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When the direct current circuit breaker (DCCB) fails to operate, the fault range will further expand, endangering the safe operation of the power gird. Therefore, this study proposes a DCCB failure protection method and a secondary accelerated fault isolation scheme of voltage source converter-based high-voltage direct current (VSC-HVDC) grids. On the basis of considering the influence of DCCB disconnection, characteristics of fault current after the failure of the DCCB are analyzed, and a circuit breaker failure protection method based on “increase current” discrimination is proposed. By analyzing the logical relationship among failed breaker re-tripping, adjacent DCCB action, blocking of the converter station, and AC circuit breaker action, a secondary accelerated fault isolation scheme is proposed to minimize the fault isolation area. The scheme achieves the accelerated isolation of DC faults after the failure of the DCCB and avoids the trip of the AC circuit breaker effectively. Simulation results verify the effectiveness of the proposed scheme.
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1 INTRODUCTION
The high voltage direct current grid based on the modular multilevel converter (MMC-HVDC), with the advantages of large transmission capacity, low loss, and high reliability, has broad development prospects in the fields of distributed power access, new energy delivery through isolated islands, and the interconnection of asynchronous AC grids (Wang et al., 2021; Khosravi et al., 2021; Zhu et al., 2021; Oubelaid et al., 2022a). In MMC-HVDC grids, the most ideal fault isolation method is to use a direct current circuit breaker (DCCB) to cut the fault line, which isolates only the fault area and ensures that the rest of the system can continue to operate normally (Franck, 2011; Xu et al., 2018; Oubelaid et al., 2022b). However, the circuit breaker operation has the possibility of failure. When the circuit breaker fails to operate, the rapid fault isolation will fail, and the fault range of the grid will be further expanded. Therefore, to quickly remove the fault line to ensure the safe operation of the system, it is of important practical value to study the secondary accelerated fault isolation scheme, which minimizes the extended area after the rapid isolation failure caused by the circuit breaker failure.
When components such as lines or transformers fail and the relay protection device sends a trip signal but the circuit breaker refuses to act, the circuit breaker failure protection acts. It utilizes the fault information of the failed circuit breaker and the protection action information of the faulty components to distinguish the fault state of the circuit breaker and cut off the relevant circuit breakers as soon as possible to achieve fault isolation within the minimum range. Experts and scholars in related fields have conducted extensive research on circuit breaker failure protection in AC systems. Ding. (2006) and Zhang and Chang. (2003) introduce the basic composition of circuit breaker failure protection, elaborate on the feasibility and universality of using the “present current” discrimination method and protection action information to form “AND” logic to release voltage blocking, and analyze the problems of circuit breaker failure protection in high-voltage power grids. Song. (2008) analyze the setting method of phase current in the circuit breaker failure protection current discrimination element and propose a scheme for the phase current setting value to vary with normal load current to ensure that the current discrimination element has sufficient sensitivity after a fault occurs at the end of the line. He and Li. (2010) analyze the position of the current transformer where the current discrimination element is located in the startup failure circuit of the circuit breaker failure protection and pointed out the only correct installation position. At present, research on circuit breaker failure protection in AC systems has been relatively mature and widely applied in practical engineering.
With the continuous expansion of the construction scale of MMC-HVDC projects in recent years, the demand for the development and application of high-voltage DCCB has become prominent, and research on DCCB failure protection has also received industry attention. Qin et al. (2022) propose a three-level hierarchical microgrid protection scheme based on the different response times among the solid-state circuit breaker, the hybrid circuit breaker, and the traditional mechanical breaker. A hybrid DC circuit breaker combines the advantages of a solid circuit breaker and a mechanical circuit breaker and is widely used in flexible DC power grids at present. Wang et al. (2021) propose a failure backup protection algorithm for DCCBs, which utilizes the reverse voltage generated in the energy-absorbing circuit to construct fault identification criteria, achieving accurate identification of partial and overall faults caused by various component faults of the circuit breaker. This protection algorithm fully considers the influence of measurement errors and aging of energy-absorbing components, but insufficient consideration is given to the fault isolation scheme after circuit breaker failure. Azad et al. (2016) use linear discriminant analysis to divide the voltage current plane into two regions by detecting the voltage and current at the end of the line and producing a large number of training samples for learning. By utilizing the characteristics of low current and high voltage when the fault has been cleared, and high current and low voltage when the fault has not been cleared, accurate detection of circuit breaker failure state is achieved. This method has a complex protection criterion setting and high requirements for a protection action delay setting. Perez-Molina et al. (2021) determines the failure state of the circuit breaker by detecting the voltage change rate at both ends of the upper limit current reactor of the DC line. When the circuit breaker fails and refuses to operate, the backup DC circuit breaker is tripped to isolate the fault. However, in this method, the setting of the protection criterion depends on simulation values and the ability to resist transition resistance is weak.
Through a summary of the research status, it has been shown that, at present, the industry has carried out a preliminary discussion on DCCB failure protection, but in the identification process of the DCCB failure state, the influence of other factors, such as breaker breaking delay and the opposite circuit breaker breaking process, has been considered less. Therefore, it is necessary to conduct in-depth research on the electrical characteristics and secondary isolation methods after DCCB failure in the MMC-HVDC grid to understand the secondary accelerated fault isolation after the rapid fault isolation failure caused by the circuit breaker failure and provide a guarantee for the safe and stable operation of the system.
This study proposes a protection scheme in case of rapid fault isolation failure caused by circuit breaker failure. By identifying whether the fault is eliminated by the changing trend of the fault current flowing through the circuit breaker, the failure protection of DCCB is constructed. On this basis, a secondary accelerated fault isolation scheme including DCCB re-tripping, blocking of the converter station, and AC circuit breaker operation is proposed to minimize the expansion of the isolation area. The article is organized as follows. In the next section, the fault current characteristics after the failure of the DCCB are analyzed on the basis of considering the influence of the disconnection process of the opposite circuit breaker. Following this, the method of circuit breaker failure discrimination using “increase current” judgment is studied, and the secondary accelerated fault isolation scheme of minimizing the isolation area is proposed. Then, the effectiveness of the proposed scheme is verified by simulation. The final section provides conclusions.
2 CHARACTERISTICS OF FAULT CURRENT AFTER THE FAILURE OF THE DCCB
This section analyzes the fault current characteristics of the DCCB at the transmitting end and the receiving end of the fault line, which serves as the theoretical basis for the construction of DCCB failure protection.
For the Zhangbei 4-terminal grid shown in Figure 1, it is assumed that a positive grounding fault occurs at f on Line3. The fault isolation process of the DC side when circuit breakers CB43 and CB34 fail to operate is shown in Figure 1.
[image: Figure 1]FIGURE 1 | The fault isolation process after the failure of the circuit breaker.
Figure 1 shows that when CB43 or CB34 fails to operate, although one side of the fault line is successfully cut off, each inverter will continue to inject fault current into the fault point through the failed circuit breaker.
2.1 Characteristics of fault current
Assuming that a positive grounding fault occurs at the midpoint of Line3 at 2s, the fault current characteristics of CB43 at the transmitting end and CB34 at the receiving end are analyzed.
CB43 and CB34 both receive trip signals at 1 ms after the fault. Considering that the circuit breaker breaking delay tcb is 3 ms, if the circuit breaker operates normally, the current breaking process should start at 4 ms after the fault.
Converter station S4 is the rectifier station and converter station S3 is the inverter station. During the normal operation of the system, station S4 transmits current to station S3. The comparison of I_CB43 when CB43 operates correctly or fails to operate is shown in Figure 2A. The comparison of I_CB34 when CB34 operates correctly or fails to operate is shown in Figure 2B.
[image: Figure 2]FIGURE 2 | Comparison of fault currents when the circuit breaker operates correctly or fails to operate. (A) Fault current of the transmitting terminal I_CB43. (B) Fault current of the receiving terminal I_CB34.
It can be seen from Figure 2A that when CB43 operates correctly, I_CB43 begins to drop at 2.004 s and finally reaches zero, and the fault line is successfully removed. When CB43 fails to operate, I_CB43 begins to experience a short decline at 2.004 s due to the disconnection of CB34 on the opposite side of the fault line. Although the opposite circuit breaker CB34 acted correctly to remove the fault line on one side of the fault point, the fault discharge circuit on the other side of the fault point is not removed, so I_CB43 rises again after a short fall.
It can be seen from Figure 2B that when CB34 operates correctly, the rise speed of I_CB34 increases at 2.004 s and finally reaches zero, and the fault line is successfully removed. When CB34 fails to operate, I_CB34 begins to experience acceleration at 2.004 s due to the disconnection of CB43 on the opposite side of the fault line. Although the opposite circuit breaker CB43 acted correctly to remove the fault line on one side of the fault point, the fault discharge circuit on the other side of the fault point is not removed, so I_CB34 continues to rise after rising to zero.
2.2 Influence of the opposite circuit breaker disconnection on the fault current at the transmitting end
The comparison between I_CB43 and I_CB34 when circuit breaker CB43 operates correctly or fails to operate is shown in Figure 3. Figure 3A shows that after the fault occurs, CB34 and CB43 operate correctly. At 2.004 s, CB34 and CB43 begin to operate simultaneously. At time t1, CB34 is cut off, and I_CB34 drops to zero, and the rate of change of I_ CB43 changes. At time t2, CB43 is cut off, I_CB43 drops to zero and the fault line is completely cut off.
[image: Figure 3]FIGURE 3 | Comparison of the fault currents of the failed circuit breaker at the transmitting end and the opposite circuit breaker. (A) Circuit breakers operate correctly. (B) CB43 fails to operate.
Figure 3B shows that after the fault occurs, CB43 fails to operate, while CB34 operates correctly. At 2.004 s, CB34 begins to operate, and owing to its disconnection, I_ CB43 begins to experience a brief decline process. At time t3, CB34 is cut off, and I_ CB34 drops to zero. As the fault discharge circuit through the failed circuit breaker CB43 has not been cut off, the inverters in the network will continue to inject current into the fault point. Therefore, I_ CB43 rises again after a brief decline process. According to the above analysis, when the circuit breaker at the transmitting end fails to operate, owing to the influence of the opposite circuit breaker disconnection, the rising speed of the fault current flowing through the circuit breaker at the transmitting end slows and may even decrease for a short time.
2.3 Influence of the opposite circuit breaker disconnection on the fault current at the receiving end
The comparison between I_CB43 and I_CB34 when circuit breaker CB34 operates correctly or fails to operate is shown in Figure 4. Figure 4A shows that after the fault occurs, CB34 and CB43 operate correctly. At 2.004 s, CB34 and CB43 begin to operate simultaneously. At time t1, CB34 is cut off, I_CB34 drops to zero, and the rate of change of I_CB43 changes. At time t2, CB43 is cut off, I_CB43 drops to zero and the fault line is completely cut off.
[image: Figure 4]FIGURE 4 | Comparison of the fault currents of the failed circuit breaker at the receiving end and the opposite circuit breaker. (A) Circuit breakers operate correctly. (B) CB34 fails to operate.
Figure 4B shows that after the fault occurs, CB34 fails to operate, while CB43 operates correctly. At 2.004 s, CB43 begins to operate, and owing to its disconnection, I_CB34 begins to experience an accelerated rising process and cross zero. At time t3, CB43 is cut off and I_CB43 drops to zero. As the fault discharge circuit through the failed circuit breaker CB34 has not been cut off, the inverters in the network will continue to inject current into the fault point. Therefore, the rate of change of I_CB34 resumes and continues to rise.
According to the above analysis, when the circuit breaker at the receiving end fails to operate, owing to the influence of the opposite circuit breaker disconnection, the rising speed of the fault current flowing through the circuit breaker at the receiving end increases.
2.4 Analysis of the influence of circuit breaker disconnection
For the Zhangbei 4-terminal grid shown in Figure 1, it is assumed that a fault occurs at f on Line3; the fault current path and composition are shown in Figure 5. Converter station S4 is a rectifier station that is at the transmitting end, and converter station S3 is an inverter station that is at the receiving end. Only Line3 and its converter stations on both sides are considered here, while other lines and converter stations are omitted in the figure.
[image: Figure 5]FIGURE 5 | Fault current path and composition on the fault line. (A) Fault current path. (B) Fault current composition.
Figure 5 shows that the fault currents I_CB43 and I_CB34 are composed of load current Iload, fault additional current I_ f4, and fault additional current I_ f3:
[image: image]
According to 1), the fault current at transmitting end I_CB43 is composed of load current Iload and fault additional current at transmitting end I_ f4. When the circuit breaker at receiving end CB34 begins to operate, the load current Iload passing through the fault line decreases accordingly. The total current at transmitting end I_CB43 has the same direction as the load current Iload, so the rising speed of I_CB43 decreases.
According to 1), the fault current at receiving end I_CB34 is composed of load current Iload and fault additional current at receiving end I_ f3. When the circuit breaker at transmitting end CB43 begins to operate, the load current Iload passing through the fault line decreases accordingly. The total current at receiving end I_CB34 is in the opposite direction to the load current Iload, so the rising speed of I_CB34 increases.
The disconnection process of the opposite circuit breaker will lead to a decrease in the rise rate of the fault current at the transmitting end. The disconnection process of the opposite circuit breaker will lead to an increase in the rising rate of the fault current at the receiving end.
3 DCCB FAILURE PROTECTION
In traditional AC circuit breaker failure protection, the discriminant element determines whether the fault is eliminated by detecting whether there is still current in the system after the protection action, and then, together with the starting element that reflects the protection action, forms the operating condition of AC circuit breaker failure protection. In MMC-HVDC grids, the development of the fault is very fast, and the traditional “present current” discrimination method used in AC systems has a long discrimination process, which cannot meet the rapid demand of circuit breaker failure protection action in the MMC-HVDC grid.
According to the analysis of fault current characteristics after the failure of DCCB in Section 2.1, in MMC-HVDC grids, when a circuit breaker fails to operate, the fault current flowing through the failed circuit breaker will continue to rise after the cut-off time. Based on the above characteristics, an “increase current” discrimination method for DCCBs is studied, which identifies whether the fault has been eliminated by the changing trend of the fault current flowing through the circuit breaker, and then the failure protection of DCCB is constructed. Compared with the traditional “present current” judgment method, the “increase current” judgment method can rapidly determine the failure state of circuit breakers in MMC-HVDC grids, which is conducive to the fast action of circuit breaker failure protection.
3.1 Discrimination method of circuit breaker failure
The hybrid DCCB has a circuit breaker opening delay when cutting off the current When the circuit breaker opening delay is set to its maximum value, the circuit breaker is disconnected at the latest possible moment. For the circuit breaker failure state discrimination process, to ensure that the fault current has begun to decrease at the cut-off time, the cut-off time in this chapter refers to the situation when the breaker’s opening delay reaches the maximum value The first “increase current” discrimination is carried out at the cut-off time.
In view of the different influences caused by the disconnection process of circuit breakers at the transmitting end and receiving end, the circuit breaker failure protection is set to two different modes: the transmitting end and the receiving end. In practical engineering, the mode is switched according to the running state to ensure the correct action of circuit breaker failure protection.
3.1.1 Discrimination of circuit breaker failure at the transmitting end
For circuit breakers at the transmitting end, when a fault occurs on the line where the circuit breaker is located, the direction of the fault current change is the same as that of the current in normal operation. Fault current is always in the rising stage from the time the circuit breaker receives the tripping command to the start of the cut-off, so the fault current is always positive before the cut-off time. When the circuit breaker operates correctly or the opposite circuit breaker begins to operate, the rising speed of the fault current will decrease. Therefore, after the cut-off time, once the current flowing through the circuit breaker rises, it can be determined that the circuit breaker fails to operate.
The first “increase current” judgment is made at the cut-off time. If the fault current rises, it is determined that the circuit breaker fails to operate. If the fault current drops, it cannot be determined whether the circuit breaker operates correctly. It is necessary to continuously conduct “increase current” judgment considering the influence of opposite circuit breaker disconnection and the blocking of converter stations. Before the fault current drops to zero, once the trend of the fault current changes and starts to rise, it is determined that the circuit breaker fails to operate. If the fault current continues to decrease and eventually reaches zero, it is determined that the circuit breaker operates correctly. The failure discrimination flow chart of the circuit breaker at the transmitting end is shown in Figure 6.
[image: Figure 6]FIGURE 6 | The failure discrimination of circuit breakers at the transmitting end.
3.1.2 Discrimination of circuit breaker failure at the receiving end
For circuit breakers at the receiving end, when a fault occurs on the line where the circuit breaker is located, the direction of the fault current change is opposite to the direction of the current in normal operation, so the fault current may cross zero. According to the zero-crossing situation of the fault current at the cut-off time, the failure discrimination of circuit breakers at the receiving end can be divided into the following two cases:
When the fault current at the receiving end has passed zero at the cut-off time, the failure discrimination process of circuit breakers at the receiving end is the same as that at the transmitting end.
When the fault current at the receiving end remains negative and does not cross zero before the cut-off time, the direction of the fault current change is positive. When the circuit breaker operates correctly or the opposite circuit breaker begins to operate, the rising speed of the fault current will increase. Therefore, the fault current must be a rising trend during the first “increase current” judgment. If the fault current continues to rise to zero and no longer increases, it is determined that the circuit breaker operates correctly. If the fault current continues to rise above zero and continues to rise, it is determined that the circuit breaker fails to operate. The failure discrimination flow chart of the circuit breaker at the receiving end is shown in Figure 7.
[image: Figure 7]FIGURE 7 | The failure discrimination of circuit breakers at the receiving end.
3.2 Failure criterion of the DCCB
In the process of circuit breaker failure discrimination, it is necessary to distinguish the trend of fault current change. Considering the influence of measurement errors, the following “increase current” judgment criteria are proposed for the DCCB.
[image: image]
where icb is the fault current flowing through the circuit breaker and tinc is the time when the change rate of the fault current continues to be greater than or less than 0. tpb is the set time of discrimination, which depends on the accuracy of current detection and was set to 0.2 ms in this study. To ensure the reliability of the criterion, the fault current can only be determined to rise or fall when tinc reaches the set time of discrimination.
In the process of circuit breaker failure discrimination, it is necessary to distinguish the return to zero state of the fault current. Considering the influence of measurement errors, the following “return to zero” judgment criteria are proposed for the DCCB.
[image: image]
where icb is the fault current flowing through the circuit breaker. iset is the set value of zero discrimination, trz is the time when the absolute value of the fault current continues to be less than the set value of zero discrimination, and tpb is the set time of discrimination. To ensure the reliability of the criterion, the fault current can only be determined to return to zero when tinc reaches the set time of discrimination.
3.3 Analysis of discrimination of DCCB failure protection
For circuit breakers at the transmitting end, according to the completion time of the circuit breaker failure discrimination, the discrimination results can be divided into three cases: 1) The fault current rises when the first judgment is made, indicating that the circuit breaker fails to operate. 2) The fault current first drops and then rises, indicating that the circuit breaker fails to operate. 3) The fault current drops to zero, indicating that the circuit breaker operates correctly.
For circuit breakers at the receiving end, according to the zero crossing of the fault current at the cut-off time and the completion time of the circuit breaker failure discrimination, the discrimination results can be divided into four cases: 1) the fault current has passed zero at the cut-off time, and then the fault current rises, indicating that the circuit breaker fails to operate; 2) the fault current has passed zero at the cut-off time, and then the fault current drops to zero, indicating that the circuit breaker operates correctly; 3) the fault current has not passed zero at the cut-off time, and then the fault current rises to cross zero, indicating that the circuit breaker fails to operate; and 4) the fault current has not passed zero at the cut-off time, and then the fault current rises to zero and will no longer rise, indicating that the circuit breaker operates correctly.
3.4 Secondary accelerated fault isolation scheme
When a fault occurs in the MMC-HVDC grid and the circuit breaker fails to operate, it can lead to rapid isolation failure. In this case, targeted isolation measures need to be taken to minimize the fault isolation scope and complete fault isolation as soon as possible.
When the failure of DCCB is caused by non-serious faults, such as internal control or driving mechanism errors, sending a tripping signal again can make the failed circuit breaker trip successfully. Therefore, when the circuit breaker failure protection acts, the first step is to send a re-tripping command to the failed circuit breaker. In addition, during the circuit breaker failure discrimination, the converter connected to the circuit breaker may be blocked. After the converter is blocked, the non-fault line on the other side cannot exchange energy normally. Therefore, when the converter is blocked, a trip signal should be immediately sent to the circuit breaker on the non-fault line on the other side of the converter station to accelerate the removal of the fault line.
Based on the above analysis, a secondary accelerated fault isolation scheme is proposed, which includes failed breaker re-tripping, adjacent DCCB action, the blocking of the converter station, and AC circuit breaker action, so as to achieve the secondary accelerated fault isolation after the failure of the DCCB in the MMC-HVDC grids. Below is a detailed explanation of two aspects: DC side fault isolation and AC side fault isolation.
For DC side fault isolation: after the circuit breaker failure protection action, if the failed circuit breaker successfully re-trips before the converter is blocked, the adjacent DCCB does not need to operate and other parts of the system can continue to operate except for the successful removal of the fault line. If the converter is blocked before the failed circuit breaker successfully re-trips, a trip signal should be immediately sent to the circuit breaker on the non-fault line on the other side of the converter station. If the circuit breaker fails to re-trip and the converter is not blocked, the converter should be blocked immediately, and a trip signal should be sent to the circuit breaker on the non-fault line on the other side of the converter station. After the circuit breaker failure protection action, it can quickly send a trip signal to the adjacent circuit breaker to achieve secondary accelerated isolation of DC faults.
For AC side fault isolation: after the circuit breaker failure protection action, regardless of whether the converter connected to the failed circuit breaker is blocked or not, as long as the failed circuit breaker does not trip successfully, the AC side can continuously inject fault current into the fault point through the failed circuit breaker. At this point, it is necessary to disconnect the AC circuit breaker connected to the converter station to achieve the removal of the fault path. However, the operation time and re-input time of the AC circuit breaker are relatively long. Considering the requirements of rapid DC fault isolation and rapid recovery after fault isolation, the tripping of the AC circuit breaker can be avoided as much as possible by re-tripping the failed circuit breaker. If the failed circuit breaker re-trips successfully, there is no need to cut off the AC circuit breaker connected to the converter station where the failed circuit breaker is located. If the failed circuit breaker fails to re-trip, a trip signal should be immediately sent to the AC circuit breaker connected to the converter station where the failed circuit breaker is located to remove the fault path between the AC side and the fault point.
4 SIMULATION VERIFICATION
For the Zhangbei 4-terminal grid shown in Figure 1, the effectiveness of the circuit breaker failure state discrimination method and secondary accelerated fault isolation scheme is verified by a simulation on PSCAD.
The maximum breaking delay tcb of the circuit breaker is set as 3 ms, and the sampling frequency is 40 kHz. To avoid data errors caused by interference, the set time for “increase current” discrimination tpb is set as 0.2 ms, and the set value of zero discrimination iset is set as 0.01 kA.
4.1 Verification of circuit breaker failure discrimination
In view of the possible discriminant process of circuit breaker failure, the failure state of the circuit breaker at the transmitting end and the circuit breaker at the receiving end are verified. The specific circuit breaker failure discrimination process is shown in Table 1.
TABLE 1 | The circuit breaker failure discrimination process.
[image: Table 1]4.1.1 Verification of failure discrimination for circuit breakers at the transmitting end
Assume that a positive grounding fault occurs at the midpoint of Line3 at 2 s. For circuit breakers at the transmitting end, according to the time when the circuit breakers receive trip signals, the change of fault current can be divided into three cases.
Case 1: CB43 fails to operate, and the fault current rises during the first discrimination.Assuming that CB43 at the transmitting end receives a trip signal at 2.001 s and CB34 at the receiving end receives a trip signal at 2.002 s, the fault current I_CB43 is shown in Figure 8A. The circuit breaker failure protection starts to conduct failure discrimination at 2.004 s. After 0.2 ms, the first “increase current” judgment is completed and I_CB43 is detected as a rising trend, indicating that CB43 fails to operate. Therefore, the circuit breaker failure protection will act immediately.
[image: Figure 8]FIGURE 8 | Failure discrimination for circuit breakers at the transmitting end. (A) Case 1. (B) Case 2. (C) Case 3.
Case 2: CB43 fails to operate, and the fault current first drops and then rises.Assuming that both CB43 at the transmitting end and CB34 at the receiving end receive trip signals at 2.001 s, the fault current I_CB43 is shown in Figure 8B. The circuit breaker failure protection starts to conduct failure discrimination at 2.004 s. After 0.2 ms, the first “increase current” judgment is completed, and I_CB43 is detected as a dropping trend. At this time, the circuit breaker failure state cannot be determined, and it is necessary to continuously conduct “increase current” judgment. At 4.575 ms after the fault, I_CB43 is detected to be on the rise, and the failure discrimination is completed, indicating that CB43 fails to operate. Therefore, the circuit breaker failure protection will act immediately.
Case 3: CB43 operates correctly, and the fault current drops to zero.Assuming that both CB43 at the transmitting end and CB34 at the receiving end receive trip signals at 2.001 s, the fault current I_CB43 is shown in Figure 8C. The circuit breaker failure protection starts to conduct failure discrimination at 2.004 s. After 0.2 ms, the first “increase current” judgment is completed, and I_CB43 is detected as a dropping trend. At this time, the circuit breaker failure state cannot be determined, and it is necessary to continuously conduct “increase current” judgment. At 7.650 ms after the fault, I_CB43 is detected to be zero and will no longer rise, and the failure discrimination is completed, indicating that CB43 operates correctly. Therefore, the circuit breaker failure protection will no longer act.
4.1.2 Verification of failure discrimination for circuit breakers at the receiving end
For circuit breakers at the receiving end, according to the zero-crossing situation of fault current at the cut-off time and the time when the circuit breakers receive trip signals, the change of fault current can be divided into four cases.
It is assumed that a positive grounding fault occurs at the end of Line3 at 2 s, corresponding to the change of fault current in case 1 and case 2. It is assumed that a positive grounding fault occurs at the midpoint of Line3 at 2 s, corresponding to the changes in fault current in case 3 and case 4.
Case 1: CB34 fails to operate. The fault current has passed zero and rises during the first discrimination.Assuming that CB43 at the transmitting end receives a trip signal at 2.002 s and CB34 at the receiving end receives a trip signal at 2.004 s, the fault current I_CB34 is shown in Figure 9A. The circuit breaker failure protection starts to conduct failure state discrimination at 2.007 s. After 0.2 ms, the first “increase current” judgment is completed and I_CB34 is detected as a rising trend, indicating that CB34 fails to operate. Therefore, the circuit breaker failure protection will act immediately.
[image: Figure 9]FIGURE 9 | Failure discrimination for circuit breakers at the receiving end. (A) Case 1. (B) Case 2. (C) Case 3. (D) Case 4.
Case 2: CB34 operates correctly. The fault current has passed zero and drops to zero.Assuming that CB43 at the transmitting end receives a trip signal at 2.002 s and CB34 at the receiving end receives a trip signal at 2.004 s, the fault current I_CB34 is shown in Figure 9B. The circuit breaker failure protection starts to conduct failure discrimination at 2.007cs. After 0.2cms, the first “increase current” judgment is completed, and I_CB34 is detected as a dropping trend. At this time, the circuit breaker failure state cannot be determined, and it is necessary to continuously conduct “increase current” judgment. At 9.850cms after the fault, I_CB34 is detected to be zero and will no longer rise, and the failure discrimination is completed, indicating that CB34 operates correctly. Therefore, the circuit breaker failure protection will no longer act.
Case 3: CB34 fails to operate. The fault current has not passed zero and rises to cross zero.Assuming that CB43 at the transmitting end receives a trip signal at 2.002 s and CB34 at the receiving end receives a trip signal at 2.001 s, the fault current I_CB34 is shown in Figure 9C. The circuit breaker failure protection starts to conduct failure discrimination at 2.004 s. After 0.2 ms, the first “increase current” judgment is completed, and I_CB34 is detected as a rising trend. At this time, the circuit breaker failure state cannot be determined, and it is necessary to continuously conduct “increase current” judgment. At 5.600 ms after the fault, I_CB34 is detected to cross zero and continue to rise, and the failure discrimination is completed, indicating that CB34 fails to operate. Therefore, the circuit breaker failure protection will act immediately.
Case 4: CB34 operates correctly. The fault current has not passed zero and rises to zero and will no longer rise.
Assuming that CB43 at the transmitting end receives a trip signal at 2.002 s and CB34 at the receiving end receives a trip signal at 2.001 s, the fault current I_CB34 is shown in Figure 9D. The circuit breaker failure protection starts to conduct failure discrimination at 2.004 s. After 0.2 ms, the first “increase current” judgment is completed, and I_CB34 is detected as a rising trend. At this time, the circuit breaker failure state cannot be determined, and it is necessary to continuously conduct “increase current” judgment. At 4.600 ms after the fault, I_CB34 is detected to be zero and will no longer rise, and the failure discrimination is completed, indicating that CB34 operates correctly. Therefore, the circuit breaker failure protection will no longer act.
4.2 Verification of a secondary accelerated fault isolation scheme
Assuming that a fault occurs on Line3 and CB43 fails and refuses to operate, the fault isolation scheme, including the re-tripping of the failed circuit breaker CB43, adjacent DCCB action, the blocking of converter station S4, and AC circuit breaker action, is verified. The fault isolation can be divided into three cases.
Case 1: the failed circuit breaker re-trips successfully before the converter is blocked.A positive ground fault with a transition resistance of 100 Ω occurs at the midpoint of Line3 at 2s.It is assumed that CB43 receives a trip signal at 1 ms after the fault, and CB43 is judged to fail to operate, and a re-tripping signal is sent at 4.2 ms after the fault. The re-tripping failure discrimination is conducted at 7.2 ms after the fault, and CB43 is judged to re-trip successfully at 10.3 ms after the fault. At this time, the converter station S4 is still not blocked, so the adjacent circuit breaker CB41 and the AC circuit breaker do not need to trip. In this case, the fault isolation process is shown in Figure 10A.
[image: Figure 10]FIGURE 10 | The sequence of the fault isolation process. (A) Case 1. (B) Case 2. (C) Case 3.
Case 2: the converter has been blocked before the re-tripping failure discrimination is completed, and the failed circuit breaker re-trips successfully.A positive ground fault occurs at the midpoint of Line3 at 2 s.It is assumed that CB43 receives a trip signal at 1 ms after the fault, and CB43 is judged to fail to operate, and a re-tripping signal is sent at 4.2 ms after the fault. The converter station S4 is blocked, and a trip signal is immediately sent to the adjacent circuit breaker CB41 at 5.5 ms after the fault. The re-tripping failure discrimination is conducted at 7.2 ms after the fault, and CB43 is judged to have re-tripped successfully at 12.2 ms after the fault. At this time, the AC circuit breaker does not need to trip. In this case, the fault isolation process is shown in Figure 10B.
Case 3: the converter has been blocked before the re-tripping failure discrimination is completed, and the failed circuit breaker fails to re-trip.A positive ground fault occurs at the midpoint of Line3 at 2 s.It is assumed that CB43 receives a trip signal at 1 ms after the fault, and CB43 is judged to have failed to operate, and a re-tripping signal is sent at 4.2 ms after the fault. The converter station S4 is blocked, and a trip signal is immediately sent to the adjacent circuit breaker CB41 at 5.5 ms after the fault. The re-tripping failure discrimination is conducted at 7.2 ms after the fault, and CB43 is judged to have failed to re-trip at 7.4 ms after the fault. At this time, a trip signal is immediately sent to the AC circuit breaker connected to converter station S4. In this case, the fault isolation process is shown in Figure 10C.
4.3 Verification of the secondary accelerated isolation effect
After the DCCB failure protection action, the accelerated isolation of DC faults is achieved by tripping the adjacent DCCB. Assuming that a positive grounding fault occurs at the midpoint of Line3 at 2 s and CB43 fails to operate, the acceleration isolation effect of DC faults is simulated and analyzed.
When the circuit breaker failure protection is configured in the system, during the circuit breaker failure discrimination, the converter station S4 is blocked, and the circuit breaker failure protection acts immediately at 5.5 ms after the fault. A trip signal is sent to CB41 located on the non-fault line on the other side of the converter station to isolate the fault, and the main protection set in converter station S1 no longer acts.
When the circuit breaker failure protection is not configured in the system, CB41 will no longer operate. The main protection set in converter station S1 predicts the blocking time of the converter station according to the real-time fault current data and selects CB14 as the pre-trip circuit breaker based on the fault current direction criterion. When the protection acts, a tripping signal will be sent to CB14 to remove the fault.
With or without circuit breaker failure protection configured in the system, the comparison of the bridge arm current changes of the converter station S1 is shown in Figure 11. Figure 11A shows that the DC fault is cleared at 8.5 ms after the fault when the failure protection trips CB41. Figure 11B shows that the DC fault is cleared at 12.6 ms after the fault when the main protection of converter station S1 trips CB14. From this, when a fault occurs in the DC grid and the circuit breaker fails to operate, the circuit breaker failure protection action can remove the fault faster, achieving the accelerated isolation of DC faults.
[image: Figure 11]FIGURE 11 | Comparison of the bridge arm current changes of S1. (A) The failure protection trips CB41 after the failure of CB43. (B) The main protection of S1 trips CB14 after the failure of CB43.
4.4 Verification of the Re-tripping of the failed circuit breaker
The re-tripping of the failed circuit breaker can effectively avoid the problem of long tripping time caused by isolating faults through the action of AC circuit breakers. It is assumed that when a positive ground fault occurs at the midpoint of Line3 at 2 s and CB43 fails to operate, the re-tripping process of the failed circuit breaker after the failure of the DCCB is verified.
Assuming that both CB43 and CB34 receive trip signals at 2.001 s, the circuit breaker failure protection starts to conduct failure discrimination at 2.004 s. The first “increase current” judgment is completed at 4.200 ms after the fault, but the circuit breaker failure state cannot be determined. At 4.575 ms after the fault, I_CB43 is detected to be on the rise, and the failure discrimination is completed, indicating that CB43 fails to operate. Therefore, the trip signal is immediately sent to CB43 again, and the re-tripping failure discrimination is conducted at 7.575 ms after the fault.
When CB43 fails to re-trip, the fault current I_CB43 is shown in Figure 12. The first judgment after re-tripping is completed at 7.775 ms after the fault, and I_CB34 is detected as a rising trend, indicating that CB43 fails to re-trip. Therefore, a trip signal is immediately sent to the relevant AC circuit breaker.
[image: Figure 12]FIGURE 12 | The re-tripping failure discrimination when CB43 fails to re-trip.
When CB43 re-trips successfully, the fault current I_CB43 is shown in Figure 13. The first judgment after re-tripping is completed at 7.775 ms after the fault, and I_CB34 is detected as a dropping trend. At this time, the circuit breaker failure state cannot be determined. At 12.250 ms after the fault, I_CB43 is detected to be zero and will no longer rise, and the re-tripping failure discrimination is completed, indicating that CB43 re-trips successfully. Therefore, the AC circuit breaker does not need to trip.
[image: Figure 13]FIGURE 13 | The re-tripping failure discrimination when CB43 re-trips successfully.
The comparison of AC current flowing into converter station S4 between successful and failed re-tripping of the failed circuit breaker CB43 is shown in Figure 14. Figure 14 shows that when the failed circuit breaker re-trips successfully, there is no need to disconnect the AC circuit breaker to isolate the fault, and the AC fault current injected into the converter station where the failed circuit breaker is located will be cleared faster.
[image: Figure 14]FIGURE 14 | Comparison of the AC current changes of S4. (A) The failed circuit breaker CB43 fails to re-trip. (B) The failed circuit breaker CB43 re-trips successfully.
5 CONCLUSION
This paper proposes a secondary accelerated fault isolation scheme for MMC-HVDC grids after rapid fault isolation failure. Considering the influence caused by the disconnection process of the opposite circuit breaker, the fault current characteristics after the failure of the DCCB are analyzed. The method of circuit breaker failure discrimination using “increase current” judgment is studied. By analyzing the logical relationship among failed breaker re-tripping, adjacent DCCB action, the blocking of the converter station, and AC circuit breaker action, a secondary accelerated fault isolation scheme is proposed to minimize the fault isolation area. The main conclusions and innovations are as follows:
1) The fault current characteristics after the failure of the DCCB are analyzed. In MMC-HVDC grids, when a circuit breaker fails to operate, the overall trend of the fault current flowing through the failed circuit breaker continues to rise when the influence of the opposite circuit breaker disconnection is not considered. The disconnection process of the opposite circuit breaker will lead to a decrease in the rise rate of the fault current at the transmitting end, and will lead to an increase in the rise rate of the fault current at receiving end.
2) A method of circuit breaker failure discrimination using “increase current” judgement is proposed. The method fully considers the influence of the opposite circuit breaker disconnection. Compared with the traditional “present current” judgement method, the “increase current” judgement method can rapidly determine the failure state of the DCCB, which is conducive to the fast action of circuit breaker failure protection.
3) A secondary accelerated fault isolation scheme after rapid isolation failure in the MMC-HVDC grid is proposed. The scheme achieves the accelerated isolation of DC faults by tripping the adjacent DCCB, which is beneficial for the safe operation of the non-fault parts of the system. Additionally, by re-tripping the failed circuit breaker, the fault point is successfully isolated from the AC side line, which can effectively avoid the trip of the AC circuit breaker.
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