

  sustainability-15-15399




sustainability-15-15399







Sustainability 2023, 15(21), 15399; doi:10.3390/su152115399




Article



A Study on a Communication-Based Algorithm to Improve Protection Coordination under High-Impedance Fault in Networked Distribution Systems



Juan Noh 1, Seungjun Gham 1, Myungseok Yoon 1, Wookyu Chae 2, Woohyun Kim 2 and Sungyun Choi 1,*





1



School of Electrical Engineering, Korea University, Seoul 02841, Republic of Korea






2



Smart Power Distribution Laboratory, Distribution Planning Group, Korea Electric Power Research Institute, Daejeon 34056, Republic of Korea









*



Correspondence: sungyun@korea.ac.kr







Citation: Noh, J.; Gham, S.; Yoon, M.; Chae, W.; Kim, W.; Choi, S. A Study on a Communication-Based Algorithm to Improve Protection Coordination under High-Impedance Fault in Networked Distribution Systems. Sustainability 2023, 15, 15399. https://doi.org/10.3390/su152115399



Academic Editors: Hamed Hashemi-Dezaki, Ali Karimi, Hamed Nafisi and Seyed Amir Hosseini



Received: 21 September 2023 / Revised: 15 October 2023 / Accepted: 25 October 2023 / Published: 28 October 2023



Abstract

:

The rising demand for stable power supply in distribution systems has increased the importance of reliable supply. Thus, a networked distribution system (NDS) linked with individual lines is being adopted, gradually replacing the radial distribution system (RDS) currently applied to most distribution systems. Implementing the NDS can lead to various improvements in factors such as line utilization rate, acceptance rates of distributed power, and terminal voltages, while mitigating line losses. However, compared with the RDS, the NDS can experience bidirectional fault currents owing to its interconnected lines, thereby hindering protection coordination, which must be addressed before the NDS can be implemented in real-world power systems. Due to the characteristics of NDS, the reverse fault current is relatively small. However, this phenomenon becomes more severe when the high impedance fault (HIF) occurs. In this paper, the malfunction of protective devices during the HIF is directly verified and analyzed in the NDS. As a result, when the HIF occurs, the issue of the reverse protective device malfunctioning worsens because of a reduction in fault current and a failure in direction detection. To solve this issue, this work proposes a communication-based protection algorithm. Through the comparative verification of the proposed algorithm and the conventional protection method, protection coordination can be secured in the case of an HIF without new devices. It must be highlighted that the proposed method does not affect the settings of the protective device and provides a cost-effective and efficient solution since this algorithm is added independently to the existing relay.
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1. Introduction


1.1. Background


In recent years, there has been a surge of interest in the climate change challenges facing the world. Numerous global policies are being enforced to address problems related to climate change, rapidly shifting from traditional fossil fuels to renewable energy for distributed power generation. The expanding connection of distributed generators (DGs) and power electronic facilities, including power converters, into distribution systems is driving significant changes in modern distribution systems. The demand for DGs is rapidly increasing over time because they are an alternative power source and provide a solution to reducing CO2 emissions [1]. However, when the penetration of such sources exceeds the hosting capacity (HC) of the distribution system, it may lead to various problems. These can include overvoltage, feeder end overload, protective device malfunction, and other operational issues [2,3,4]. To increase the integration of DGs in the RDS, which is currently applied to most distribution systems, without experiencing operational problems, the HC should be increased through optimization or feeder reinforcement [3,5]. However, since reinforcing the feeder to increase HC in the RDS is expected to be costly, interconnecting each feeder is considered as a solution. This approach can reduce overvoltage caused by the integration of DGs and enable economical system operation owing to reduced line losses and voltage drops. In addition, it allows stable operation even at high penetration levels of DGs and is expected to enhance power distribution [6,7,8].



Furthermore, the connection of large industrial loads, such as semiconductor factories and data centers, to the distribution system has been increasing recently. As a result, the demand for high power supply reliability is growing, as these loads can result in significant economic losses even with short outages [9,10]. Therefore, the method of interconnecting the feeder makes it possible to supply power to the load from the load side, even in situations where supply from the source side is impossible. This method can be a solution for improving power supply reliability. Depending on the connection level, a distribution network topology connecting two feeders defines a closed-loop system, and topologies with more connected feeders establish meshed or networked systems [11]. Compared to the RDS, a closed-loop system offers many advantages, such as improved supply reliability. However, its economic benefits are diminished due to operations at lower utilization rates as a preparation for fault conditions. Alternatively, by increasing the number of connected feeders and establishing NDS, the utilization rate can be improved. This approach is currently being actively studied as a topology for future distribution systems and can improve rapidly changing distribution systems.




1.2. Literature Survey


1.2.1. Protection Coordination in Networked Distribution System


The transition from an RDS to an NDS yields distinct benefits. However, this transition to NDS also adds considerations of new issues in terms of operation and planning [7]. As a representative issue, since NDS has interconnected lines, an imbalance or fault in a single line can impact the entire system. Additionally, in an NDS, the risk of protection coordination failure is higher due to bidirectional fault current. This is because when a fault occurs in an NDS, protective devices must consider the magnitude and direction of the fault current. In other words, if a protective device fails to detect the direction of a fault, it can lead to the failure of protection coordination. To solve this problem, [12] proposes a direction detection method using a communication-based protection coordination scheme and a long short-term memory (LSTM) neural network. In particular, the issue of malfunctioning protective devices becomes more severe in NDS with DGs [13]. As a result, in an NDS with interconnected operations, advanced protection coordination and optimal settings for protective devices are required [14,15,16].




1.2.2. Component Introduction in Networked Distribution Systems and Protection Coordination Methods


In an NDS, using back-to-back converters to interconnect feeders, called soft open points or DC links, brings numerous benefits. These include improvements in voltage profile, load leveling, increased HC, and economic enhancements owing to reduced power losses [17,18,19,20,21]. Introducing soft open points, which allow bidirectional current control and prevent fault propagation, considerably contributes to the protection coordination of NDS [22]. Another new device for NDS is the superconducting fault-current limiter [23,24], which operates in an NDS during steady-state conditions and allows the transition to an RDS if a fault occurs. This device operates as a superconductor in steady-state conditions to form an NDS and reduce losses. During a fault, it has high resistance, reducing short-circuit current. It opens when a threshold is exceeded, allowing the protective devices used in RDS to be utilized. As a result, the superconducting fault-current limiter offers advantages in NDS during steady-state conditions. In the event of a fault, it can be flexibly converted to an RDS, effectively reducing the fault current to an RDS level. This device prevents the spread of faults and reduces circuit breaker replacement costs.





1.3. Contributions


This paper proposes protection logic for the relays implemented in an existing distribution system, enabling effective protection coordination for the NDS. The proposed method is evaluated under high impedance faults (HIFs). The contributions of this study are as follows:




	
The fault current characteristics of NDS and existing protection coordination methods are described. In addition, the impact on protective devices is verified and analyzed through simulation of an HIF occurring in an NDS.



	
In this paper, a protection algorithm is proposed for when an HIF occurs in NDS. This approach does not require new devices, such as BTB converters or superconducting fault-current limiters. The proposed algorithm is an economical solution as it only requires adding a protection algorithm to the existing relay.



	
The proposed algorithm improves the operation speed of existing protective devices, even in HIF, and solves the problem of protective devices malfunctioning due to direction detection failure.








This paper proposes an equation that intuitively confirms the direction detection status of a directional overcurrent relay (DOCR) applied to an NDS when a fault occurs.



	
The proposed method contributes to solving protective device malfunction due to the reversal of zero-sequence direction according to the time difference between the operation of two circuit breakers under a ground fault.



	
As the proposed method operates independently of existing protection coordination, it does not affect the settings of existing protective devices.






The organization of this paper is as follows. Section 2 introduces the background of the protective device, HIF characteristics, and the proposed protection algorithm in NDS. In this section, formulas used in actual protective devices and a pickup current indicator that determines protective device operation are also included. Section 3 explains the simulation setup for the case study and verifies the proposed protection method. Finally, Section 4 provides some concluding remarks.





2. Theoretical Background and the Proposed Method


2.1. Protection Device Operation Characteristics and Indicators


2.1.1. Ratio between Fault and Pickup Currents


Relays implemented in a distribution system operate according to the time–current curve (TCC) characteristics given by Equation (1), whose variables are defined in Table 1 [25]. A typical TCC is shown in Figure 1. As the fault current increases, the operation time of the circuit breaker decreases. When the fault current exceeds the instantaneous operating current, the circuit breaker is instantaneously tripped, protecting the system.


  t = T D S (   A         I   f   /   I   p       B   − C   + D )  



(1)







The ratio between fault current (    I   f    ) and pickup current (    I   p    ) is defined as the plug setting multiplier [25]. In Korean distribution systems, the     I   p     of the overcurrent ground relay is set between 70 A and 80 A under a ground fault, while the of the overcurrent relay is set at 400 A under a short-circuit fault. For a protective device to operate,     I   f     must be greater than     I   p    , thus requiring     I   f   /   I   p     > 1. However, the fault resistance affects the fault current, and when the fault resistance is large (e.g., HIF), condition     I   f   /   I   p     > 1 is not met, causing operational problems for the protective device. Thus, ratio   (   I   f   /   I   p    ) is used as an indicator to determine the operation of the protective device.




2.1.2. Direction Detection Formula


Figure 2 illustrates the protection coordination for RDS and NDS, where the nomenclatures are defined in Table 2. In an RDS, when a fault (  F a u l   t   R    ) occurs, the relay (  O C   R   1    ) operates the circuit breaker (  C     B   ′     ( f w d )    ) based on the magnitude of the unidirectional fault current from the power supply to the load, thus achieving relatively simple protection coordination. On the other hand, under a fault (    F a u l t   N    ) in an NDS, which is the test system in this study, bidirectional fault currents flow. In this paper, the fault current on the source side is defined as the forward fault current, while the fault current on the load side fault current is defined as the reverse fault current. Direction detection is essential to operate the protective devices in the test system, and at least two   D O C R s   (forward   D O C   R   1     and reverse   D O C   R   2    ) must be installed. Equations (2) and (3) represent the direction detection equations applied in South Korea. A zero-sequence equation is applied under a ground fault, while a positive-sequence equation is applied under a short-circuit fault. When applying direction detection, one DOCR should be recognized as forward (+), and the other DOCR should be recognized as reverse (−) depending on the fault location. Equation (4) represents correct direction detection, while Equation (5) represents failed direction detection. The maximum torque angle (MTA) in these equations compensates for the protective device angle, such that the fault current maximizes sensitivity, as depicted in Figure 3.


    D   0   (   I   f   ) = c o s ( ∠   V   0   − 180 ° − ∠   I   0   − M T A ( 20 ° ) )  



(2)






    D   1   (   I   f   ) = c o s ( ∠   V   1   − ∠   I   1   − M T A ( 60 ° ) )  



(3)






  D (   I   f ( f w d )   ) × D (   I   f ( r e v )   ) < 0  



(4)






  D (   I   f ( f w d )   ) × D (   I   f ( r e v )   ) > 0  



(5)









2.2. Fault Current Characteristic Analysis in NDS


Figure 4 shows the fault current characteristics of NDS, and the nomenclature is shown in Table 3. Equation (6) shows the inverse relationship between the magnitude of the forward fault current and the facility impedance when a fault occurs in   D L i  . On the other hand, Equation (7) represents the inverse relationship between the fault current and facility impedance in the reverse direction from   D L h   to the fault point of   D L i  . By utilizing Equation (7), the inverse relationship between the fault current and impedance in the reverse direction from   D L j   and   D L k   to the fault point of   D L i   can be obtained. Equation (8) means that the sum of the reverse fault currents from   D L h  ,   D L j  , and   D L k   becomes the magnitude of the reverse fault current from   D L i  . As a result, the magnitude of the reverse fault current on the fault line is inversely proportional to the sum of the facility impedances from other lines in the reverse direction based on the fault point. Therefore, the reverse fault current has relatively small characteristics compared to the forward fault current in the fault line.


    I   f ( f w d )     ∝     1     Z   S   +   X   T R   +   Z   C B   i   +   ∑  p = 1   f      Z   L i n e   i p   +     ∑  p = 1   f      Z   R   i p        



(6)






     I   f ( r e v )   h     ∝     1      Z   S   +   X   T R   +   Z   C B   h    +   ∑  p = 1   l      Z   L i n e   h p     +   ∑  p = 1   l      Z   R   h p     +   Z   L i n e   h i   +   Z   R   h i   +   ∑  p =   f   ′     l      Z   R   i p     +   ∑  p =   f   ′     l      Z   L i n e   i p           ( If   h   = j     or   k ,   the   formula   is   valid )   



(7)






    I   f   ( r e v )   =   I   f     r e v     h   +   I   f     r e v     j   +   I   f     r e v     k    



(8)








2.3. High-Impedance Fault


As mentioned earlier, when an HIF occurs, the fault current flowing through the system significantly decreases. This fault characteristic is due to the inverse proportion between fault current and fault impedance in Equation (9), where     V   f     is the fault voltage and     Z   f     is the fault impedance. If     I   f     becomes smaller than     I   p     due to an HIF, operational issues with the protective device can occur. However, detecting an HIF in the system is challenging, and it can pose risks during long-term operations. Thus, HIF must be quickly detected and handled [26]. For stable system operation, various methods to detect HIFs and operate the distribution system safely have been proposed [27,28,29]. Figure 5 illustrates an HIF occurring in an NDS. In an NDS, the reverse fault current (    I   f ( r e v )    ) is relatively small compared to the forward fault current (    I   f ( f w d )    ). When an HIF occurs in the NDS, the magnitude of the     I   f ( r e v )     is further reduced. When the magnitude of the     I   f ( r e v )     becomes smaller than     I   p    , the reverse DOCR does not operate immediately, which may cause issues for the grid facilities. In addition, even if     I   f     is larger than     I   p     and the reverse DOCR operates, the reverse DOCR may malfunction due to a failure in direction detection resulting from an HIF.


    I   f   =     V   f       Z   f     , (   I   f   ∝ 1 /   Z   f   )  



(9)








2.4. Distributed Generators Connection


The left side of Figure 6 shows the DG connected to the NDS, and the right side shows the structure of the DG-linked transformer. Generally, when connecting DG to the distribution system, a Yg-D transformer is used for the connection. Although the impact of a short circuit fault in a DG-connected system is small, a ground fault can have a fatal impact on the system. This is because the ground fault current can propagate through the neutral line of the Yg transformer connected to the system. For example, as shown in Figure 6, when a fault occurs in DL3, the fault current generally flows in both the forward and reverse directions of DL3. Then, the protective device adjacent to the fault point opens to eliminate the fault. However, when a ground fault occurs, the fault current spreads to DL2 (other lines) through the neutral line of the connected DG. This can cause the malfunction of the protective device of DL2, which reduces the reliability of the grid supply. In addition, when multiple DGs are connected to the NDS, faults may propagate from various points where the DGs are connected, and direction detection of the protection device may also be negatively affected. Therefore, when connecting a DG to an NDS, it is necessary to analyze various failure scenarios in advance.




2.5. Proposed Protection Method


This paper proposes the communication-based protection algorithm described in Figure 7 for protection coordination in an NDS under an HIF. Due to the characteristics of the NDS, the reverse fault current is relatively small compared to the forward fault current, and this problem becomes more severe when an HIF occurs. The first step in the flowchart represents the detection of a fault occurrence. Since the     I   f ( f w d )     of NDS is relatively large, the forward protective device can successfully identify an HIF. Therefore, the focus of the proposed protection method is to successfully detect the     I   f ( f w d )    , when an HIF occurs but also to complement the issue of immediate operation failure or direction detection failure of the reverse protective device.



If condition     I   f   r e v     /   I   p     > 1 is not met, the reverse DOCR does not operate immediately. In this condition, the forward DOCR operates first, and after the fault current is bypassed to the reverse DOCR, and when the condition   (   I   f   r e v     /   I   p   )   > 1 is satisfied, then reverse DOCR operates. In other words, an operation time difference occurs between forward DOCR and reverse DOCR due to the HIF. Therefore, ratio   (   I   f   f w d     /   I   p   )   is used by utilizing communication to ensure that the reverse DOCR can operate simultaneously with the forward relay. Then, direction detection is applied. Depending on the type of fault, Formula (2) is applied when a ground fault occurs and Formula (3) is applied when a short circuit fault occurs. In addition, as the fault current flowing in the two circuit breakers based on the fault point should be in opposite directions, condition   D     I   f   f w d       × D     I   f   r e v         < 0 must be met for correct direction detection. If direction detection fails, the relay recognizes the fault current of both circuit breakers as flowing in the same direction, and   D     I   f   f w d       × D     I   f   r e v         > 0 is met, possibly leading to relay malfunction. Hence, when direction detection fails,   D     I   f   r e v       = − D (   I   f ( f w d )   ) )   is used to enable direction detection by using communication.



As a result, when an HIF occurs, the proposed protection algorithm operates both the forward and reverse DOCR simultaneously. In addition, this algorithm aims to compensate for any failure in the protective device’s direction detection. By simultaneously tripping both breakers from the fault point, the HIF can be eliminated quickly. In addition, this protection algorithm can contribute to solving the protection coordination failures caused by the reversal of the zero-sequence direction of the protective device due to the time difference in the operation of the two breakers during a ground fault.



Figure 8 illustrates the protection logic and the process of breaker operation implemented in the protective device. In general, during failures, the conventional protection algorithm is applied, and the protective device operates with the existing setting values (TCC and TD). On the other hand, if the fault current becomes lower than the pickup current due to HIF or direction detection fails, the proposed protection algorithm is applied. The proposed protection algorithm is outputted through an OR gate along with the conventional one. In other words, the proposed protection algorithm is an independent protection algorithm that operates when an HIF occurs. Therefore, it does not interfere with existing protection settings.



Figure 9 illustrates protection coordination applying the proposed algorithm. The algorithm must be applied by grouping the logic of two circuit breakers into one set, and this algorithm should overlap for each pair of circuit breakers. Hence, when an HIF occurs within the protection area, immediate protective operation can be taken, even if     I   f   r e v       ≤     I   p    , and protection coordination is possible even if direction detection fails.





3. Case Study and Discussion


3.1. Test System


Figure 10 shows the NDS for the case study with the parameters listed in Table 4. The test system consists of a voltage source, a three-winding transformer (154/6.6/22.9 kV), a line (CNCV 325), and loads. The secondary delta connection of the transformer (Yg-Δ-Y) can mitigate the third harmonic, and a neutral grounding resistor of j0.6 Ω is linked to the tertiary transformer. Additionally, the NDS is established by interconnecting the ends of each 9 km distribution line (DL). In Figure 10,     F   1     to     F   12     represent the points where faults occur in the fault scenario. Table 5 shows the section length of the network and the locations where the load and DGs are connected for each case.



This test system reflects the characteristics of a typical Korean distribution system and adheres to the IEC 60255-3 very inverse curve for setting the protective devices. In Table 1, the A, B, C, and D are set to 13.5, 1, 1, and 0 for the case study. For the fault scenario, an HIF with a fault impedance of 10 ohms was applied to the entrance (    F   1    ,     F   4   ,     F   7    , and     F   10    ), midpoint (    F   2    ,     F   5   ,     F   8    , and     F   11    ), and terminal (    F   3    ,     F   6   ,     F   9    , and     F   12    ) of each DL. The fault types were simulated as a single-line-to-ground (SLG) fault and a three-phase short circuit. Since SLG faults occur frequently in the system, it was conducted as a fault case. In addition, a three-phase short circuit fault has a low probability of occurrence in the power system, but when it occurs in the system, it adversely affects the grid facilities due to a large fault current, so it was applied as a fault case.




3.2. Case Study 1: Load Balance Conditions without DGs


First, to understand the operation characteristics of DOCR and fault current when HIF occurs in an NDS, Case 1 was simulated. In this simulation, a constant impedance load of 9 MW (3 loads × 3 MW) is connected to each DL, without any connections to DGs. To verify whether the protective device can operate normally, it was tested whether the fault current flows more than     I   p     from the fault point to both circuit breakers. Additionally, to verify that direction detection is possible, it was tested whether the   D     I   f   f w d         result was positive (+) and the   D     I   f   r e v         result was negative (-) after the fault.



3.2.1. Single-Line-to-Ground Fault


For the first scenario, a SLG fault was simulated at location     F   7     of the test line. The fault resistance was set to 10 Ω (HIF) and applied at 0.2 s. In Korean distribution systems, the overcurrent ground relay is set to 70–80 A (RMS value). In this case study, 80 A was set for operation at approximately 113.14 A (peak value). The left graph of Figure 11 shows a waveform higher than 113.14 A (dotted line), indicating that the forward relay operates immediately. The right graph shows that the peak value does not reach 113.14 A, indicating that the relay does not operate immediately given the insufficient pickup current.



A ground fault was simulated in this scenario. For direction detection, the zero-sequence equation is applied under the HIF, and the detection result is shown in the left graph of Figure 12. When the reverse DOCR direction detection is successful,     D   0       I   f ( r e v )       is negative, indicating successful direction detection under the SLG fault (HIF). The right graph of Figure 12 shows the result of a fault simulation after changing the fault resistance to 1 Ω for comparison with the HIF. Under the SLG fault,     I   f ( r e v )     is less than     I   p     and the relay does not operate. However, as direction detection is successful regardless of the size of the fault resistance, only stage ① in Figure 7 needs to be applied.




3.2.2. Three-Phase Short Circuit


The second scenario simulated a three-phase short circuit in the NDS. In a three-phase short circuit, the magnitude of the fault current is larger than that of SLG. The size of the fault resistance was set to 10 Ω, as in the SLG scenario, to simulate the occurrence of an HIF. In Korean distribution systems,     I   p     of the overcurrent relay is approximately 400 A (RMS value); thus, approximately 565.7 A (peak value) was set. The left graph of Figure 13 shows the waveform larger than 565.7 A, indicating that the forward relay operates immediately. On the other hand, the right graph of Figure 13 shows that     I   p     does not reach 565.7 A, similar to the SLG scenario, indicating that the relay does not operate immediately because     I   f ( r e v )   /   I   p   < 1  .



As a three-phase short circuit is simulated, for direction detection, the     D   1       I   f       positive-sequence equation is applied to the HIF, and the result is shown in the left graph of Figure 14. In this HIF scenario,     D   1       I   f ( r e v )       is positive, indicating failure of direction detection. Thus, this scenario satisfies neither   (   I   f ( r e v )   /   I   p   > 1 )   nor   D     I   f   f w d       × D     I   f   r e v       <   0; thus, stages ① and ② in Figure 7 must be applied. The right graph of Figure 14 shows the result of direction detection after setting the fault resistance to 1 Ω for comparison with the HIF. The result for 1 Ω is negative, indicating successful direction detection. Hence, an HIF can cause the failure of DOCR direction detection. However, as shown in the right graph of Figure 14, when a system fault occurs,     D   1   (   I   f ( r e v )   )   remains positive from 0.2 s to 0.206 s, taking approximately 0.02 s to reach stable direction detection.




3.2.3. Protection Coordination Analysis in NDS


Figure 15 shows the reverse breaker operation under an SLG fault and three-phase short circuit, each with a fault resistance of 10 Ω (HIF), applied to point     F   7     of the test NDS using the conventional method. When a fault is applied at 0.2 s, the forward breaker, owing to the forward TCC logic (  T C   C   f w d    ), disconnects within 0.2 s under the SLG fault and within 0.33 s under the three-phase short circuit. This simulation result indicates that when the forward breaker eliminates the fault, the fault current bypasses in the reverse direction because     I   f ( r e v )     is smaller than     I   p     owing to the HIF. Then, the fault is eliminated by the reverse TCC logic (  T C   C   r e v    ). Hence, the reverse breaker under the HIF does not meet     I   f ( r e v )   /   I   p   > 1  , and the protective device does not operate immediately but instead takes a long time to trigger its operation. The total breaker operation time (  C B     t     t o t a l    ) is equivalent to the sum of the forward breaker operation time (  C   B   f w d ( t )    ) and the reverse breaker operation time (  C   B   r e v ( t )    ), as defined in Equation (10). The delay in breaker operation time can cause the fault current, bypassing in the reverse direction to negatively impact the system equipment. Therefore, fast operation (i.e., short   C   B ( t )   t o t a l    ) is required for system protection.


  C   B ( t )   t o t a l   = C   B   f w d ( t )   + C   B   r e v ( t )    



(10)








3.2.4. Simulations and Results Using Proposed Method


The proposed method drastically reduces   C   B ( t )   t o t a l     by causing the reverse DOCR to operate simultaneously with the forward breaker under an HIF. Figure 16 shows   C   B ( t )   r e v ( t )     using the proposed algorithm, which is 0.410 s (instead of 0.642 s obtained using the conventional method), being equal to   C   B   f w d ( t )     under the SLG fault. As direction detection under the SLG fault is correct (Figure 12), the results of applying   D     I   f   r e v         without modification are shown. Figure 17 shows the corresponding results under the three-phase short circuit. Using the proposed method,   C   B   r e v ( t )     and   C   B   f w d ( t )     are 0.551 s (instead of the 1.102 s obtained using the conventional method). However, as direction detection fails under the three-phase short circuit (Figure 14),   D     I   f   r e v       = − D     I   f   f w d         was applied.





3.3. Case Study 2: Different Load Size Conditions without DGs


An NDS is ideally organized by connecting the terminals when the line length is the same and the load pattern of each DL is different. This is because different load patterns on the same line allow load sharing and avoid load imbalance due to terminal voltage differences caused by line length differences. Therefore, in this case study, ideal networked test conditions were established by linking multiple lines with the same length and distinct load patterns to the terminal. In the test system, DL1, DL2, DL3, and DL4 were connected to loads of 7.8, 8.4, 9, and 9.6 MW (three loads × 2.6, 2.8, 3.0, and 3.2 MW), respectively, and the proposed protection algorithm was tested. The results of this scenario are listed in Table 6. Remarkably, in the conventional protection method, as the fault gets closer to the entrance of the feeder,   C   B ( t )   t o t a l     increases with decreasing fault current owing to the higher reverse line impedance, thereby indicating that the proposed logic is more effective when the fault is closer to the entrance of the feeder. Hence, the proposed method can interrupt faults faster than the conventional method, suggesting its effectiveness for system protection.




3.4. Case Study 3: Different Load Size Conditions with DGs


To prove the effectiveness of the proposed protection algorithm, a load size change scenario was simulated. When analyzing load consumption patterns, load consumption generally decreases sharply during the late night. In other words, a case study was conducted to check whether the protection algorithm operates appropriately, assuming a late-night situation where the line utilization rate is low due to a reduction in load size. The size of the load in Case 3 was set to half the amount of active power and reactive power of the load compared to Case 2. The simulation results are shown in Table 7, and compared to Case 2, the overall circuit breaker operation time decreases, but the trend shows a similar pattern. As a result, the proposed algorithm demonstrated the effectiveness of protective operation, even in late-night situations.




3.5. Case Study 4: Different Load Size Conditions with DGs


In this case study, the DGs are connected by closing the switchgear in Figure 10 under the same load conditions as in Case 2 to analyze the impact on DOCR operation. The connection points of the DGs were arbitrarily set at the entrance, midpoint, and terminal of the DL. The results of this scenario are listed in Table 8. Compared to the results of Case 2, DGs did not have a significant impact on DOCR operation in the three-phase short circuit scenario, but DGs significantly affected DOCR operation in the SLG fault scenario. As mentioned earlier, this result is because when SLG occurs, the fault current flows into other DGs in the system through the neutral line of the Yg-D wound transformers. As shown in Table 8, in the SLG scenario of this case study, the tripping time was reduced for both the conventional protection method and the proposed protection method, and the direction of the fault current was also successfully detected. However, it is difficult to predict the flow of SLG fault current depending on the connection location of DGs, which not only affects the operating characteristics of the DOCR but also has the possibility of malfunctioning the DOCR. Therefore, before introducing the NDS into real-world power systems, additional studies on DG connection are required.





4. Discussions and Conclusions


Renewable energy connection to the distribution system is rapidly increasing and supply reliability is becoming important. As a solution, research is being conducted to transpose the distribution system structure from the RDS to the NDS. However, due to the structural characteristics of the NDS, the protection coordination method becomes complicated as bidirectional fault current flows. Additionally, due to the characteristics of NDS, compared to the forward fault current, the reverse fault current is relatively small and becomes more severe when HIF occurs.



First, in this paper, the impact of HIF on protective devices was verified and analyzed through simulation. According to the simulation results, in the event of an HIF, if the reverse fault current becomes smaller than the pickup current, it could cause a delay in operation time. This delay occurs because the reverse protective device only operates after the forward fault has been removed and the fault current bypassed. In addition, protective device malfunction issues may occur due to direction detection failure caused by the HIF.



Therefore, this paper proposes a communication-based protection algorithm as a solution when an HIF occurs in NDS. When an HIF occurs in NDS, the operation delay issues of the reverse protective device can be solved through the proposed protection algorithm, and the fault can be quickly eliminated. In addition, the proposed algorithm can address the issue of protective device malfunction caused by direction detection failure.



The proposed method is an economical solution as it can be incorporated into existing protective devices without new devices such as BTB converters and superconducting fault-current limiters. Additionally, since it operates as an independent algorithm, it does not affect the settings of existing protective devices. Therefore, it has the advantage of not increasing the complexity of protection coordination. Consequently, the proposed method provides a potentially economical and efficient solution for protection.



The impact of the DGs connected to the NDS was also analyzed. The case study confirmed that the operation time of protective devices is affected when a ground fault occurs. In particular, the ground fault current can spread throughout the system via the neutral line of the Yg-D transformer. This makes predicting difficult and could cause malfunction issues in protective devices. Therefore, in-depth research on connections to DGs is necessary before introducing NDS into real-world power systems.



The focus of this study is to provide protection coordination through communication-based algorithms when an HIF occurs in the NDS. Currently, this research is in its initial stage, and optimization of the protective device’s parameter settings was not considered. However, future research will aim to optimize these settings and conduct more comprehensive protection coordination studies. These will include operations of primary protection and backup protection in the NDS-connected DGs. It is expected that precise protection coordination will be possible in more diverse fault scenarios through future research.
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Figure 1. TCC characteristics. 
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Figure 2. Protection coordination in RDS and NDS. 
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Figure 3. DOCR characteristics according to maximum torque angle. (green: forward zone, gray: reverse zone). 
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Figure 4. Bidirectional fault current characteristics of NDS. 
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Figure 5. Conventional protection coordination under HIF in the NDS. 
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Figure 6. DG connected to the NDS (left) and structure of the DG-linked transformer (right). 
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Figure 7. Flowchart of the proposed protection coordination. 
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Figure 8. Protection relay operation logic and the process of the breaker. 






Figure 8. Protection relay operation logic and the process of the breaker.



[image: Sustainability 15 15399 g008]







[image: Sustainability 15 15399 g009] 





Figure 9. Operation of proposed protection coordination under an HIF in the NDS. 
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Figure 10. NDS considered in case study. 
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Figure 11. Fault currents under SLG fault (HIF) ((left), forward; (right), reverse). 
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Figure 12. Direction detection of SLG fault ((left), HIF; (right), 1 Ω). 
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Figure 13. Fault currents under three-phase short circuit (HIF) ((left), forward; (right), reverse). 
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Figure 14. Direction detection of three-phase short circuit ((left), HIF; (right), 1 Ω). 






Figure 14. Direction detection of three-phase short circuit ((left), HIF; (right), 1 Ω).



[image: Sustainability 15 15399 g014]







[image: Sustainability 15 15399 g015] 





Figure 15. Analysis of HIF current in NDS ((left), SLG fault; (right), three-phase short circuit). 
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Figure 16. Results of proposed method under SLG fault ((left), trip signal; (right), direction detection). 
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Figure 17. Results of proposed method under three-phase short circuit ((left), trip signal; (right), direction detection). 
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Table 1. The nomenclature in Equation (1).
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	Symbol
	Description





	   t   
	Relay operating time



	   T D S   
	Time dial setting parameter



	     I   f     
	Fault current



	     I   p     
	Pickup current



	   [ A , B , C , D ]   
	Type decision variable of TCC










 





Table 2. The nomenclature used in Figure 2.
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	Symbol
	Description





	     I   f ( f w d )     
	Forward fault current



	     I   f ( r e v )     
	Reverse fault current



	     D   0   (   I   f   )   
	Function for zero-sequence direction detection



	     D   1   (   I   f   )   
	Function for positive-sequence direction detection










 





Table 3. The nomenclature used in Figure 4.
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	Symbol
	Description





	     Z   s     
	Impedance of the source



	     X   T R     
	Impedance of the transformer



	     Z   C B   i     
	Impedance of circuit breaker on DL  i   (  C   B   i    )



	     Z   L i n e   i p     
	Impedance   p    th line on DL  i   (  L i n   e   i p    )



	     Z   R   i p     
	Impedance of   p    th recloser on DL  i   (    R   i p    )



	     I   f   ( r e v )   h     
	Reverse fault current from DL  h   to fault point on DL  i  



	     Z   C B   h     
	Impedance of circuit breaker on DL  h   (  C   B   h    )



	     Z   L i n e   h p     
	Impedance of   p    th line on DL  h   (  L i n   e   h p    )



	     Z   R   h p     
	Impedance of   p    th recloser on DL  h   (    R   h p    )



	     Z   L i n e   h i     
	Impedance of lines between DL  h   and DL  i   (  L i n   e   h i    )



	     Z   R   h i     
	Impedance of recloser between DL  h   and DL  i   (    R   h i    )










 





Table 4. Parameters of the NDS under study.
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Parameter

	
Value






	
Source impedance (    Z   s    )

	
     Z   1   =   Z   2   = 0.00105 + j 0.01146   p . u   




	
     Z   0   = 0.00527 + j 0.02900   p . u   




	
Transformer impedance

(154/6.6/22.9 kV)

	
     Z   T r   H M   = j 0.14496   p . u   




	
     Z   T r   M L   = j 0.0669   p . u   




	
     Z   T r   L H   = j 0.2538   p . u   




	
CNCV-325-line impedance

	
     Z   1   =   Z   2   = 0.01823 + j 0.028222   p . u / k m   




	
     Z   0   = 0.053203 + j 0.016495   p . u / k m   











 





Table 5. Section length and loads of each DL.
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DL1

	
DL2

	
DL3

	
DL4




	
S

-

CB1

	
CB1

-

R1

	
R1

-

R2

	
R2

-

R12

	
S

-

CB2

	
CB2

-

R4

	
R4

-

R5

	
R5

-

R12,23

	
S

-

CB3

	
CB3

-

R7

	
R7

-

R8

	
R8

-

R23,34

	
S

-

CB4

	
CB4

-

R10

	
R10

-

R11

	
R11

-

R34






	
Section

Length

[km]

	
0.5

	
2.5

	
2.5

	
4

	
0.5

	
2.5

	
2.5

	
4

	
0.5

	
2.5

	
2.5

	
4

	
0.5

	
2.5

	
2.5

	
4




	
Case1

Load

[MW]

	
-

	
3

	
3

	
3

	
-

	
3

	
3

	
3

	
-

	
3

	
3

	
3

	
-

	
3

	
3

	
3




	
Case2

Load [MW]

	
-

	
2.6

	
2.6

	
2.6

	
-

	
2.8

	
2.8

	
2.8

	
-

	
3

	
3

	
3

	
-

	
3.2

	
3.2

	
3.2




	
Case3

Load [MW]

	
-

	
1.3

	
1.3

	
1.3

	
-

	
1.4

	
1.4

	
1.4

	
-

	
1.5

	
1.5

	
1.5

	
-

	
1.6

	
1.6

	
1.6




	
Case4

DG

location

	
-

	
-

	
-

	
1 MVA

	
-

	
1 MVA

	
-

	
-

	
-

	
-

	
-

	
1 MVA

	
-

	
-

	
1 MVA

	
-











 





Table 6. Total breaker operation time (in seconds) under faults for conventional and proposed methods in case 2.
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Method

	
SLG Fault

	
Three-Phase Short Circuit




	
Conventional

	
Proposed

	
Conventional

	
Proposed






	
F1

	
0.654

	
0.422

	
1.270

	
0.702




	
F2

	
0.550

	
0.538

	
1.024

	
0.982




	
F3

	
0.719

	
0.702

	
1.452

	
1.442




	
F4

	
0.652

	
0.420

	
1.253

	
0.702




	
F5

	
0.552

	
0.536

	
1.014

	
0.996




	
F6

	
0.760

	
0.752

	
1.525

	
1.518




	
F7

	
0.648

	
0.414

	
1.246

	
0.696




	
F8

	
0.551

	
0.532

	
1.011

	
0.998




	
F9

	
0.758

	
0.748

	
1.526

	
1.522




	
F10

	
0.653

	
0.418

	
1.268

	
0.698




	
F11

	
0.545

	
0.534

	
1.017

	
0.976




	
F12

	
0.717

	
0.702

	
1.445

	
1.434




	
Total

	
7.759

	
6.718

	
15.051

	
12.666











 





Table 7. Total breaker operation time (in seconds) under faults for conventional and proposed methods in case 3.
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Method

	
SLG Fault

	
Three-Phase Short Circuit




	
Conventional

	
Proposed

	
Conventional

	
Proposed






	
F1

	
0.628

	
0.404

	
1.242

	
0.69




	
F2

	
0.533

	
0.522

	
0.995

	
0.958




	
F3

	
0.697

	
0.684

	
1.411

	
1.402




	
F4

	
0.626

	
0.402

	
1.225

	
0.69




	
F5

	
0.535

	
0.518

	
0.992

	
0.974




	
F6

	
0.756

	
0.760

	
1.486

	
1.480




	
F7

	
0.627

	
0.406

	
1.225

	
0.688




	
F8

	
0.534

	
0.516

	
0.992

	
0.974




	
F9

	
0.756

	
0.762

	
1.486

	
1.478




	
F10

	
0.629

	
0.406

	
1.236

	
0.684




	
F11

	
0.534

	
0.524

	
0.994

	
0.956




	
F12

	
0.722

	
0.728

	
1.412

	
1.402




	
Total

	
7.577

	
6.632

	
14.696

	
12.376











 





Table 8. Total breaker operation time (in seconds) under faults for conventional and proposed methods in case 4.






Table 8. Total breaker operation time (in seconds) under faults for conventional and proposed methods in case 4.





	
Method

	
SLG Fault

	
Three-Phase Short Circuit




	
Conventional

	
Proposed

	
Conventional

	
Proposed






	
F1

	
0.460

	
0.418

	
1.270

	
0.702




	
F2

	
0.578

	
0.570

	
1.020

	
0.980




	
F3

	
0.724

	
0.728

	
1.450

	
1.440




	
F4

	
0.461

	
0.420

	
1.253

	
0.702




	
F5

	
0.561

	
0.554

	
1.014

	
0.996




	
F6

	
0.776

	
0.768

	
1.525

	
1.518




	
F7

	
0.460

	
0.418

	
1.253

	
0.702




	
F8

	
0.577

	
0.570

	
1.014

	
0.996