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Abstract: As the energy demand increases due to the developing electric power industry, the fault 
current becomes higher during the fault time. A new approach is needed to reduce a fault current 
in a power distribution system, since the fault currents influence other protective devices’ operation. 
To decrease the fault current, the superconducting fault current limiter (SFCL) has been suggested. 
The SFCL has no power loss with no effect on a power distribution system because the SFCL 
impedance only occurs during the fault time. However, the SFCL can reduce the fault current; it 
causes the trip time delay of the over current relay (OCR). Compensation methods for the balanced 
fault have been invented in previous studies, while research on unbalanced ground fault 
compensation are few. In this paper, the compensation method configured with impedance 
components of a power distribution system is introduced to eliminate the influence of the SFCL on 
the OCR. In addition, the components of the SFCL impedance are removed from the characteristic 
equation of the OCR. To verify the effect of the impedance compensation method, fault simulations 
are carried out in 3 types of ground faults using PSCAD/EMTDC. 

Keywords: over current relay (OCR); superconducting fault current limiter (SFCL); impedance 
components; impedance compensation method; power distribution system 
 

1. Introduction 
The energy demand of a power system increases due to the development of the 

electric power industry and the complexity of a power system. As a result, the fault 
current increases and power devices exceed their capacities and their operation is affected. 
It is necessary to increase the capacity of devices in a power distribution system to reduce 
the fault current, but it is economically burdensome. 

Another way to limit the increasing fault current is by installing a superconducting 
fault current limiter (SFCL). The SFCL is economical in that it has no loss and quickly 
limits the fault current in a power distribution system by the quench occurrence of the 
high temperature superconducting (HTSC) element. In normal operation, the resistance 
of the HTSC element is zero; the SFCL has no effect on a power distribution system. If the 
fault occurs, the resistance of the HTSC element obtains a value and performs the fast 
fault current limiting operation. Different types of the SFCLs exist, such as typically 
resistive-type, transformer-type, flux-lock-type, hybrid type and trigger-type SFCL. The 
trigger-type SFCL has the advantage of minimizing the power consumption of the HTSC 
element by using a switching operation [1–8]. 

Though the SFCL effectively controls the fault current, the SFCL obstructs the 
activation of the OCR. The OCR has inverse characteristics for the fault current, so the trip 
time of the OCR is delayed as the fault current decreases due to the SFCL. The trip delay 
problem of the OCR (due to the fault current limiting operation of the SFCL) has been 
found, in many previous studies, to be resolved by resetting the characteristic equation of 
the OCR using the current or voltage components. However, these previous reports only 
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deal with balanced ground fault situations and may cause malfunction in unbalanced 
ground faults, since the fault current is different in each ground fault. All ground types of 
faults must be considered because unbalanced ground fault such as single-line and 
double-line ground faults (SLG, DLG) occur more than balanced ground faults such as 
triple-line ground faults (TLG) [9–21]. 

In this paper, the impedance compensation method for the OCR using power 
distribution system components are suggested to lessen the effect of the SFCL. Research 
on balanced ground faults were suggested in previous studies, so the impedance 
compensation method for unbalanced ground fault is investigated. To prove the 
impedance compensation method for the OCR operation, it is derived through the 
simulation comparison by Power Systems Computer Aided Design (PSCAD) and Electro 
Magnetic Transient DC analysis program (EMTDC). 

2. Configuration of Power Distribution System with SFCL 
2.1. Structure of Power Distribution System 

A power distribution system, simulated in Figure 1, consists of a single feeder line, 
source, main transformer (MTR), loads, the over current relay (OCR), the circuit breaker 
(CB) and trigger-type SFCL. The OCR measures three phase feeder currents through the 
current transformer (CT), and three phase feeder voltages and the SFCL voltages in three 
phases are estimated by the potential transformer (PT). After that, three phase currents 
and voltages are changed into the sequence components (positive, negative, zero). The 
OCR controls the CB using sequence components of feeder currents against the fault 
situation. These sequence components of feeder currents and voltages are used to derive 
the sequence impedance components, which are applied to the impedance compensation 
method of the OCR described in Section 3.2. In addition, a load of 5 [MW] (ZLoad) is 
installed at the end point of the feeder. The feeder lines (ZLine) have resistance and 
reactance in each phase, and conductance is set very low to omit the mutual impedance, 
since it affects the formation of the impedance compensation method. The three types of 
ground fault, which are the single-line ground fault (SLG), double-line ground fault 
(DLG) and the triple-line ground fault (TLG), emerge at the 10 [km] point from the feeder. 
One of the three ground faults occurs and has different results, as shown in Section 4. 
Specifications of power distribution system are shown in Table 1 [22]. 

OCR

PTSFCL

if

PTfeeder

SLG DLG

CB
MTR

SFCL

Z
Load

CT

ZLine

TLG  
Figure 1. Structure of power distribution system with superconducting fault current limiter 
(SFCL). 

Table 1. Specifications of Power Distribution System. 

Experimental Circuit Value Unit 

Source 154 [kV] 
100 [MVA] 

MTR 154/22.9 [kV] 
60 [MVA] 
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Line Impedance ZP = ZN = 0.182 + j0.391 [Ω/km] 
Z0 = 0.518 + j1.189 [Ω/km] 

Feeder Length 10 [km] 

Load 5 [MW] 
PF = 0.95 

2.2. Trigger Type SFCL Modeling 
Figure 2 shows three phase trigger type SFCL, which controls the fault current by 

activating the breaker with the control circuit. The control circuit measures the voltage of 
the high temperature superconducting (HTSC) element (VSC) and the current (ICLR) of the 
current limiting reactor (CLR). Then, the control circuit sends a close/open signal to the 
breaker. In normal operation, the current only flows into the HTSC element since it is zero 
resistance. When the fault occurs, the fault current exceeds the critical current (IC) and the 
resistance of the HTSC element obtains a value. If the voltages of the HTSC element (VSC) 
exceed the setting voltage (VSet), the control circuit makes a signal to open the breaker and 
the fault current flows into the CLR due to the opening of the breaker. If the CLR current 
decreases more than the setting current (ISet) after the fault disappears, the control circuit 
sends a signal to close the breaker and the current again flows into the HTSC element by 
the closing operation of the breaker. Therefore, trigger-type SFCL is an economic model 
due to the trigger operation with the HTSC element and the control circuit. To improve 
the trip time delay of OCR, a suggested impedance compensation method will be used 
with the SFCL. Detailed parameters of trigger type SFCL are described in Table 2. 

iCLR

iSCiSCiSC

3phase 
HTSC (RSC)

ifcifbifa

ICLR
iCLR iCLR

3-phase 
CLR

Control
Circuit

VSC

Signal
Breaker

c a

a b c

b

 
Figure 2. Configuration of trigger type SFCL. 

Table 2. Parameters of trigger type SFCL. 

Parameters Value Unit 
VSet 1 [kV] 
ISet 0.5 [kA] 

HTSC 
Convergence resistance (Rn) = 5 

Critical current (IC) = 1 
[Ω] 

[kA] 
CLR j1.6 [Ω] 

3. Operational Characteristic of over Current Relay 
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3.1. Equivalent Impedance of Power Distribution System 
The equivalent impedance of a power distribution system is represented in the 

matrix to discuss the effect of the SFCL on a power distribution system. The impedance 
matrix equations are presented in 3 cases of the ground fault: 
1. Case 1: Single-line ground fault (SLG) 
2. Case 2: Double-line ground fault (DLG) 
3. Case 3: Triple-line ground fault (TLG) 

The impedance matrix equations are expressed in the sequence components ൫𝑍௙௘௘ௗ௘௥଴௉ே ൯ 
and three phases’ components ൫𝑍௙௘௘ௗ௘௥௔௕௖ ൯. In normal operation, three phase and sequence 
impedance matrix equations are shown in (1). 

𝑍௙௘௘ௗ௘௥௔௕௖ = 𝑍௙௘௘ௗ௘௥଴௉ே = ൥𝑍௟௜௡௘ + 𝑍௟௢௔ௗ 0 00 𝑍௟௜௡௘ + 𝑍௟௢௔ௗ 00 0 𝑍௟௜௡௘ + 𝑍௟௢௔ௗ൩                                              (1)

 𝑍௟௜௡௘  is the line impedance and 𝑍௟௢௔ௗ  is the load impedance described in Figure 1. A 
main diagonal of 𝑍௙௘௘ௗ௘௥௔௕௖  is three phase feeder impedance and 𝑍௙௘௘ௗ௘௥଴௉ே  main diagonal 
called the self-impedance is the sequence components of the feeder impedances. An off 
diagonal of 𝑍௙௘௘ௗ௘௥௔௕௖ and 𝑍௙௘௘ௗ௘௥଴௉ே  are the mutual impedances and they are all zero-value, as 
described in Section 2.1. These two impedance matrix equations are the same before the 
fault period. After the fault occurs, 𝑍௙௘௘ௗ௘௥௔௕௖ and 𝑍௙௘௘ௗ௘௥଴௉ே  are expressed in 3 cases on the 
ground fault type. 

Case 1, the single-line ground fault (SLG) occurs in the a-phase, 𝑍௟௢௔ௗ disappears in 
a faulted phase and the SFCL impedances ሺ𝑍ௌி஼௅ሻ are added in each phase at 𝑍௙௘௘ௗ௘௥௔௕௖  
shown in (2). 𝑍௙௘௘ௗ௘௥௔௕௖  is converted to 𝑍௙௘௘ௗ௘௥଴௉ே  by using the convert Equations (3) and (4). 

𝑍௙௘௘ௗ௘௥௔௕௖ = ൥𝑍௟௜௡௘ + 𝑍ௌி஼௅ 0 00 𝑍௟௜௡௘ + 𝑍௟௢௔ௗ + 𝑍ௌி஼௅ 00 0 𝑍௟௜௡௘ + 𝑍௟௢௔ௗ + 𝑍ௌி஼௅൩   (2)

𝐴 = ൥1 1 11 𝑎ଶ 𝑎1 𝑎 𝑎ଶ൩ , 𝑎 = 1∠120˚ (3)

𝑍଴௉ே = 𝐴ିଵ𝑍௔௕௖𝐴          (4)𝑍௙௘௘ௗ௘௥଴௉ே  is shown in (5) derived from (2) to (4). In (5), only a main diagonal of 𝑍௙௘௘ௗ௘௥଴௉ே  has 
the 𝑍ௌி஼௅, whereas an off diagonal has only the load impedances. A main diagonal is the 
self impedance and off diagonal is the mutual impedance. As seen in (5), the SFCL only 
affects the main diagonal called the self-impedance in a power distribution system. 

𝑍௙௘௘ௗ௘௥଴௉ே = 13 ቎3ሺ𝑍௟௜௡௘ + 𝑍ௌி஼௅ሻ + 2𝑍௟௢௔ௗ −𝑍௟௢௔ௗ −𝑍௟௢௔ௗ−𝑍௟௢௔ௗ 3ሺ𝑍௟௜௡௘ + 𝑍ௌி஼௅ሻ + 2𝑍௟௢௔ௗ −𝑍௟௢௔ௗ−𝑍௟௢௔ௗ −𝑍௟௢௔ௗ 3ሺ𝑍௟௜௡௘ + 𝑍ௌி஼௅ሻ + 2𝑍௟௢௔ௗ቏ (5)

Case 2, the double-line ground fault (DLG) appears in the ab-phase, 𝑍௟௢௔ௗ  disappears 
from the faulted phase and 𝑍ௌி஼௅ is added in each phase shown in (6). 𝑍௙௘௘ௗ௘௥଴௉ே  shown in 
(7) is derived from (6) and the convert Equations (3) and (4). 

𝑍௙௘௘ௗ௘௥௔௕௖ = ൥𝑍௅௜௡௘ + 𝑍ௌி஼௅ 0 00 𝑍௅௜௡௘ + 𝑍ௌி஼௅ 00 0 𝑍௅௜௡௘ + 𝑍௅௢௔ௗ + 𝑍ௌி஼௅൩ (6)

𝑍௙௘௘ௗ௘௥଴௉ே = 13 ቎3ሺ𝑍௟௜௡௘ + 𝑍ௌி஼௅ሻ + 𝑍௟௢௔ௗ 𝑎𝑍௟௢௔ௗ 𝑎ଶ𝑍௟௢௔ௗ𝑎ଶ𝑍௟௢௔ௗ 3ሺ𝑍௟௜௡௘ + 𝑍ௌி஼௅ሻ + 𝑍௟௢௔ௗ 𝑎𝑍௟௢௔ௗ𝑎𝑍௟௢௔ௗ 𝑎ଶ𝑍௟௢௔ௗ 3ሺ𝑍௟௜௡௘ + 𝑍ௌி஼௅ሻ + 𝑍௟௢௔ௗ቏ (7)
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Case 3, when the triple-line ground fault (TLG) occurs, 𝑍௟௢௔ௗ  is disappeared and 𝑍ௌி஼௅ is added in all phases, described in (8). 𝑍௙௘௘ௗ௘௥௔௕௖  and 𝑍௙௘௘ௗ௘௥଴௉ே  are identical in TLG. 

𝑍௙௘௘ௗ௘௥௔௕௖ = ൥𝑍௟௜௡௘ + 𝑍ௌி஼௅ 0 00 𝑍௟௜௡௘ + 𝑍ௌி஼௅ 00 0 𝑍௟௜௡௘ + 𝑍ௌி஼௅൩         (8)

𝑍௙௘௘ௗ௘௥଴௉ே = ൥𝑍௟௜௡௘ + 𝑍ௌி஼௅ 0 00 𝑍௟௜௡௘ + 𝑍ௌி஼௅ 00 0 𝑍௟௜௡௘ + 𝑍ௌி஼௅൩     (9)

From (5), (7) and (9), the sequence impedance component of the SFCL includes in a 
diagonal elements of 𝑍௙௘௘ௗ௘௥଴௉ே , consequently the SFCL impedance (𝑍ௌி஼௅) affects only the 
sequence self-impedances (positive, negative, zero) of the feeder line. On this basis, the 
impedance compensation method of the OCR can be composed only of the sequence self-
impedance components of the feeder line. The sequence impedance matrixes are different 
according to the ground fault type, the impedance compensation method should be 
different on each ground fault [23–27]. 

3.2. Over Current Relay’s Characteristic Modeling 
The operation of the OCR is described by a characteristic equation with inverse 

characteristics shown in (10) to (12). TD is a time dial of the OCR, MI is an operation 
indicator value and A, B, and p are constants referred to KEPCO’s (Korea Electric Power 
Corporation) OCR Standard. MI is the ratio of feeder current (If) divided into setting 
current (Ipickup). If indicates the sum of the feeder current’s phasor sequence components 
and Ipickup is the pickup current considering rated voltage and line capacities. If the SFCL 
operates on the feeder, If is reduced and the trip time of OCR is delayed. The zero and 
negative sequences of the feeder current (If0, IfN) are zero at the triple line ground fault 
(TLG) [16,28]. 𝑇௧௥௜௣ = 𝑇𝐷 ൬ 𝐴𝑀௣ − 1 + 𝐵൰          (10)

𝑀ூ = 𝐼௙𝐼௣௜௖௞௨௣ (11)

𝐼௙ = ห𝐼௙଴ + 𝐼௙௉ + 𝐼௙ேห  (12)

Therefore, the compensation method is needed to minimize the influence of the 
SFCL. (13) to (15) form the equations of the sequence impedance by reflecting the sequence 
feeder voltage (Vfeeder) and pickup voltage (Vpickup). The zero and negative sequences of the 
feeder voltage (V0feeder, VNfeeder) are zero at the triple-line ground fault (TLG). 𝑀ூ௏଴ = 𝐼௙଴𝐼௣௜௖௞௨௣ ቆ𝐾𝑉௣௜௖௞௨௣𝑉௙௘௘ௗ௘௥଴ ቇ = 𝐾𝑍௣௜௖௞௨௣𝑍௙௘௘ௗ௘௥଴  (13)

𝑀ூ௏௉ = 𝐼௙௉𝐼௣௜௖௞௨௣ ቆ𝐾𝑉௣௜௖௞௨௣𝑉௙௘௘ௗ௘௥௉ ቇ = 𝐾𝑍௣௜௖௞௨௣𝑍௙௘௘ௗ௘௥௉  (14)

𝑀ூ௏ே = 𝐼௙ே𝐼௣௜௖௞௨௣ ቆ𝐾𝑉௣௜௖௞௨௣𝑉௙௘௘ௗ௘௥ே ቇ = 𝐾𝑍௣௜௖௞௨௣𝑍௙௘௘ௗ௘௥ே  (15)

(13) to (15) are converted into the reciprocals, then all reciprocal equations are added 
together and converted into the reciprocal again to make the sequence impedance 
Equation (16). 
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𝑀ூ௏ = 11𝑀ூ௏଴ + 1𝑀ூ௏௉ + 1𝑀ூ௏ே
= 𝐾𝑍௣௜௖௞௨௣𝑍௙௘௘ௗ௘௥଴ + 𝑍௙௘௘ௗ௘௥௉ + 𝑍௙௘௘ௗ௘௥ே  

= 𝐾𝑍௣௜௖௞௨௣ቤ൫𝑅௙௘௘ௗ௘௥଴ + 𝑗𝑋௙௘௘ௗ௘௥଴ ൯ + ൫𝑅௙௘௘ௗ௘௥௉ + 𝑗𝑋௙௘௘ௗ௘௥௉ ൯+൫𝑅௙௘௘ௗ௘௥ே + 𝑗𝑋௙௘௘ௗ௘௥ே ൯ ቤ (16)

In (16), the sequence impedances of the SFCL should be eliminated from the feeder 
impedances to remove the effect of the SFCL from OCR’s trip operation. (17) is the 
impedance compensation method that the compensation constant K changes the result of 
(17) depending on the ground fault type. The parameters of OCR are described in Table 
3. 𝑀௓଴௉ே = 𝐾𝑍௣௜௖௞௨௣

ተ ൫𝑅௙௘௘ௗ௘௥଴ − 𝑅ௌி஼௅଴ ൯ + 𝑗ൣ൫𝑋௙௘௘ௗ௘௥଴ − 𝑋ௌி஼௅଴ ൯൧+൫𝑅௙௘௘ௗ௘௥௉ − 𝑅ௌி஼௅௉ ൯ + 𝑗ൣ൫𝑋௙௘௘ௗ௘௥௉ − 𝑋ௌி஼௅௉ ൯൧+൫𝑅௙௘௘ௗ௘௥ே − 𝑅ௌி஼௅ே ൯ + 𝑗ൣ൫𝑋௙௘௘ௗ௘௥ே − 𝑋ௌி஼௅ே ൯൧ተ (17)

Table 3. Parameters of OCR. 

Parameters Data 
TD 0.1 
A 39.85 
B 1.084 
p 1.95 𝑉௣௜௖௞௨௣ [kV] 10.56 𝐼௣௜௖௞௨௣ [kA] 0.504 

The flowchart of the impedance compensation method with the OCR operational 
algorithm is shown in Figure 3. The ground fault type is determined by measuring the 
resistance occurrence of HTSC element in each phase. After that, MZ is calculated using 
the sequence components of the feeder voltages, the SFCL voltages and the feeder 
currents. MZ is progressed with the operating characteristic of the OCR (10). 



Energies 2022, 15, 7405 7 of 15 
 

 

 
Figure 3. OCR operational algorithm flowchart. 

4. Results and Discussion 
Fault current limiting of the over-current relay (OCR) using the impedance 

compensation method was analyzed from the simulation results in three types of ground 
fault. The fault simulations were performed in two OCR characteristic equations, which 
were the existing OCR algorithm (2) and the impedance compensation method (17). After 
that, the results with the SFCL were compared. In addition, three results of the impedance 
compensation method (17) were analyzed according to different K values (1, 2, and 3.5). 
Three types of ground faults were simulated in 0.3 [s] to analyze the results of the OCR’s 
operation. 

4.1. Single-Line Ground Fault 
Figure 4 shows the single-line ground fault (SLG) in a phase to ground using the 

existing over-current relay (OCR) algorithm (2). OCR operates at 0.882 [s] without the 
SFCL and OCR with SFCL operates at 1.083 [s]. Figure 4a shows the feeder voltage and 
currents when the SFCL is installed. The operation of OCR using (2) is expressed in the 
integration value INTI, which increases after the fault occurs. The OCR is tripped when 
INTI approaches “1” point as seen in Figure 4b, which activates the CB to be open and 
separates the fault section from the main grid. In Figure 4c, the resistance of HTSC element 
(RaSC) obtains a resistance value because the fault current (If) exceeds the critical current. 
During the fault time, the voltage of the SFCL (vSFCL) is reduced by RaSC and increased again 
since the direction of the fault current changes to the current limiting reactor (CLR). Figure 
4d shows the sequence component waveforms of the feeder voltages and currents. The 
dotted line is the feeder voltage and current using existing the OCR algorithm (2) without 
the SFCL and the solid line is the identical condition with the SFCL. The zero and negative 
sequence feeder voltages are almost the same. Figure 4e is the sequence component 
waveforms of the feeder impedances. The dotted line is the feeder impedances using the 
existing OCR algorithm (2) without the SFCL and the solid line is the identical condition 
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with the SFCL. Figure 4f is the sequence component waveform of the SFCL voltages and 
impedances. 

 
Figure 4. Waveforms and signals of OCR using MI in SLG. (a) Three phase feeder voltage (vfeeder), 
current (if). (b) Index of CB (MI) and signal of OCR (INTI). (c) Three phase SFCL voltage (vSFCL), HTSC 
element (RaSC). (d) Sequence feeder voltages (v0feeder, vPfeeder, vNfeeder), sequence feeder currents (i0f, iPf, iNf). 
(e) Sequence feeder impedances (R0feeder, RPfeeder, RNfeeder, X0feeder, XPfeeder, XNfeeder). (f) Sequence SFCL voltages 
(v0SFCL, vPSFCL, vNSFCL) and sequence SFCL impedances (R0SFCL, RPSFCL, RNSFCL, X0SFCL, XPSFCL, XNSFCL). 

Figure 5 shows the single-line ground fault (SLG) in a phase to ground using the 
impedance compensation method (17). In Figure 5b, the operation of OCR using (17) is 
expressed in the integration value INTZ, which has three different waveforms depending 
on K values (1, 2, 3.5). When K = 3.5, the index value (MZ) and INTZ are most similar to the 
existing OCR algorithm (2) without SFCL (INTw/oI). OCR operates at 0.88 [s] and decreased 
by 0.002 [s] compared to the existing OCR algorithm (2) with SFCL. In Figure 5c, resistance 
of the HTSC element (RaSC) is the same as Figure 4 since the breaker operation of the SFCL 
is constant as the critical current (IC) is maintained. During the fault time, the voltage of 
the SFCL (vSFCL) is reduced by RaSC and increased again since the direction of the fault 
current changes to the current limiting reactor (CLR). Figure 5d shows the sequence 
components’ waveforms of the feeder voltages and currents. The dotted line is the feeder 
voltages and currents using existing OCR algorithm (2) without the SFCL and the solid 
line is the impedance compensation method (17) with the SFCL. The zero and negative 
sequence feeder voltages are almost the same. Figure 5e is the sequence components’ 
waveforms of feeder impedance. The dotted line is the feeder impedances using the 
existing OCR algorithm (2) without the SFCL and the solid line is the feeder impedances 
using the impedance compensation method (17) with the SFCL. Figure 5f is the sequence 
component waveforms of the SFCL voltages and impedances. 
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Figure 5. Waveforms and signals of OCR using MI, MZ in SLG. (a) Three phase feeder voltage (vfeeder), 
current (if). (b) Index of CB (MI, MZ) and signal of OCR (INTI, INTZ). (c) Three phase SFCL voltage 
(vSFCL), HTSC element (RaSC). (d) Sequence feeder voltages (v0feeder, vPfeeder, vNfeeder), sequence feeder 
currents (i0f, iPf, iNf). (e) Sequence feeder impedances (R0feeder, RPfeeder, RNfeeder, X0feeder, XPfeeder, XNfeeder). (f) 
Sequence SFCL voltages (v0SFCL, vPSFCL, vNSFCL) and sequence SFCL impedances (R0SFCL, RPSFCL, RN SFCL, 
X0SFCL, XPSFCL, XNSFCL). 

4.2. Double-Line Ground Fault 
Figure 6 shows the double-line ground fault (DLG) in ab phase to ground using the 

existing over-current relay (OCR) algorithm (2). OCR operates at 0.669 [s] without the 
SFCL and OCR with SFCL operates at 0.811 [s]. Figure 6a shows the feeder voltages and 
currents when the SFCL is installed. The operation of OCR using (2) is expressed in the 
integration value INTI, which increases after the fault occurs and when INTI approaches 
“1” point as seen in Figure 6b. In Figure 6c, resistance of HTSC element (RaSC, RbSC) obtains 
a resistance value because the fault current (If) exceeds the critical current and RaSC, RbSC 
becomes zero when the breaker in the SFCL is operated, as explained in Section 2.2. 
During the fault time, the voltage of the SFCL (vSFCL) is reduced by RaSC and increased again 
since the direction of the fault current changes to the current limiting reactor (CLR). Figure 
6d shows the sequence components’ waveforms of the feeder voltages and currents. The 
dotted line is the feeder voltages and currents using the existing OCR algorithm (2) 
without the SFCL and the solid line is the identical condition with the SFCL. The zero and 
negative sequence feeder voltages are almost the same. Figure 6e shows the sequence 
components’ waveforms of feeder impedances. The dotted line is the feeder impedances 
using the existing OCR algorithm (2) without the SFCL and the solid line is the identical 
condition with the SFCL. Figure 6f is the sequence component waveforms of the SFCL 
voltages and impedances. 
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Figure 6. Waveforms and signals of OCR using MI in DLG. (a) Three phase feeder voltage (vfeeder), 
current (if). (b) Index of CB (MI) and signal of OCR (INTI). (c) Three phase SFCL voltage (vSFCL), HTSC 
element (RaSC, RbSC). (d) Sequence feeder voltages (v0feeder, vPfeeder, vNfeeder), sequence feeder currents (i0f, iPf, 
iNf). (e) Sequence feeder impedances (R0feeder, RPfeeder, RNfeeder, X0feeder, XPfeeder, XNfeeder). (f) Sequence SFCL 
voltages (v0SFCL, vPSFCL, vNSFCL) and sequence SFCL impedances (R0SFCL, RPSFCL, RNSFCL, X0SFCL, XPSFCL, 
XNSFCL). 

Figure 7 shows the double-line ground fault (DLG) in ab phase to ground using 
impedance compensation method (17). In Figure 7b, the operation of OCR using (17) is 
expressed in the integration value INTZ, which has three different waveforms depending 
on the K value (1, 2, 3.5). When K = 2, index value (MZ) and INTZ are most similar to the 
existing OCR algorithm (2) without SFCL (INTw/oI). OCR operates at 0.666 [s] and decreased 
by 0.14 [s] compared to the existing OCR algorithm (2) with SFCL. In Figure 5c, the 
resistance of the HTSC element (RaSC, RbSC) is same with Figure 6 since the breaker 
operation is constant as the critical current (IC) is maintained. During the fault time, 
voltage of the SFCL (vSFCL) is reduced by RaSC, RbSC and increased again since the direction 
of the fault current changes to the current limiting reactor (CLR). Figure 7d shows the 
sequence components waveforms of the feeder voltages and currents. The dotted line is 
the feeder voltages and currents using the existing OCR algorithm (2) without the SFCL 
and the solid line is the impedance compensation method (17) with the SFCL. The zero 
and negative sequence voltages are almost the same. Figure 7e is the sequence 
components waveforms of feeder impedances. The dotted line is the feeder impedances 
using the existing OCR algorithm (2) without the SFCL and the solid line is the feeder 
impedances using the impedance compensation method (17) with the SFCL. Figure 7f is 
the sequence component waveforms of the SFCL voltages and impedances. 
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Figure 7. Waveforms and signals of OCR using MI, MZ in DLG. (a) Three phase feeder voltage (vfeeder), 
current (if). (b) Index of CB (MI, MZ) and signal of OCR (INTI, INTZ). (c) Three phase SFCL voltage 
(vSFCL), HTSC element (RaSC, RbSC). (d) Sequence feeder voltages (v0feeder, vPfeeder, vNfeeder), sequence feeder 
currents (i0f, iPf, iNf). (e) Sequence feeder impedances (R0feeder, RPfeeder, RNfeeder, X0feeder, XPfeeder, XNfeeder). (f) 
Sequence SFCL voltages (v0SFCL, vPSFCL, vNSFCL) and sequence SFCL impedances (R0SFCL, RPSFCL, RN SFCL, 
X0SFCL, XPSFCL, XNSFCL). 

4.3. Triple-Line Ground Fault 
Figure 8 shows the triple-line ground fault (TLG) using the existing over-current 

relay (OCR) algorithm (2). OCR operates at 0.627 [s] without the SFCL and OCR with 
SFCL operates at 0.757 [s]. Figure 8a shows the feeder voltages and currents when the 
SFCL is installed. The operation of OCR using (2) is expressed in the integration value 
INTI, which increases after the fault occurs and when INTI approaches “1” point as seen 
in Figure 8b. In Figure 8c, the HTSC element (RaSC, RbSC, RcSC) gets the resistance value 
because the fault current (If) exceeds the critical current and RaSC, RbSC, RcSC become zero 
when the breaker in the SFCL is operated, as explained in Section 2.2. During the fault 
time, the voltage of the SFCL (vSFCL) is reduced by RaSC, RbSC, RcSC and increased again since 
the direction of the fault current changes to the current limiting reactor (CLR). Figure 8d 
shows the sequence components waveforms of the feeder voltages and currents. The 
dotted line is the feeder voltages and currents using the existing OCR algorithm (2) 
without the SFCL and the solid line is the identical condition with the SFCL. Figure 8e is 
the sequence components’ waveforms of feeder impedances. The dotted line is the feeder 
impedances using existing the OCR algorithm (2) without the SFCL and the solid line is 
the identical condition with the SFCL. Figure 8f is the sequence component waveforms of 
the SFCL voltages and impedances. Unlike the results of the unbalanced faults (SLG, 
DLC), the zero and negative sequences are nonexistent. 
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Figure 8. Waveforms and signals of OCR using MI in TLG. (a) Three phase feeder voltage (vfeeder), 
current (if). (b) Index of CB (MI) and signal of OCR (INTI). (c) Three phase SFCL voltage (vSFCL), HTSC 
element (RaSC, RbSC, RcSC). (d) Positive sequence feeder voltage (vPfeeder), positive sequence feeder current 
(iPf). (e) Sequence feeder impedances (RPfeeder, XPfeeder). (f) Positive sequence SFCL voltage (vPSFCL) and 
positive SFCL impedance (RPSFCL, XPSFCL). 

Figure 9 shows the triple-line ground fault (TLG) using the impedance compensation 
method (17). In Figure 7b, the operation of OCR using (17) is expressed in the integration 
value INTZ, which has three different waveforms depending on the K value (1, 2, 3.5). 
When K = 1, index value (MZ) and INTZ are most similar to the existing OCR algorithm (2) 
without SFCL (INTw/oI). OCR operates at 0.626 [s] and decreased by 0.13 [s] compared to 
existing OCR algorithm (2) with SFCL. In Figure 9c, resistance of HTSC element (RaSC, RbSC, 
RcSC) is the same as Figure 6 since the breaker operation is constant since the critical current 
(IC) is maintained. During the fault time, voltage of the SFCL (vSFCL) is reduced by RaSC, RbSC, 
RcSC and increased again since the direction of the fault current changes to the current 
limiting reactor (CLR). Figure 9d shows the sequence components waveforms of the 
feeder voltages and currents. The dotted line is the feeder voltages and currents using the 
existing OCR algorithm (2) without the SFCL and the solid line is the impedance 
compensation method (17) with the SFCL. Figure 9e is the sequence components’ 
waveforms of feeder impedances. The dotted line is the feeder impedances using the 
existing OCR algorithm (2) without the SFCL and the solid line is the impedance 
compensation method (17) with the SFCL. Figure 9f is the sequence component 
waveforms of the SFCL voltages and impedances. Unlike the results of the unbalanced 
faults (SLG, DLC), the zero and negative sequences are nonexistent. 
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Figure 9. Waveforms and signals of OCR using MI, MZ in TLG. (a) Three phase feeder voltage (vfeeder), 
current (if). (b) Index of CB (MI, MZ) and signal of OCR (INTI, INTZ). (c) Three phase SFCL voltage 
(vSFCL), HTSC element (RaSC, RbSC, RcSC). (d) Positive sequence feeder voltage (vPfeeder), positive sequence 
feeder current (iPf). (e) Positive sequence feeder impedance (RPfeeder, XPfeeder). (f) Positive sequence SFCL 
voltage (vPSFCL) and positive sequence SFCL impedance (RPSFCL, XPSFCL). 

5. Discussion 
The simulations are proposed in operation characteristics of OCR with SFCL 

depending on the three types of ground faults. In order to improve the trip delay of OCR, 
the existing OCR algorithm (2) changes into the impedance compensation method (17) by 
substituting the sequence components of a power distribution system. It is confirmed that 
the impedance compensation method improves the trip time delay of OCR in all ground 
fault types. Impedance compensation method (17) K should be set differently because the 
index value and trip time are different in three types of ground faults. Table 4 shows the 
proper K value, trip time of existing OCR algorithm and trip time of impedance 
compensation method according to the ground fault type. 

Table 4. Simulation result by fault type. 

Fault Type K Existing OCR Algorithm [s] Impedance Compensation Method [s] 
SLG 3.5 0.882 0.88 
DLG 2 0.669 0.666 
TLG 1 0.627 0.626 

6. Conclusions 
The proper operation of OCR with SFCL is the impedance compensation method 

which has been introduced to improve the trip time delay of OCR in three types of ground 
faults. In case of the different fault types, the impedance compensation method is 
distinguished according to the compensation constant. The impedance components of the 
impedance compensation method are derived from voltages and currents of a power 
distribution system. 

From the simulation results comparing the existing OCR algorithm and the 
impedance compensation method in three types of ground faults, the latter one improves 
the trip time delay of OCR due to the SFCL while the fault current is reduced. To apply to 
all types of ground fault, the compensation constant of the impedance compensation 
method should be changed. 
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In the future research, the protection coordination of OCRs using the impedance 
compensation method in unbalanced fault situation, considering dispersed generation in 
a power distribution system, will be studied with more elaborate compensation constants. 
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