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Abstract: Due to the rapid growth of load demand, different power sources are added to the
power system, and the interconnection among various power devices for a modern electric grid
also becomes more and more complicated. Therefore, the fault current is dramatically
increasing, and Superconducting Fault Current Limiter (SFCL) has introduced to solve the
related problems. In this paper proposes the strategies of applying SFCL to distribution feeder
for the system performance improvement of power quality, including the fault current limiter
and the mitigations of voltage variations including sag and swell. And the effectiveness for
different feeder types, radial and closed-loop structures, is analyzed for Taiwan Power
Company (Taipower) system. When a single-phase to ground fault happens to a certain point
along the feeder or at the tie breaker, the simulation results show that SFCL can effectively
limit the fault current, and the decrease in amplitude can be up to approximately 55%. Besides,
the research results illustrate that the voltage sag severity at fault phase and voltage swell at
non-fault phase are dependent of fault location. Therefore, the effectiveness of voltage quality
improvement is definitely illustrated by the curve of Information of Technology Industry
Council (ITI Curve).
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1. Introduction

With the increase of electricity consumption nowadays, the electric power system is getting
more and more complicated. As a result, the size of the single-line to ground fault that arise
from complication of electric power system is increasing. The fault current levels may soon
cross the rated fault current breaking capacity of the existing circuit breakers. Therefore,
improving the reliability and security of power distribution in the power grids is an important
and difficult task. SFCL offer an excellent solution for the increased level of short circuits in
power systems, which can improve the stability of the power system. And various types of
SFCLs are implemented at substation of power distribution system in real world power grids of
many countries [1-6].

SFCL is innovative electric equipment based on the principle of superconductivity. SFCL is
an attractive device that limits the short-circuit current rapidly and effectively without affecting
the power system during a normal time. In addition, SFCL can enhance voltage quality not
only in fault phase but also in non-fault phase when a single-phase to ground fault happened.
Today, power quality problem is one of the importance issues in power system. One of the
most significant issues regarding power quality is voltage sag, swell [7]. Voltage sag and swell
are incidents in which the voltage amplitude drops and overvoltage for a short time. Generally,
the voltage sag and swell can be expressed by the tolerance curve. A popular equipment
tolerance curve, the Information Technology Industry Council (ITIC) curve is shown in Figure
1. The first curve, ITIC curve, was formerly called the Computer and Business Equipment
Manufacturer Association (CBEMA) [8].

The voltage sag and swell are indicatives of power quality degradation and is a useful
measure of the fault events. Nevertheless, there is little progress in the studies on the impact of
SFCL’s application in improving voltage sag on fault phase and decreasing voltage swell on
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non-fault phase during fault in distribution feeder. In this paper, we have evaluated the effects
of SFCL on voltage sag and swell of a distribution feeder through study cases which utilizes
the ITIC acceptable voltage curve to evaluate the resultant under voltage and overvoltage. It is
found that resistive SFCL incorporated in the electric system results in the improvement of
voltage drops and reduction of overvoltage, suppressing fault current when a fault occur.
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Figure 1. Example of tolerance curves with power quality index points.

2. Modeling of resistive SFCL

Many models for SFCL have been developed such as resistive type, reactive type,
transformer type, and hybrid type SFCLs [9]. In this study, we defined a resistive type SFCL of
Nexans Companies and developed a corresponding MATLAB/Simulink based computer
simulation [10-11], and using mathematical expressive equations.

An impedance of SFCL with respect to time t is given by Eqgs. (1)-(4).

Ree(®) =0 (t< to), (1)
Rsc(t) = Ry [1 — exp (— %)F (tp <t <ty), (2)
Rsc(®) = oy (t—ty) + B, (t; <t <ty), ?3)
Rsc(t) = ax(t—t2) + B, (t=ty) @)

where R,;=1~20 (Q2), T=0.01 and t, represents the convergence resistance, time constant and
quench starting time, respectively. o,=-80 (Q/s), B;=Rn () and t; represents the initial
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recovery slope, the recovery starting resistance, and recovery starting time, respectively. o,=-
160 (€¥/s), B,=Rn/2 (2) and t, represents the recovery slope, the second stage recovery starting
resistance and recovery starting time, respectively. Quenching is the transition from the
superconducting state to the current limiting state of SFCL start at ty=1sec. Four fundamental
parameters are used for modeling resistive type SFCL. The parameters and their values are: 1)
transition or response time = 2msec, 2) minimum impedance = 0.01 Ohms and maximum
impedance = 20 Ohms, 3) triggering current = 550 A and 4) recovery time = 10 msec [12-13].
If passing current is larger than the triggering current level, the SFCL resistance increases its
maximum value. When the current level falls below the triggering current level the system
waits until the recovery time and then goes into normal state. Triggering current is the current
flowing through the SFCL before fault happened. Figure 2 illustrates resistive SFCL model and
the operating characteristics of R_SFCL using MATLAB/Simulink.
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(a) Algorithms and resistive SFCL model designed in simulink.
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(b) Resistive SFCL characteristics in simulink.
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Figure 2. Single phase resistive SFCL and simulation results modeled using Matlab/Simulink.
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3. Configuration of distribution feeder
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(a) Taipower’s system structure.
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(b) Single-line diagram of the distribution feeder with SFCL.
Figure 3. Structure of Taipower’s system and the distribution feeder is selected for study.
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One of the distribution substations with a radial feeder and a closed-loop feeder of the
Taipower system is selected for study. This set-up consists of main transformer, line, and
protective device such as circuit breaker (CB) to protect the system in fault condition, SFCLs
to decrease the fault current as shown in Figure 3. Loads group, daily load curves and
photograph of the application of SFCL in a distribution feeder as shown in Figure 4. The short
circuit capacity at 69kV side of substation is 2976MVA. The distribution transformer (T1) with
a rating capacity of 40MVA and an impedance of 9.67% is installed to step-down the voltage
level from 69kV to 11.4kV. There are 16 branches point (B2-B17) for the closed-loop feeder

and 5 branches point (B18-B22) for the radial feeder. Table 1 gives the line data of the two
feeders [14].
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Figure 4. Example of load profiles, daily load curves and application of SFCL of a distribution
feeder.
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Table 1. Distribution line data of the feeders.

Brarf(:rc:rgoint Bran(;l;\oPoint Conductor Type Length (km)
2 3 3C500XP2 0.80
3 4 3A477XPW 0.90
4 5 3A47TXPW 1.10
5 6 3A477XPW 1.50
6 7 3A47TXPW 1.50
7 8 3A477XPW 1.00
8 9 3C500XP2 1.00
9 10 0 0
10 11 3C500XP2 1.00
11 12 3A47TXPW 1.00
12 13 3A477XPW 1.50
13 14 3A477XPW 1.50
14 15 3A477XPW 1.10
15 16 3A477XPW 0.90
16 17 3C500XP2 0.80
18 19 3C500XP2 2.25
19 20 3A477XPW 2.25
20 21 3A477XPW 2.25
21 22 3A477XPW 2.25

4. Transient power quality disturbance in power system

Short circuit fault often occurs in power system. It includes three phase short circuit, three
phase-to-ground fault, double line-to-ground fault, line-to-line fault, and single line-to-ground
fault. Most fault of transmission and distribution systems are single-line to ground fault,
making up for about 70-80% of the total number of fault occurrences (According to the data of
fault performance recorded by PTC [Power Transmission Companies]), which is the main
reason of voltage sag and swell. Single line-to-ground fault can make the power system voltage
fluctuate, causing voltage sag, swell, interruption and current swell.
For a single-line to ground fault on phase A, the voltages on phase B and C are Egs. (5)-(7)
[15]:

Vyun=20 (%)
Vo = Vg — Vg = V3V,e 15 (©)
Ven=Ve—Vy = ‘/§VAej1500 (7

where: V,, Vg, V¢ are the voltage of phase A, B and C, respectively.

Figure 5, Figure 6 and Figure 7 represents the voltage waveform, current at fault point and
voltage of power side, respectively on fault phase and non-fault phase without SFCL to
illustrate for transient power quality disturbance in power system when a single phase-to-
ground happened on phase A at B19 of feeder 2. As seen in Figure 5 the voltage of phase A
becomes 0 (short interruption) at the fault point, while voltage of phase B and C voltage swell.
In Figure 6 the current of phase A rise high, while phase B and C current swell. Figure 7 shows
the voltages of phase A, B, C neighbor fault. As seen in Figure 7, phase A voltage at the power
side drops, voltage of phase B and C overvoltage.
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Figure 5. Voltage waveform at fault point for fault at B19 without SFCL.

1600 - Short circuit
1200 -
800 —

400 +

Phase A
Phase B
Phase C

400 —
=800
=1200 -
1600 -

Current (A)

Time (s)
Figure 6. Current waveform at fault point for fault at B19 without SFCL.
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Figure 7. Voltage waveform of power side at B19 without SFCL.

5. Effect of SFCL on voltage quality in distribution system
Generally speaking, a voltage magnitude at bus of output terminal of main transformer
during fault can be represented as Eq. (8) if fault impedance is ignored [16].
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7L,

— = oV 8
ZsourcetZrr+Zy source ( )

Vius =
where Zsource, Z1r, and Z are source impedance, transformer impedance, and line impedance
from source to fault location, respectively. While Vg is source voltage. Eq. (8) also can
approximately represent the voltage magnitude at all neighbor feeders. Different from Eq. (8),
Eq. (9) and Eq. (10) are the voltage magnitude when SFCL is installed at two different
locations: 1) At output terminal of main transformer or 2) starting point of each feeder.

7y,

V = [ ] V 9
bus ZsourcetZrr+ZsrcLtZL source ( )
Z1+ ZsFcL
Vs = v, (10)
bus ZsourcetZrr+ZsrcLtZL source

where, Zsec. means the impedance being statured at normal temperature.

6. Study cases

To evaluate the effect of the SFCL on the voltage sag and swell in a distribution feeder, we
used the MATLAB/Simulink software tool to model the components of the described system.
Three different scenarios are considered in this paper:

A. Case 1: The faults occurred at any branches point of feeder 2 with SFCL

The main purpose of this study is to discuss the voltage sag and overvoltage from B18 to
B22, where the SFCL is installed at starting point and single-phase to ground short circuit can
occur at any branches point of feeder 2. Figure 8, Figure 9 presents the voltages waveform at
B21, 20, with/without SFCL, respectively. Figure 10 shows current waveform at B22
with/without SFCL, when a fault is created on phase A at t=0.033s at B22 (t=0.00s at starting
of the simulation). The CB opened after three cycles and fault clears at 0.083s. Total simulation
time was 0.1s. In Figure 10(a) the fault current can be observed to be limited to 771A (56.94%)
from 1354A at B22. As seen in Figure 8(a), Figure 9(a) the voltage sag improvement is better
in this set up than in the case without SFCL. In addition, voltage sags can be seen increasing
from 20.01% (2281V) to 29.95% (3415V), from 39.03% (4450V) to 68.09% (7763V) at B21,
20, respectively. At Figure 10(b), the current swell on non-fault phase limited to 134.49% from
153.98% during fault. As seen in Figure 8(b), Figure 9(b), the voltage swell on non-fault phase
has been limited to 132.45% from 158.22% and 122.15% from 152.12% at B21, 20
respectively. Each under voltage and overvoltage events can be characterized by a magnitude
and duration and can be plotted as one point in the magnitude duration plane as shown in
Figure 11. As seen in Figure 11, without SFCL, the sag events almost dropped below and
overvoltage dropped above the suggested voltage tolerance ITIC curve during a fault. By
installing SFCL, the voltage sag can be improved at the fault phase, reaching 23% on average,
and voltage swell at non-fault phase is lessened. Voltage sag, swell at B18, 19 dropped into the
normal operation voltage range of voltage tolerance curve. Figure 12, Figure 13 represents the
voltage sag, swell from B18 to B22 when a fault appeared at any branches point of feeder 2. As
a result, it is evident from Figure 12 that the voltage sag increases to approximately 26%, 29%
at B19, 20 respectively, in Figure 13 the voltage swell decreases to approximately 20% on
average.
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(b) Voltage of phase B at B21.
Figure 8. Voltage waveform at B21with/without SFCL.
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Figure 12. Voltage sags from B18 to B22 with/without SFCL (the faults occurred at any
branches point of feeder 2).
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Figure 13. Voltage swells from B18 to B22 with/without SFCL

(the faults occurred at any branches point of feeder 2).

B. Case 2: The fault occurred at Tie Breaker of feeder 1 with SFCL

The purpose of the study presented in this section is an analysis of the voltage sag and swell
from B2 to B17, where SFCL is installed from starting point to end point of the closed-loop
feeder and a fault occurred at tie breaker. Figure 14 illustrates the voltage waveform at B6
with/without SFCL. Figure 15, Figure 16 presents the currents waveform at B9, 10
with/without SFCL, and the accident created at t=0.033s on phase A at tie breaker. The
resistive SFCL suppressed fault current and the current flowing through circuit breakers. The
CBs opened after 3 cycles and subsequently clears the fault at 0.083s. As seen in Figure 15(a),
Figure 16(a) the fault current can be observed to be limited to 915A (53.44%), 805A (54.39%)
from 1712A, 1480A at B9, 10, respectively. In Figure 14(a) the voltage sag on fault phase has
been improved from 24.82% (2830V) to 50.43% (5750V) at B6 during a fault. At seen in
Figure 15(b), Figure 16(b) the currents swell on non-fault phase are limited to 144.32% from
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160.02% and 140.32% from 156.06% at B9, 10, respectively. At Figure 14 (b) voltage swell on
non fault phase has been limited to 128.93% from 139.95% at B6. Figure 17 gives the sites of
the voltage sag, swell events for study case 2. As seen in Figure 17, without SFCL, all the sag
events dropped below and voltage swell dropped above the ITIC curve. However, with the
insertion of SFCL, the sag events that can be improved and overvoltage are lessened, which
dropped into the acceptable power the curve of ITIC are at B2, 3, 4, 15, 16, 17. Figure 18
represents the voltage sag and overvoltage from B2 to B17 when a short circuit occurred at tie
breaker. The voltage sag improvement in this case can be increased from 10% to 30%, voltage
swell decreased from 10% to 20% along the feeder.
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(b) Voltage of phase B at B6.
Figure 14. Voltage waveform at B6 with/without SFCL.
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Figure 17. Voltage sag, swell and ITIC curve for study case 2 with/without SFCL (the fault
occurred at Tie Breaker of feeder 1).
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Figure 18. Voltage sag, swell from B2 to B17 with/without SFCL
(the short circuit occurred at Tie Breaker of feeder 1).

C. Case 3: The faults occurred at any branches point of feeder 1 with SFCL

This case present the voltage drops and overvoltage analysis from B3 to B17 where SFCL
installed from starting point to end point of the closed-loop feeder and the short circuit is
created at any branches point of feeder 1. Figure 19 illustrates the voltage sag and voltage swell
sites from B3 to B17, when a fault occurred at B3. Using the ITIC curve, Figure 20 represents
under voltage and overvoltage, when a short circuit happened at any branches point of feeder 1.
As can be observed from Figure 20, without SFCL the voltage sags mostly dropped below and
voltage swells dropped above the threshold of voltage tolerance curve. With the installation of
SFCL, improvements of voltage sag and swell depended on fault point and length between
feeder starting point and fault position. The improvements in voltage sag in this case can be
increases to approximately 30%, and voltage swell decreases to approximately 15% at B14.
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Figure 19. Voltage sag, swell from B3 to B17 with/without SFCL
(the short circuit occurred at B3 of feeder 1).
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Figure 20. Voltage sag, swell and ITIC curve for study case 3 with/without SFCL
(the faults occurred at any branches point of feeder 1).

7. Conclusion

In this paper, we have analyzed and discussed the effect of SFCL on voltage sag and
voltage swell in a distribution feeder through some study cases. Under voltage and overvoltage
for all cases are evaluated with ITIC curve. Simulation results show that, without SFCL, all the
sag events dropped below and voltage swell dropped above the suggested voltage tolerance
curve. With the insertion of SFCL, the voltage sag at fault phase can be improved and voltage
swell at non-fault phase are lessened, which is depended on fault point and length between
feeder starting point and fault location. The effectiveness is such that under voltage and
overvoltage at closed-loop feeder is more severe than at radial feeder. As a result, the
installation of SFCL improves voltage magnitude of sag and reduces voltage magnitude of
swell considerably. In the future studies, various types of faults, protective coordination, and so
on should be considered.
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