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Abstract: Due to the demand for eco-friendly energy, distributed energy resources (DERs) using
renewable energy have increased. The increase in DER has caused the power system to become more
complex and caused problems in the protection system. Typical problems include an increase in fault
current and a problem that causes malfunction of the overcurrent relay (OCR). If the fault current
increases and exceeds the capacity of the existing protection devices, it may lead to a large blackout.
The most effective way to limit the fault current is to install a superconducting current limiter (SFCL).
The installation of SFCL and system penetration of DER both affect OCR operating characteristics. In
this paper, a simulated power distribution system is constructed and OCR malfunctions caused by
DER penetration and SFCL installation are analyzed.

Keywords: distributed energy resources (DER); overcurrent relay (OCR); malfunction; fault current;
superconducting fault current limiter (SFCL)

1. Introduction

A policy to use decarbonized energy to cope with the problem of climate change is
adopted. Accordingly, electricity-related companies are on the trend of reducing the pro-
portion of existing power generation sources and increasing the proportion of distributed
energy resources (DERs). Usually, DERs are located in a location rich in renewable re-
sources, not around loads or power generation. Therefore, when the DERs are connected to
the power distribution system, they cannot be connected to a desired location [1-4]. The
operations of the existing installed over-current relays (OCRs) are affected according to the
penetration positions of the DERs. A schematic diagram of a simulated power distribution
system showing two cases among cases in which malfunction of OCRs may occur in a
power distribution system penetrated with DERs is shown in Figure 1. The red line shown
in the figure means the fault current generated by the main power source, and the yellow
line means the fault current generated by the DER.

In Figure 1a, the OCR installed on the right feeder is set to operate at a low fault
current. At this time, if a fault occurs, the fault current flows in the reverse direction, and
the sensitively set OCR malfunctions due to this fault current. The malfunction of OCR in
this case is called sympathetic tripping. In the fault situation in Figure 1b, CB;, operates
as a main and CBy operates as a backup. However, due to the penetration of DER, the
fault current of CBy; operating as main increases and the fault current of CBy; operating
as backup decreases. As a result, DER penetration increases the operating time of CBy,
and decreases the operating time of CBj;, increasing the coordination time interval (CTI)
between the main protective relay and the backup protective relay. The malfunction of
OCR in this case is called protection blinding of the backup relay [5-8].

If the fault current increases and exceeds the capacity of the existing equipment, the
possibility of a large-scale blackout occurs. In addition, a section in which the fault current
increases due to the increased penetration of the DER occurs, so a solution for this is
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(a)

needed. It has been announced through previous studies that a superconducting fault
current limiter (SFCL) is a very effective solution to the fault current problem [9-11]. The
SFCL has the advantage that it does not cause any loss because the resistance is zero within
the normal condition. Additionally, SFCL has the advantage of limiting the fault current
within 1/4 cycle but has the disadvantage of high maintenance cost. The fault current is
limited by using a trigger-type SFCL that can improve the cost problem.

(b)
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Figure 1. Schematic diagram of a simulated power distribution system. (a) Sympathetic tripping of
adjacent line OCR; (b) Protection blinding of backup OCR.

In this paper, a simulated power distribution system was designed for fault simulation
to analyze the malfunction of the OCR caused by the penetration of DER. In addition,
changes in OCR operation according to the application of SFCL were also analyzed. In
previous studies, the trip time delay problem of OCR due to the installation of SFCL was
analyzed. To solve this problem, a correction method using the voltage component of
SFCL and a method using SFCL impedance correction have been proposed. However, the
correction for the fault current contributed by the DER is not perfect [12,13]. In this paper,
fault simulation was performed to analyze the type of fault current contributed by DER and
its effect on OCR operation. All modeling and simulations used an electromagnetic transient
analysis software power system called computer-aided design (PSCAD)/electromagnetic
transient design and control (EMTDC). DER, OCR, and SFCL were modeled and applied
to the simulated power distribution system using the PSCAD/EMTDC software (ver. 3.0)
and a fault simulation was conducted and analyzed. An analysis was performed on two
cases of OCR malfunctions that occurred depending on the penetration location of DER
and the location where the fault occurred.

2. Modeling for The Fault Simulation
2.1. Simulated Power Distribution System Modeling

In this paper, malfunction situations of OCR according to DER penetration are ana-
lyzed. The simulated power distribution system in which SFCL and DER are connected is
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composed as shown in Figure 2. Sympathetic tripping of OCR during F; fault and DER;
penetration is analyzed, and protection blinding is analyzed during F, fault and DER;
penetration. The simulated power distribution system consists of one main power source
and two feeder lines. The left feeder line is 10 km in total, and 5 MW of load is connected
at every 5 km point. In addition, a circuit breaker and SFCL are installed at the feeder inlet.
The right feeder line has the same configuration as the left feeder line. The first fault point
F1 on the left feeder is 2.5 km away from the bus line, and the penetration location of DER;
on the right feeder is 5.5 km away from the bus line. The second fault point F; on the left
feeder is 7.5 km away from the bus line, and the penetration location of DER; on the left
feeder is 5 km away from the bus line. Faults that occurred in the simulation are triple line
to ground (TLG) permanent faults. Parameters of simulated power distribution system
were listed in Table 1.

DGTR
10[MVA]

A

Loady, Load»

Figure 2. Configuration of the power distribution system for fault simulation with SFCL and DER.

For reference, the most frequently occurring fault is the single line-to-ground (SLG)
fault. However, the SLG fault has a relatively small fault current and has a small impact on
other protection devices. On the other hand, in the case of TLG, the frequency of occurrence
is small, but the fault current is very large and the effect on other protection devices is also
very large. In this paper, in order to identify the problem due to the fault, the problem
caused by the occurrence of the TLG fault was analyzed.
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Table 1. Parameters of simulated power distribution system.

Index Value Unit
Voltage (main) 154 KV
Leakage Reactance (main) j1.0 %
Capacity (TRmain) 60 MVA
Source & Transformer  Transformer Ratio (TRyain) 154/22.9 kV
Active power (PpgR) 4 MW
Capacity (TRpgRr) 10 MVA
Transformer Ratio (TRpgRr) 4/229 kV
Line Impedance (Z;) 3.86 +j7.42 %) /km
Distribution Line Line Impedance (Z) 9.87 +j22.68 %)/ km
Line Length (le, le, 221, 5 km
Zy)
Load (Loadj;, Loadys,
5 MW
Load Loady;, Loady,)
Power factor (Loadqy, 0.95 B

Loadlz, Load21, Loadzz)

2.2. OCR’s Characteristic Equation Modeling

The OCR measures the current flowing through the circuit breaker (CB) through the
current transformer (CT) and converts it into a symmetrical component and then uses the
positive component as a relay element. The configuration diagram of CB, CT, and OCR
applied to the simulation is shown in Figure 2. In addition, the OCR has inverse characteris-
tics, and the characteristic equation is expressed as Equations (1) and (2). Additionally, the
characteristic equation parameters applied to OCR for each section are shown in Table 2.

A
Ttrip = TD . (]\/Ip—l ‘|‘ B) (1)
I
M= @)
Ipickup

here, TD indicates a time dial, A, B and p are constants, and M indicates an operation
indicator value. Additionally, Irindicates line current, and I, is the pickup current.

Table 2. Parameters of OCR.

Index Value Unit
D 0.3 -
CB
1 Lyickup 0.3 kA
D 0.3 -
CB
12 Lyickup 0.15 kA
D 0.02 -
CB2 Lyickup 0.15 KA
A 39.85 -
Common B 1.084 -
p 1.95 -

Using the time-current curve of OCR constructed as described above, the effect of DER
penetration was briefly analyzed. The time-current curves of the sympathetic tripping case
are shown in Figure 3. In the case where DER is not penetrated, it is shown in Figure 3a.
When a fault occurs, CB1; operates, but CBy, does not operate, and the fault current flowing
through CBj,; is reduced rather than the usual state. However, as shown in Figure 3b, when
DER is penetrated, the fault current contributed by the DER is added in addition to the
existing fault current in each OCR. As a result, the sensitively set OCR of CBy; trips and
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malfunctions, resulting in sympathetic tripping, and the operating time of CBy; is also
faster than before. As a result, unnecessary disconnection occurs in the load after CBy;.

(2) (b)
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Figure 3. Example of time-current curve (sympathetic tripping case). (a) without DER; (b) with DER.

On the other hand, the time-current curves of the protection blinding case are shown
in Figure 4. In Figure 4a, when DER is not penetrated, almost the same fault current
flows in CB1p and CBy;. Since CBy; is tripped, the fault current no longer flows, and the
accumulation operation of CB1; operating as a backup also stops. If CB1, malfunctions and
does not operate, CBy, operates as a backup to cut off the fault current. However, as shown
in Figure 4b, when DER is penetrated, the fault current contributed to the DER and affects
the existing OCR operation. CBy,, which operates as the main, increases the total fault
current due to the fault current component contributed by the DER, so the operation time
is shortened. On the other hand, in CB; operating as a backup, the total fault current is
reduced due to the fault current contributed by the DER, so the operation time is delayed.
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Figure 4. Example of time-current curve (protection blinding case). (a) without DER; (b) with DER.
2.3. Trigger-Type SFCL Modeling

SFCL is one of the effective solutions to limit fault current. The advantage of SFCL is
that it quickly limits the fault current within 1/4 cycle, and the normal loss is zero because
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the impedance is normally zero. In addition, there are various types of SFCL studied, so
that the type can be selected according to the characteristics. In this paper, the trigger-type
SFCL was selected as the SFCL to be modeled. The typical characteristic of trigger-type
SECL is economical. The High-T¢ superconductor (HTSC) included in the trigger-type
SFCL is just used to detect a fault, and when a fault is detected and the set value (V) is
exceeded, the switch (SW) is opened and the current is bypassed to the current limiting
reactor (CLR). In addition, when the fault is removed and the current flowing through
the CLR decreases below a certain value, the SW is closed and the SFCL state is reset.
Trigger-type SFCL is economical compared to other types of SFCL by reducing the burden
of expensive HTSC and increasing the burden of cheap CLR through this mechanism.
The configuration diagram of trigger-type SFCL is shown in Figure 5 and related detailed
parameters are shown in Table 3.

3-phase
CLR

Iar — Control
Cryostat 1= Vsrew —»| Circuit

: HTSC, i v
iSFCLa H 3
: HTSCp : 3-phase
iSFCLb H E Switch
o5 L A :

Figure 5. Configuration diagram of trigger-type superconducting fault current limiter (SFCL).

Table 3. Parameters of trigger-type superconducting fault current limiter (SFCL).

Index Value Unit
Convergence resistance (Ry) 2 Q
HTSC & CLR Critical current (I¢) 1.5 kA
Current limiting reactor (CLR) j0.8 Q
Vset 1 kV
SW Treset 05 KA

3. Simulation Results

The operation of the OCR was analyzed when faults occurred at the indicated fault
location (F) and DER penetrates at the indicated connecting location through the simulated
power distribution system constructed as shown in Figure 2. In the first scenario, the
adjacent line OCR’s sympathetic tripping due to the TLG fault occurring at fault location F4
in the simulated power distribution system penetrated by DER; is analyzed. In the second
scenario, the protection blinding of the backup OCR due to the TLG fault occurring at fault
location F, in the simulated power distribution system penetrated by DER; is analyzed. In
addition, in each fault simulation, four cases are analyzed depending on whether SFCL
and DER are installed to analyze the effect on SFCL installation and DER penetration. In
addition, four cases are analyzed for each fault simulation to analyze the impact on SFCL
installation and DER penetration as follows:

Case 1: fault simulation without DER and SFCL
Case 2: fault simulation without DER with SFCL
Case 3: fault simulation with DER without SFCL
Case 4: fault simulation with DER and SFCL
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For all simulated cases, TLG permanent failure occurs in 0.5 s. The fault current flows
from the main source and the DER due to a fault occurrence. SFCLs installed in a simulated
power distribution system limits these fault currents. In the first scenario, due to the fault
current contributed by DER and OCRy; of CBy; set to a low setting value, the possibility of
malfunction of CBy; occurs.

3.1. Fault Simulations of Sympathetic Tripping Case

Simulation result waveforms without DER and SFCL (Case 1) are shown in
Figures 6 and 7. It will be compared with the next results when SFCL and DER are linked.
In Figure 6, as the fault occurred at 0.5 s, the fault current greatly increased and the bus
voltage decreased, and OCRy; gradually accumulated and tripped at 0.877 s. After 0.877 s,
it is confirmed that the circuit breaker operates, and the fault is removed. Additionally;, it
can be seen that the bus voltage is slightly higher than the normal level, and the current
flowing through the OCR; is 0. In Figure 7, since no DER was penetrated, no DER-related
resulting waveforms are present. In addition, the current measured by OCRy, is rather
reduced at the time of the fault and is restored to the normal level when the fault is removed.
Accordingly, OCRy; is not accumulated because it does not exceed the threshold value.
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Figure 6. Fault simulation result waveforms without DER and SFCL (Case 1): (a) bus voltage (Vys)
and SFCL voltage (Vspcr) waveforms; (b) fault line current waveforms (I11); (c) current index values
(My1), integration signal (INTy1) and trip time signal (T1;) waveforms.

Simulation result waveforms without DER with SFCL (Case 2) are shown in
Figures 8 and 9. In Figure 8, when the fault current greatly increases, the SFCL oper-
ates to limit the fault current. Compared to Case 1, the fault current and bus voltage drop
are reduced. However, the reduced fault current causes a delay in the OCR’s tripping time.
The OCRy;, which tripped at 0.877 s without SFCL, tripped at 0.907 s. In Figure 9, as SFCL
was added, there was no significant change compared to the result in Figure 7.
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Figure 7. Fault simulation result waveforms without DER and SFCL (Case 1): (a) DER voltage (VpgRr)
and DER current (Ipgr) waveforms; (b) adjacent line current waveforms (Ip); (¢) current index values

(Myy), integration signal (INT5;) and trip time signal (T»y) waveforms.
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Figure 8. Fault simulation result waveforms without DER with SFCL (Case 2): (a) bus voltage (Vi)
and SFCL voltage (Vspcr) waveforms; (b) fault line current waveforms (I31); (c) current index values
(M11), integration signal (INTq;) and trip time signal (T1;) waveforms.
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Figure 9. Fault simulation result waveforms without DER with SFCL (Case 2): (a) DER voltage (VpgRr)
and DER current (Ipgr) waveforms; (b) adjacent line current waveforms (I); (c) current index values
(Mpy), integration signal (INT5) and trip time signal (T»2) waveforms.

Simulation result waveforms with DER without SFCL (Case 3) are shown in
Figures 10 and 11. In Figure 10, as a fault occurred, a large fault current occurred and
a bus voltage drop occurred. Compared to Figure 6, the fault current is almost the same
and the bus voltage drop is almost the same too. Since the magnitude of the fault current
is almost the same as before, the operating time of the OCR;; was also 0.874 s, almost
the same as in Case 1. In Figure 11, the voltage and current on the high-voltage side of
the TRpgr due to DER penetration were confirmed. In the case of DER voltage, it can be
confirmed that a voltage drop occurs with the occurrence of a fault, and in the case of
the DER current, although it increases with the occurrence of a fault, the size of the fault
current is only about 1.5 times the normal current. However, in OCRy, which is set very
sensitively, INT values accumulate due to fault current and trip in 0.818 s. OCRy; operated
faster than OCR11, resulting in malfunction and sympathetic tripping.

Simulation result waveforms with DER and SFCL (Case 4) are shown in
Figures 12 and 13. In Figure 12, SFCL operates as the current increases. Compared to
Figure 8, there is a difference of about 3 ms in the trip time of OCRy;, but it can be seen
that there is little effect of DER penetration. In Figure 13, the DER voltage drops and
fault currents are reduced compared to Figure 11 due to the effect of SFCL. However, a
peculiarity occurs. Despite the installation of SFCL, the operation time of OCRy; is 55 ms
faster compared to the operation time of 0.818 s in Figure 11. This is because the peak value
of the fault current flowing through OCRy, decreased, but the converged value of the fault
current after the peak converged to a higher value when the SFCL was installed.
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Figure 10. Fault simulation result waveforms with DER without SFCL (Case 3): (a) bus voltage (Viys)
and SFCL voltage (Vspcr) waveforms; (b) fault line current waveforms (Iy1); (c) current index values

(My;), integration signal (INT1) and trip time signal (T1;) waveforms.
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Figure 11. Fault simulation result waveforms with DER without SFCL (Case 3): (a) DER voltage
(Vper) and DER current (Ipgr) waveforms; (b) adjacent line current waveforms (Ip); (c) current
index values (Mp;), integration signal (INT5;) and trip time signal (T;;) waveforms.



Energies 2023, 16, 6137

110f18

<«— Fault start \
ault star
25 bus 36
> i <
2 0 (@) 24 9
-
8‘3'25 - ab,c P 12 e
S \7’b‘ ’ VSFCL i
3 -50 = Lo =
> > a,b,c : S
75 +———T—T—T—1 g T T -12
15.0 :
p— 1P
§ 7.5+ 3111 (b)
= j
= 0.0
o i
E
575
“is0 —r—
25.0 3
125 L, g
= 0.0 £
125 1 3
25.0 +——1——7——7— — 17—t 0

0.30 0.35 0.40 0.45 0.50 0.55 0.60 0.65 0.70 0.75 0.80 0.85 0.90 0.95 1.00

Time [s]

Figure 12. Fault simulation result waveforms with DER and SFCL (Case 4): (a) bus voltage (Viys)
and SFCL voltage (Vspcr) waveforms; (b) fault line current waveforms (I31); (c) current index values
(M11), integration signal (INT1) and trip time signal (T1;) waveforms.
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Figure 13. Fault simulation result waveforms with DER and SFCL (Case 4): (a) DER voltage (VpgRr)
and DER current (Ipgr) waveforms; (b) adjacent line current waveforms (Ip); (c) current index values
(Mpy), integration signal (INT5) and trip time signal (T,2) waveforms.

3.2. Fault Simulations of Protection Blinding Case

Simulation result waveforms without DER and SFCL (Case 1) are shown in
Figures 14 and 15. The resulting waveform of Case 1 is compared with the rest of the
cases. In Figure 14, the bus voltage, SFCL voltage, the current flowing through the main
protection relay OCRjy, and related relay signals are displayed. As a fault occurs, it can be
confirmed that the fault current greatly increases and the bus voltage drop occurs. Addi-
tionally, it can be seen that OCR;; starts to accumulate and trips at 0.873 s. In Figure 15, the
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voltage and current of DER, the current of the backup protection relay OCR;;, and related
relay signals are displayed. Since the DER is not penetrated, there is no resulting waveform,
and as a fault occurs, a fault current of almost the same magnitude as the current flowing
through OCRj; flows in OCRy;. Additionally, the signal of OCR;1, which acts as a backup,
accumulates and decreases again at 0.873 s when the fault is removed. If OCR;; does not
operate, the accumulated value of OCRy; accumulates to one and trips as a backup to

prevent further damage. The integration signal of INT;; is proportional to the operating
time and accumulated up to 0.760 in this case.

<— Fault start \%

N
(&)

N

—
L)
N
I
N
&

°
-25 \_”a,b,c

&
o
o
c
a
o =

Voltage [kV]

\TIG,D,C

N
[A31] 93e30A

4
]
n
1"l
(2]
-
.
-
N

-
o
)

o o o
1 |

Current [kA]

-
=)

25.0

w

12.5
= 00

-12.5 4

o
[A] anjeA

T
-

250 +———1———1—7— — " —]————1- 0
0.30 0.35 0.40 0.45 0.50 0.55 0.60 0.65 0.70 0.75 0.80 0.85 0.90 0.95 1.00
Time [s]

Figure 14. Fault simulation result waveforms without DER and SFCL (Case 1): (a) bus voltage (Viys)
and SFCL voltage (Vsrcr) waveforms; (b) main OCR current waveforms (I3,); (¢) current index values
(Myy), integration signal (INT;;) and trip time signal (T1,) waveforms.
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Simulation result waveforms without DER with SFCL (Case 2) are shown in
Figures 16 and 17. In Figure 16, the bus voltage drops and fault currents are reduced
compared to Figure 14, as SFCL operates. In addition, OCR;; trips at 0.886 s, and the trip is
delayed by 13 ms compared to the results shown in Figure 14. Similarly, in Figure 17, the
fault current flowing through OCR;; decreased, and the accumulated INT signal accumu-

lated to a maximum of 0.711. As SFCL operated, the operation time of OCR was delayed
and INT slowly accumulated.
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Figure 16. Fault simulation result waveforms without DER with SFCL (Case 2): (a) bus voltage (Vi)
and SFCL voltage (Vspcr) waveforms; (b) main OCR current waveforms (I;2); (¢) current index values
(Myy), integration signal (INT;) and trip time signal (T1,) waveforms.
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Simulation result waveforms with DER without SECL (Case 3) are shown in
Figures 18 and 19. In Figure 18, the fault current flowing through OCR;; increased due to
the influence of DER penetration. Accordingly, OCR;, operated in 0.858 s and operated
14 ms faster compared to the result in Figure 14. In Figure 19, the DER voltage has a large
voltage drop due to the occurrence of a fault, and the DER current is about twice as large as
the normal current. Accordingly, OCR1; accumulated up to 0.691 and decreased compared
to 0.760, which is the result of Figure 15.
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Figure 18. Fault simulation result waveforms with DER without SFCL (Case 3): (a) bus voltage (Viys)
and SFCL voltage (Vsrcr) waveforms; (b) main OCR current waveforms (I3,); (c) current index values
(Myy), integration signal (INT;;) and trip time signal (T1,) waveforms.
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Simulation result waveforms with DER and SFCL (Case 4) are shown in
Figures 20 and 21. In Figure 20, the fault current flowing through OCR;; increased with
DER penetration but was limited to some extent by the effect of SFCL. Accordingly, the
operation time of OCR1, was 0.864 s. In Figure 21, the peak integration signal value of
OCRy; is 0.627, and the INT;; decreased due to the effect of SFCL and also decreased due

to the effect of DER penetration, recording the smallest value among all cases.
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3.3. Discussion

The results of the sympathetic tripping case from fault simulation were summarized
in Table 4. In Case 1 where DER was not penetrated and SFCL was not installed, only
OCRj; operated at 0.877 s when a fault occurred. In Case 2 where SFCL was installed in
the same situation as Case 1, only OCRy; operated in 0.907 s, and the trip time was delayed
by 0.030 s according to the operation of SFCL. In Case 3 where DER was penetrated in
the same situation as in Case 1, OCR;; operated in 0.874 s, and the fault current increased
due to DER penetration, resulting in a faster trip time. However, due to the fault current
contributed by the DER, the sensitively set OCRy, operated in 0.818 s and the sympathetic
tripping of the OCRyy, installed on the line where the fault did not occur, occurred. In Case
4, where SFCL was installed in the same situation as Case 3, OCR1; operated in 0.904 s, and
the fault current was reduced and the trip time was delayed due to the influence of SFCL.
Although the fault current was reduced by the operation of SFCL, OCRy, operated in 0.763
s and its trip time became faster compared to Case 3. This is because the peak value of the
fault current contributed by the DER became smaller due to the operation of SFCL, but the
magnitude of the fault current after the transient component of the fault current became
larger compared to Case 3.

Table 4. Results of sympathetic tripping case fault simulation.

Trip Time of OCR14 Trip Time of OCRy; Note
Casel 0.877 [s] -
Case2 0.907 [s] -
Case3 0.874 [s] 0.818 [s] OCR;y's sympathetic tripping
Case4 0.904 [s] 0.763 [s] OCR;y's sympathetic tripping

The results of the protection blinding case from fault simulation were summarized
in Table 5. In the fault simulation to analyze the protection blinding case, the effects of
DER penetration and SFCL installation were analyzed using the CTI between OCR1, which
operates as a main protector and OCRy; which operates as a backup protection. In Case
1 where DER was not penetrated and SFCL was not installed, OCR1; operated in 0.873 s
when a fault occurred, and the INT value of OCR;; operation as a backup at this time was
0.760. In Case 2 where SFCL was installed under the same circumstances as Case 1, OCR;»
operated in 0.866 s, and the fault current was reduced due to the influence of SFCL thereby
delaying its trip time. At the same time, the INT value of OCR;; operation as a backup is
0.711, and its INT value also decreased due to the influence of SFCL. In the case of Case
3 where DER penetrated in the same situation as Case 1, OCR;; operated in 0.858 s, and
its trip time was faster compared to Case 1 due to the fault current contributed by DER.
However, the INT value of OCRy; decreased compared to Case 1. As the operating time of
OCR1; became faster and the INT value of OCR1; decreased, the CTI between the main and
backup OCRs increased more. In Case 4, where SFCL was installed in the same situation
as Case 3, OCRj; operated at 0.864 s, and at the same time, the INT value of OCRy; was
0.627. It was confirmed that the operation of OCR;; slowed down with the installation of
SECL and speeded up with the penetration of DER. On the other hand, it was confirmed
that the INT value of OCR;7 decreased even with the installation of SFCL and also with the
penetration of DER.



Energies 2023, 16, 6137 17 of 18

Table 5. Results of protection blinding case fault simulation.

Trip Time of OCR1» INT Value of OCR1q Note
Casel 0.873 [s] 0.760 -
Case2 0.886 [s] 0.711 Delayed trip time of OCR;,, Decreased INT value of OCRy;
Faster trip time of OCR1y,
Case3 0.858 [s] 0.691 Decreased INT value of OCRyq
Cased 0.864 [s] 0.627 Faster trip time of OCRy,

Decreased INT value of OCR1q

4. Conclusions

In this paper, modeling was performed for each element of the simulated power
distribution system, DER, trigger-type SFCL, OCR, and total system. In addition, fault
simulation was performed according to the fault location and DER penetration location
in the configured simulated power distribution system. According to the location of
the failure and the location of the DER penetration, the failure simulation of the OCR
malfunction situation of the sympathetic tripping case and the protection blinding case
was performed. In addition, the effect of the linkage of SFCL was also analyzed. Through
the fault simulation, how the DER current contributes to the fault current was analyzed.
Additionally, an analysis of the trip delay caused by SFCL to OCR independently of the
DER current was also performed.

In the sympathetic tripping case, the OCR of the line is irrelevant to the fault malfunc-
tion due to the fault current generated by the DER. A feature of this time is that the fault
current generated in the DER was input to the OCR in the reverse direction. Additionally,
in the protection blinding case, the fault current contributed by the DER increased the fault
current of the main protection relay, decreased the fault current of the backup protection
relay, and increased the CTI between the two protection relays. As a future study, research
on improving the correction method of OCR by reflecting the characteristics of the DER
current and the characteristics of SFCL analyzed in this paper will be conducted.
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