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Abstract: The development of industrial technology is based on electronic devices that are sensitive to
power quality. Thus, the demand for high-quality and reliable power supplies is increasing. Voltage
sag results in severe problems in the manufacturing process of power quality-sensitive industrial
loads. When a fault occurs in a multi-ground power distribution system, the magnitudes of the
fault current and voltage sag in the faulted and nonfaulted feeders become high. Hence, installing
a superconducting fault current limiter (SFCL) is an effective method of compensating for fault
current limitation and voltage sag. This study evaluates the effects of improving the magnitude,
duration, and frequency of the voltage sag according to the type of SFCL used. First, a fault in the
power distribution system is analyzed using PSCAD/EMTDC, a power system simulation software,
according to the fault current-limiting element (CLE) and the type of SFCL. Second, the expected
voltage sag frequency caused by a feeder fault in the power distribution system is assessed. Finally,
the voltage sag improvement effect according to the CLE and the type of SFCL are compared. The
trigger-type SFCL with a resistor as a CLE has been evaluated and found to be effective in improving
voltage sag.

Keywords: superconducting fault current limiter (SFCL); voltage sag; power quality; power distribution
reliability

1. Introduction

The fault current and voltage sag in a power distribution system increase due to the
increase in the power generation capacity and the parallel operation of the power system for
a stable power supply. Voltage sag affects industrial loads that are sensitive to power quality,
such as PLCs (programmable logic controllers) and magnetic contactors [1]. Therefore, the
applications of the distribution static synchronous compensator, energy storage system,
unified power quality conditioner, and dynamic voltage regulator to improve voltage sag
have been investigated [2—4].

Most voltage sags occur under fault conditions [1-7], thus studies have been conducted
to identify the relative location and types of faults that cause voltage sag [6] and to calculate
the voltage sag [7]. Superconducting fault current limiters (SFCLs) play an important role
in limiting fault currents and mitigating voltage sag in a power distribution system, and
various studies have been conducted on these protection devices [8-11]. Recently, using
these characteristics of SFCLs, studies on the low voltage ride-through enhancement effect
have been conducted [12-14]. Previous studies have only evaluated the mitigation effect of
voltage sag magnitude. However, the quantitative effectiveness analysis of the voltage sag
mitigation was insufficient because no assessment of the expected frequency of voltage sag
was performed.

Voltage sags occur on a nonfaulted feeder in the event of a fault. Therefore, the ex-
pected frequency of the voltage sag in the nonfaulted feeder can be evaluated using the
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expected frequency of the feeder fault [5]. Reference [15] evaluated voltage sag mitigation
resulting from resistive-type SFCL installation in terms of magnitude and frequency. How-
ever, because the fault current and voltage sag characteristics differ according to the R/X
ratio of the fault impedance, the analysis of various current-limiting elements (CLEs) is
required. Thus, this study analyzes the installation effect of the resistive- and trigger-type
SFCLs in a power distribution system in terms of voltage sag. The CLE of the trigger-type
SFCL comprises an inductor; thus, the fault impedance R/X ratio of this SFCL and that of
the resistive-type SFCL differ. Hence, the voltage sag is different even if the impedances are
equal. Additionally, the frequency of the voltage sag of a nonfaulted feeder was evaluated
based on the failure rate, which is determined by the fault location on the faulted feeder.
Thus, we analyze the magnitude, duration, and frequency of the mitigation effect on the
voltage sag of the power distribution system according to the type of SFCL, which assists
in selecting the SFCL type based on the load requirements.

2. Impact of SFCL Types on Power Distribution Systems

Here, the effects of SFCL installation on the distribution system are introduced from
the perspective of fault analysis. The modeling of a simple test power distribution system
and the effect of improving the magnitude of the voltage sag according to the SFCL type
are discussed.

2.1. Test Power Distribution System Model

In this study, the effect and failure probability of a feeder depending on the fault
location in a simple power distribution system have been evaluated. If the fault is far from
the bus, the magnitude of the voltage sag is reduced because of the fault impedance. Con-
versely, if the fault is close to the bus, the magnitude of the voltage sag increases. Figure 1
illustrates a simple 22.9 kV power distribution system that is used to simulate various fault
locations. This distribution system consists of long, medium, and short-distance feeders, as
well as the main transformer, bus, circuit breakers, distribution transformers, and SFCLs.
Feeder 1 (F1), with its long length and light loads, supplies power to loads in rural areas.
Feeder 2 (F2), which has a shorter line than F1 and can handle larger loads, supplies power
to a suburban area. Feeder 3 (F3) is a short, heavily loaded feeder that supplies power to
urban areas. SFCLs at the starting point of the feeder limit the fault current in the case of a
fault and compensate for the voltage sag of the bus [8-11]. The faulted feeder undergoes a
power outage, whereas the nonfaulted feeder experiences a voltage sag during a fault. The
load loss of the faulted feeder can be evaluated using a probabilistic approach. Therefore,
the voltage sag frequency of the nonfaulted feeder can be analyzed using the failure rate of
the faulted feeder location [5].

4 Fault Feeder 1

- R EE

154/22.9 [kV] LP5
45/60 [MVA] LP1 LP2 LP3 LP4

Feeder 2
@ @ @ h
LP!

- AY

Feeder 3
(F3)
W :SFCL @

6 LP7 LP8
[] : Circuit breaker LP9

Figure 1. Test power distribution system model with SFCLs on each feeder [16].

Tables 1 and 2 list the parameter settings of the 22.9 kV multi-ground power distribu-
tion system and the data for the load points [10,15]. The parameters in Table 1 are input
data of the PSCAD/EMTDC simulation in the event of a feeder fault, and the load data in
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Table 2 is used to assess the probability of the feeder fault and the acceptability affected by
the fault. The impact of the fault is evaluated as a voltage sag.

Table 1. Parameter settings of the test power distribution system.

Specification
Value Unit
Component
S Voltage 154 kV
ouree Impedance j0.87 %
Capacity 45 MVA
M. T Primary voltage 154 kV
- Secondary voltage 22.9 kv
Impedance j15 Y%
Line Zy 10.8 +j23.6 % /km
(ACSR 160 mm?) 71,75 3.48 +j7.44 % /km
Table 2. Data of load points.
Data Number of Line L h
umber o ine Lengt
. Load [MVA] Customers [km]
Load Point
LP1 1.5 414 7
F1 LP2 1.5 345 4
(rural) LP3 1.5 366 3.5
LP4 1.5 320 8
LP5 1.5 150 6
FZ LP6 25 690 5
(suburban) LP7 25 620 4.5
uburba LP8 25 575 55
F3
(urban) LP9 5.5 1375 3
Total 20.5 4855 46.5

2.2. Modeling of an SECL

In this study, the SFCL model was considered based on quenching and recovery
characteristics. The resistance of the SFCL with time ¢ is represented using Equation (1),
where R, represents the saturated resistance and Tr is the time constant until the satura-
tion resistance is reached. tg and t, represent the times of quench initialization and nth
recovery, respectively. a,, and b, are the slopes of the nth recovery and values of the initial
resistance [8-10,16,17].

and 0 (t <tg)
t—tg % <t <
Rsc(f) = { @nd Rall—exp(=18) " (o <t <ty) (1)
and a1(t —t1) + by H <t<t)
and ay(t — tp) + by (t>t)

As shown in Figure 2, the trigger-type SFCL comprises a high-temperature supercon-
ductivity (HTSC) element that senses and limits fault currents, a mechanical switch (SW)
that switches the current path, and a CLE that limits fault currents [18].
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Figure 2. Configuration of the trigger-type SFCL.
In fault situations, the HTSC detects a fault and limits the fault current through
quenching. After a few cycles, the SW operates, and the CLE, which is in parallel with the

HTSC, operates as shown in Figure 3. After the SW is operated, the magnitude of the bus
voltage sag depends on the impedance of the CLE.

fault
>
HTSC 3 cycles
- .
SW
CLE le—— 9 cycles —»
fault start protection coordination time

Figure 3. Operation sequence of a fault: HTSC, SW, and CLE.

The voltage sag index evaluates the voltage sag maintained for at least one cycle [19].
In this study, despite permanent faults, after the protection coordination time, the bus
voltage sag recovered to the rated voltage. The parameters of the SFCL are listed in Table 3.

Table 3. Parameter settings of the SFCL.

HTSC Element Value Unit
Convergence resistance (R;) 1.5 (@)
Current-limiting reactor, resistor (CLE) 2,j2 Q
Switching operation time (after quench) 3 cycles
Time constant (TF) 0.01 S
Critical current (I¢) 1200 A
1st and 2nd recovery slopes (a1, a2) —80, —160 1/s

2.3. Voltage Sag Mitigation

When a fault occurs on a feeder, among the lines of the main transformer in a power
distribution system, the bus voltage is represented by Equation (2). The faulted feeder
undergoes a power outage, whereas the nonfaulted feeder experiences a voltage sag during
the fault duration. ~

l

Ubus.f = m X Urate (2)

where, Zg is the impedance of the source, Z; is the impedance of the main transformer, Z;
is the line impedance from the bus to the fault location, and v, is the rated voltage of
the bus.
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The impedance of the SFCL is maintained at zero in the steady state. However, when
a fault occurs on the feeder with a fault current higher than the critical current of the HTSC
element, the SFCL changes the impedance from zero to the design value. Subsequently, the
SFECL limits the fault current and compensates for voltage sag on the bus.

SSFCL _ Zi + Zsrci
bus.f Zs+Zi+Z)+ Zspcr

X Orate (©)]

where, Zspcr denotes the impedance of the SFCL. A single line-to-ground fault (SLGF) is
the most frequent type of fault in a power distribution system.

The simulation results from PSCAD/EMTDC, in which the voltage is analyzed at the
bus and the fault current is measured at the faulted feeder according to the design of the
SFCL, 1 km away from the bus, are shown in Figure 4.
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Figure 4. Bus voltage sag and fault current waveforms. (a) Bus voltage waveforms obtained when a
resistive SFCL is applied. (b) Current waveforms obtained when a resistive SFCL is applied. (c) Bus
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voltage waveforms obtained when a trigger-type SFCL (CLE: R, L) is applied. (d) Current waveforms
obtained when a trigger-type SFCL (CLE: R, L) is applied.

The permanent SLGF was generated in 0.1 s, and the circuit breaker operated in 0.3 s
to eliminate the SLGE. UE%CL, U‘S/Xéo, ifSFCL, and i}N/ O denote the voltage sag of the bus and
the fault current when the resistive-type SFCL is and is not applied at F1, respectively.
U%;E:R, USC,;;%E:L, iCLER “and i$LEL denote the voltage sag of the bus and the fault current,
with the SFCL having different characteristics according to the CLE: R (resistor) and CLE
(inductor) of the trigger-type SFCL, respectively. At various installation locations, despite
the effectiveness of the SFCL in reducing the fault current, the voltage sag is only improved

on the feeder [20].

3. Analysis of the Effect of SFCL Types on the Frequency of Voltage Sags

Here, the installation effects of different types of SFCLs were analyzed through failure
analysis and probabilistic methods. For the application of probabilistic methods, we only
consider the SLGE, the most common type of fault in power distribution systems. The mag-
nitude and duration of the voltage sag due to the SLGF, evaluated through PSCAD/EMTDC,
are associated with the expected frequency experienced per customer using probabilistic
methods.

3.1. Method of Evaluating the Frequency of Voltage Sag

The voltage sag frequency index (SFI) represents the frequency of the bus voltage sag,
with a certain magnitude and duration; it is denoted as SFILY (i) with a magnitude of less
than x% at time y, which has fault distance k in feeder i [21]. The SFI is evaluated as the
sum of feeder fault rates from the bus at k. The SFI is evaluated as the RMS value at which
the voltage sag is maintained for at least one cycle [19,22]. Therefore, in this study, the
voltage sag compensated through the HTSC has a single RMS value because the duration
of the voltage sag variation from quenching to convergence resistance is too short. The
cases and results of evaluating the SFI with both characteristics by fault location in the test
power distribution system are listed in Table 4. As shown in Case 0, when a fault occurs at
0.33 km from the bus, the magnitude of the bus voltage is less than 10% of the rated bus
voltage in the steady state. Simultaneously, loads of other nonfaulted feeders experience a
power outage. In Case 1, the resistive-type SFCL at the starting point of the feeder prevents
voltage sags for magnitudes of 0-50%, because the HTSC element compensates for up to
50%. In Cases 2 and 3, as shown in Figures 2 and 3, the durations of the voltage sag are
divided into two states: before and after operating the SW. According to the operation of
the SW, the voltage sag is compensated through the HTSC element and CLE. Despite the
SFCL, a voltage sag with a magnitude of 40-50% occurs in Case 3. In contrast to Cases 1
and 2, the voltage sag is only shown when the inductance of the SFCL is applied. Thus, the
voltage sag mitigation achieved using the resistor was more effective than that achieved
using the inductor. In Cases 2 and 3, as the magnitude of the voltage sag increases, the
difference between cycles 3 and 9 increases because the fault impedance increases according
to the distance of the fault location from the bus.

3.2. Impact of SFCL Types on Power Distribution Systems

The System Average RMS Variation Frequency Index (SARFI) is a conventional index
of voltage sags measured anywhere [19,22]. However, in this study, we evaluated the
mitigation effect of voltage sags on customers in a power distribution system using a feeder
fault with the sensitivity of SARFI (S-SARFI) [15].

SFIy(ix) x (Nt — NE)
Nr '

S — SARFI(i}) = 4

where, N is the total number of customers in the power distribution system, and N is the
customer supplied through feeder i.
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Table 4. Voltage sag by fault location.

Case 0 (without SFCL)

X * [O/o]
y [cycles]
Fault location [km]

0~10 10~20 20~30 30~40 40~50 50~60 60~70 70~80 80~90
12 12 12 12 12 12 12 12 12
0.33 0.75 1.28 1.95 29 43 6.6 1.16 26.4

Case 1 (with resistive-type SFCL, 1.5[)])

x * [0/o]
y [cycles]
Fault location [km]

0~10 10~20 20~30 30~40 40~50 50~60 60~70 70~80 80~90
12 12 12 12 12 12 12 12 12
- - - - - 2.05 4.75 11 26.4

Case 2 (with trigger-type SFCL, HTSC: 1.5[(2], CLE: resistor 2[()])

x* [%]
y [cycles]
Fault location [km]

0~10 10~20 20~30 30~40 40~50 50~60 60~70 70~80 80~90
39 3.9 3 9 3 9 3 9 3 9 3 9 3 9 3 9
- - - - - - - - - - 205 - 475363 11 885 2.4 264

Case 3 (with trigger-type SFCL, HTSC: 1.5[Q2], CLE: inductor j2[Q2])

X * [O/o]
y [cycles]
Fault location [km]

0~10 10~20 20~30 30~40 40~50 50~60 60~70 70~80 80~90
39 3.9 3 9 3 9 3 9 3 9 3 9 3 9 3 9
- - - - - - - - - 04 20520 47545 11 94 264 264

* Percentage relative to the rated bus voltage in case of a fault.

Tables 5 and 6 show the expected frequency of voltage sag in load as evaluated in
cases 2 and 3, respectively. The results of the voltage sag in the three cycles of Cases 2
and 3 are like those in Case 1. The voltage sag duration of the trigger-type SFCL was
evaluated as a voltage sag with three and nine cycles, and it was compensated for by the
HTSC element and CLE, respectively. The fault rate per kilometer of the feeder is given in
Reference [23]. As shown in Table 5, when the CLE has a high resistance, no fault occurs
where the magnitude of the bus voltage is less than 50% in another feeder. However, as
shown in Table 6, when the CLE of the trigger-type SFCL is an inductor, faults occur, and
the magnitude of the bus voltage is less than 50% after SW is opened. When each CLE has
the same impedance, the fault current limitation and voltage compensation, depending on
the R/X ratio of the power distribution system, differ. Consequently, as shown in Table 6,
the voltage compensated through the HTSC element does not result in a voltage sag of
40-50% of the bus voltage magnitude. However, when the voltage is compensated using
the inductor, the voltage sag becomes 40-50% of the bus voltage. This indicates that a
1.5 Q) resistor can improve the voltage sag better than a j2 () inductor, depending on the
impedance at the fault distance. Generally, a power distribution system has a high R/X
ratio. The results of F1, F2, and F3 converged to different values because the feeder lengths
differed. In the case of a fault in F3, the frequency of the voltage sag that is greater than
70% equals the frequency of the voltage sag with a magnitude of 60-70%. The faults on F3
occur near the bus owing to its length and the absence of significant fault impedance.

Table 5. S-SARFI frequency according to the voltage sag with the magnitude and duration given in
Case 2.

K F1 2 3
yleycles] 3 9 3 9 3 9
X[O/o]
0~40 ] R ] R - -
40~50 ; - - ; - ;
50~60 0.089 - 0.082 - 0.09 -
60~70 0.207 0.158 0.189 0.144 0.140 0.140
70~80 0.480 0.386 0.437 0.352 0.140 0.140
80~90 1152 1152 0.59% 0.5% 0.140 0.140
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Table 6. S-SARFI frequency according to the voltage sag with the magnitude and duration given in

Case 3.
K F1 2 3
yleycles] 3 9 3 9 3 9
X[O/O]

0~40 - - - - - -
40~50 - 0.017 - 0.016 : 0.019
50~60 0.089 0.087 0.082 0.080 0.096 0.093
60~70 0.207 0.196 0.189 0.179 0.140 0.140
70~80 0.480 0.410 0.437 0.374 0.140 0.140
80~90 1.152 1.152 0.596 0.596 0.140 0.140

The results of Tables 5 and 6 and the resistive-type SFCL are shown in Figure 5. As
shown in Figure 5a, the resistive-type SFCL installed on F3 improves the voltage sag of
50% or less of the bus voltage by 0.12 frequency/customers per year. In the test power
distribution system, 3480 customers were expected to experience voltage sags owing to the
F3 fault, and voltage sags of 417.6 per year were expected to be reduced when installing
the resistive-type SFCL. As shown in Figure 5b, when the voltage is at least 70% of the
steady-state bus voltage, the voltage sag frequency in Case 2 is lower than that in Case 1.
As the impedance ratio increased according to the fault position, the voltage sag mitigation
effect increased compared with the fault current reduction effect. Therefore, the effective
configuration of the SFCL can be determined using the impedance ratio of the system.

0.8

—m— F1 (case 0) I
®— F2 (case 0) /' (a)
]—&— F3 (case 0) .
=] F1(case1) [ @
F2 (case 1) |
0-6—:8 F3 (case 1) /

S-SARFI(Frequency)
2
1

©
o
1

|

0.0

Figure 5. Cont.
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F3(case 3) ’I.If'll ., l"
m, ly
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¥
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Y ST S T VI . S A—
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Figure 5. S-SSARFI by cases: (a) applying a resistive-type SFCL, and (b) applying a trigger-type SFCL
with a resistor and inductor as a CLE.

4. Conclusions

This study analyzed the mitigation effect of voltage sag by SFCLs through a fault
analysis and probabilistic evaluation of the power distribution system to evaluate the types
of SFCLs and the installation priority of the feeder constituting the power distribution
system. Based on the analyses, the CLE, which is a resistor, had a higher voltage sag
mitigation effect than an inductor. However, in the case of the inductor, the frequency
of the voltage sag did not change rapidly with magnitude. Therefore, an inductor can
effectively improve voltage deflection in a certain voltage range. This is due to the change
in the fault impedance ratio based on the CLE. The ratio of the fault impedance was not
absolute because the fault-impedance ratio varied with fault position.

The SFCL was mainly installed for fault current reduction. However, the installation
of the SFCL next to a feeder is an excellent option for protecting power quality-sensitive
loads in a power system. The installation of an efficient SFCL power distribution system
requires a quantitative evaluation of the fault current and voltage sag mitigation effects
through fault and probabilistic analyses of various power distribution facilities. In addition,
in this study, all types of faults were considered SLGFs. Because the magnitude of the
voltage sag varies depending on the type of fault, it is necessary to evaluate the voltage sag
mitigation effect of the magnitude and expected frequency of the SFCL for various types
of faults.
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