows the operation switches and compensation
voltage according to tap position number.
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Table 4. Operation switches and compensation voltage according to tap position number.

Tap Position Number Compensation Voltage Operation Switches

1 —660 V (—5.00%) S1, Sg
2 —550 V (—4.167%) S3, Sg
3 —440 'V (—3.333%) 51, S2
4 —330V (—2.50%) Sy, S3
5 —220 V (—=1.666%) S5, Sg
6 —110 V (—0.833%) 51, Se
7 0V (0%) 51, S4
8 +110 V (+0.833%) S3, S4
9 +220 V (+1.666%) Sy, S7
10 +330 V (+2.50%) S5, Sg
11 +440 V (+3.333%) S4, S5
12 +550 V (+4.167%) Se, S7
13 +660 V (+5.00%) Sy, S7
Bypass - So

Based on a load of 10 MVA, the current flowing in a single line is about 252A and
considering the maximum compensation voltage of 660 V, the capacity of Tsjes and Tspy ¢
is 200 kVA. The rated voltage of the IGBT and diode considers the maximum compensation
voltage. The rated current considers the size of the load current and fault current on the
IGBT. The ratings of the IGBT and diode that satisfy the two conditions are 1700 V and
800 A. Considering the same conditions for the thyristor, the rated voltage and current
are 1800 V, 570 A. The parameters used in the ISVR are set by referring to Infineon’s data
sheets. The snubber resistor (Rg,,;) is 10 €2, and the snubber capacitor (Cs,,3) is 1.0 uF. The
components of a single-phase ISVR are listed in Table 5.

Table 5. Specification of single-phase ISVR for simulations.

Index Value Index Value
Taeries 200 kVA Renub 100
Tohunt 200 kVA Carub 1.0 uF
IGBT module 1700V, 800 A Thyristor 1800V, 570 A
IGBT Ron 0.00575 Q) Thyristor Ron 0.000658 ()
IGBT R, 1.0MQ Thyristor R 112kQ
Diode 1700V, 400 A Ly 100 nH
Diode Ron 0.0055 ) Diode Ryg 1.0MQ

Based on the above description, the ISVR circuit modeled through PSCAD/EMTDC is
shown in Figure 16.

4.1. Simulation Scenario

To prove the stable control of the proposed method, the simulation is divided into the
following three cases: case I applied the current-limiting resistor method, case Il applied
the zero-current switching method, and case III applied the zero-voltage switching method
to the ISVR. The simulation considers peak load.

Lastly, we will also verify the protection performance of the bypass switch in case of a
single-line ground fault (SLGF).

4.2. Simulation Results

The voltage variation during tap changing in case I is shown in Figure 17. The
horizontal axis represents the tap-switching time as seconds, and the vertical axis represents
the voltage p.u. based on 22.9 kV. The blue line is the voltage just after the SVR, and the red
line represents the voltage at the end of the line. It is known that large voltage drops occur
due to the current-limiting resistance when changing tap. This voltage drop occurs while
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passing through the current-limiting resistor after the tap change signal is applied, that is,
during the tap-changing delay.
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Figure 17. Voltage variation during tap changing in case I.

Figure 18 shows the voltage (V,i2,4) at the series transformer during tap switch-
ing. The vertical axis of the upper graph represents the instantaneous voltage kV on the
secondary side of the series transformer of the SVR, the vertical axis of the lower graph rep-
resents the tap position number, and the horizontal axis represents the tap-switching time
as seconds. Here, too, it can be seen that voltage drops occur due to the current-limiting
resistor when changing taps.

SSVR A : Graphs -
=V seri 2nd

1.0

0 Discontinuous voltage flow when tap-changing

I ~ o N ANAAAN
o2l 1 o A A oA A AL w1
oo A A ARV AR TV AL S
R ALVAITATRIVIIAIETRIETVEL IRER IRERD
s 1 L R VIRV VAR VY U Y Y
Py I i R A s VIRV Vi

Figure 18. Voltage (Vi 2n4) at the series transformer during tap switching in case L.

Figure 19 shows the voltage variation for peak load in case Il when current zero-point
detection is not performed accurately. The vertical axis of the upper graph represents the
voltage p.u. on the distribution line based on 22.9 kV, the vertical axis of the lower graph
represents the tap position number, and the horizontal axis represents the tap-switching
time as seconds. In particular, when switching from tap 8 to 9, it can be seen that a short
circuit occurs, resulting in a large voltage drop.
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Figure 19. Voltage variation during tap changing in case II.

Figure 20 shows the voltage variations in case III. In the ISVR using the zero-voltage
switching method, unlike cases I and I, it is confirmed that no voltage drop occurs during
tap changing and stable operation is achieved.
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Figure 20. Voltage variation during tap changing in case III.

Figure 21 shows the voltage (Vyi24) at the series transformer during tap switch-
ing. The vertical axis of the upper graph represents the instantaneous voltage kV on the
secondary side of the series transformer of the SVR, the vertical axis of the lower graph
represents the tap position number, and the horizontal axis represents the tap-switching
time as seconds. Also, we can check for a stable voltage waveform.

Lastly, let us check the ISVR protection according to the bypass circuit operation in the
event of an SLGF on the distribution line. Figure 22a shows the current flowing in the ISVR
circuit when the bypass circuit is not operating. Figure 22b shows the current flowing in
the ISVR circuit during bypass circuit operation. The vertical axis of each graph represents
the instantaneous current value kA, and the horizontal axis represents the time as seconds
considering the SLGF occurrence. The top two graphs represent the current flowing in
two switches out of eight switches, and the bottom graph represents the current in bypass
switch 9. An SLGF occurs at 1.2 s and lasts for 0.2 s.
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Figure 22. Currents flowing in ISVR during SLGF: (a) when the bypass switch does not operate;
(b) when the bypass switch operates.

When the bypass is not operating, the fault current flows through the IGBT switches,
but when the bypass is operating, the fault current flows through the bypass, so they can
be protected from the fault current.

5. Experiment and Results

In this section, we will introduce the contents of the ISVR prototype produced and
tested. The prototype specifications of the ISVR are shown in Table 6. The overall configu-
ration of the system for verification testing is shown in Figure 23. Based on the single-line
phase nominal voltage of 13.2 kV in the target distribution system, 13 taps are operated in
stages. The compensation voltage per tap is the same as the ISVR topology in Section 3.

Table 6. Specifications of prototype single-phase ISVR for experiments.

Index Value Remark

Capacity 400 kVA Single-phase

IGBT 1700V, 800 A Main switch
Thyristor 1800V, 570 A Bypass switch

Line rated voltage 13.2kV 22.9//3kV
Voltage adjustment range +660 V 13.2kV £ 5%

Unit tap voltage 110 V (0.83%) Secondary converted voltage

Protection function SLGF Bypass circuit
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Figure 23. The configuration for verification testing: (a) a picture of the entire experimental facility;
(b) experiment wiring diagram.

Figure 24 shows the compensation voltage when the tap position number of the ISVR
is from 1 to 13. In the graph, the yellow line represents the secondary voltage V of Typjes in
Figure 7, the green line represents the secondary current A of Tg,,;.s in Figure 7, and the
purple line represents the secondary voltage V of Tg,,,,; in Figure 7.

Figure 24a—f show the case where the RMS voltage compensated for in the series
transformer is —660 ~ —110 V, but the actual compensated voltage values are —649.155V,
—543.517 V, —437.434 V, —330.526 V, —221.814 V, and —110.687 V. Figure 24h—m show
the case where the effective value voltage compensated for in the series transformer is
110 ~ 660 V, but the actual compensated voltage values are 112.191 V, 229.031 V, 347.854 V,
469.262'V,595.288 V, and 720.426 V. It is confirmed that generally good voltage compensation
was achieved.
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Figure 24. Compensation voltage of series transformer at (Ts,,s) different tap position numbers:
(a) tap 1; (b) tap 2; (c) tap 3; (d) tap 4; (e) tap 5; (f) tap 6; (g) tap 7; (h) tap 8; (i) tap 9; (j) tap 10;
(k) tap 11; (1) tap 12; (m) tap13.

6. Conclusions

As energy transition takes place around the world, the penetration of large-scale
variable DG like as PV generation into distribution systems is increasing, resulting in
frequent voltage fluctuations in distribution lines. As a result, the voltage of the distribution
line may be beyond the allowable range, making it difficult to supply appropriate voltage
to consumers. The voltage of existing long-distance distribution lines has been adjusted
through SVRs. Existing SVRs are mostly mechanical and have disadvantages such as a
slow tap-changing rate, arcing, and a shortened life span in response to frequent operation
requirements due to output changes in DG. Also, TVRs and hybrid SVRs developed so far
have the disadvantage of short circuits and open circuits due to complex control methods
and current zero-point control.

To solve those disadvantages, this paper proposes an SVR using IGBT devices, which
have an efficient topology and a zero-voltage switching method. To validate the proposed
method, software simulations and empirical experiments were conducted.

In the former case, the target distribution system and ISVR were modeled and sim-
ulated by PSCAD/EMTDC. As a result, much more stable tap switching was achieved
compared to the conventional current limiting resistor method and zero-current switching
method. In addition, it was confirmed that the ISVR circuit can be safely protected from
fault current through bypass circuit operation in the event of an SLGFE.

In the latter case, an ISVR with a capacity of 400 kVA, voltages of 13.2 kV, 1700 V, and
800 A, IGBT elements, a 660:660 V series transformer, and a 13.2:0.66 kV parallel transformer
was built and connected to a 13.2 kV power system to perform tap-switching experiments.
The results of the empirical experiments showed that stable voltage compensation at a total
of 13 tap positions was well achieved.

It is hoped that this ISVR will be applied to distribution lines with large-scale DG and
the line voltage will be effectively regulated within the permissible range. However, if a
control error or defect occurs in the power semiconductor and the rating is exceeded, the
ISVR may be damaged. Therefore, some protection devices for those instances need to be
developed, and this is a future research subject.
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