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Abstract: The hybrid dc circuit breaker (HCB) has the advantages of fast action speed and low operating loss, which is an ideal method for fault isolation of multi-terminal dc grids. For multi-terminal dc grids that transmit power through overhead lines, HCBs are required to have reclosing capability due to the high fault probability and the fact that most of the faults are temporary faults. To avoid the secondary fault strike and equipment damage that may be caused by the reclosing of the HCB when the permanent fault occurs, an adaptive reclosing scheme based on traveling wave injection is proposed in this paper. The scheme injects traveling wave signal into the fault dc line through the additionally configured auxiliary discharge branch in the HCB, and then uses the reflection characteristic of the traveling wave signal on the dc line to identify temporary and permanent faults, to be able to realize fast reclosing when the temporary fault occurs and reliably avoid reclosing after the permanent fault occurs. The test results in the simulation model of the four-terminal dc grid show that the proposed adaptive reclosing scheme can quickly and reliably identify temporary and permanent faults, greatly shorten the power outage time of temporary faults. In addition, it has the advantages of easiness to implement, high reliability, robustness to high-resistance fault and no dead zone, etc.
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1  Introduction

Since the multi-terminal dc (MTdc) grid has the advantages of decoupled active and reactive power control, ability to supply power for passive networks, etc., it has been a research hotspot worldwide [1,2]. With the increasing demand for long-distance power transmission and large-scale integration of renewable energy sources, overhead lines with dc circuit breakers (DCCBs) will be the mainstream transmission method for large-scale MTdc grids in the future [3,4].

The currently proposed DCCBs are mainly divided into three categories, namely mechanical DCCBs, solid-state DCCBs and hybrid dc circuit breakers (HCBs) [5–8]. Among them, the HCB combines the advantages of mechanical DCCB and solid-state DCCB, which has low operating loss and fast action speed. Therefore, the HCB is considered as one of the preferred methods for fault isolation of MTdc grids.

Compared with dc cables, overhead lines have significantly higher fault probability due to direct exposure to air, and most of these faults are temporary faults. In the ac system, the ac circuit breaker is usually equipped with auto-reclosing function to try to quickly restore the power supply of the fault line, and there is a very high probability of successful reclosing (60%~90%) [9–11]. Therefore, the MTdc grid based on overhead lines can also be equipped with auto-reclosing for DCCB to shorten the power outage time. At present, the HCB in the MTdc grid usually adopts non-selective reclosing function, that is, after the HCB interrupts the fault current, it waits for a certain de-ionization time (about several hundreds of milliseconds) and then directly recloses [12]. If the fault current rises rapidly after the HCB recloses, the HCB will be controlled to re-interrupt the fault current and will not reclose anymore. Therefore, if the HCB recloses after the permanent fault occurs, the MTdc grid will suffer two consecutive fault strikes in a short period, which will reduce the service life of vulnerable equipment such as DCCBs and converters, and even cause them to be damaged [13]. For MTdc grids, due to its low impedance characteristic and the fragility of power electronic equipment, the impact of multiple fault strikes in a short period is much greater than that of ac systems [14].

In order to prevent the HCB from reclosing on a permanent fault, the fault type must be identified before the reclosing operation, that is, whether the fault is a temporary fault or a permanent fault. Since the fault type is identified before reclosing, it is named as adaptive reclosing. In ac systems, adaptive reclosing methods mostly utilize the recovery voltage generated by the coupling effect between the fault and healthy phases to distinguish temporary and permanent faults [15,16]. However, there is no coupling between different poles of the dc line, so the above method is no longer applicable. Reference [17] proposed an adaptive reclosing scheme based on arc characteristics for single-phase ground faults in ac systems. Due to the large difference in ac and dc arc characteristics, this scheme is difficult to apply to MTdc grids. References [18,19] proposed the reclosing schemes based on the sequential turning-on of the submodules (SMs) in the HCB. The fault type can be determined by comparing the measured current and the threshold current during the turning-on process. If the measured current is greater than the threshold value during the reclosing process, it is determined that a permanent fault has occurred, and the HCB is re-tripped to interrupt the fault current. The control process of this scheme is relatively complicated, and it will lead to uneven energy consumption of the arresters, thereby reducing the arrester service life. Reference [20] proposed an adaptive reclosing scheme based on the pulse injection of the modular multilevel converter (MMC), which is complex and easily affected by adjacent line parameters. Reference [21] first proposed a new type of mechanical DCCB, and then presents a adaptive reclosing scheme for the proposed circuit breaker.

In conclusion, the existing adaptive reclosing schemes cannot meet the requirements of MTdc grids. Therefore, an adaptive reclosing scheme based on traveling wave injection is proposed for MTdc grids in this paper. Firstly, the basic topology and working principle of HCB is introduced; Then, the auxiliary discharge switch (ADS) of HCB and the corresponding fault type identification method are proposed, and a complete adaptive reclosing scheme is further presented. Finally, the effectiveness of the proposed adaptive reclosing scheme is verified by the four-terminal dc grid simulation model built in PSCAD/EMTDC software.

2  Hybrid DC Circuit Breaker

The topology of the typical HCB is shown in Fig. 1, which includes three parallel branches, namely the load current branch (LCP), the transfer branch (TB), and the energy dissipation branch (EDB). Among them, the LCP is a series branch of a load commutation switch (LCS) and an ultrafast disconnector (UFD), which is responsible for conducting the load current during normal operation and quickly force the fault current into the TB. Since the withstand voltage of the LCS is relatively small, it is usually composed of only several insulated gate bipolar transistor (IGBT) modules. The UFD is specially designed to operate for a very short time (approximately 2 ms) at zero current state [22–24]. The TB is composed of many IGBT modules in series and parallel, which is the most expensive part of the HCB. The main function of the TB is to carry the fault current transferred by the LCP for a short time and force the fault current into the EDB. After that, the TB needs to withstand the transient interruption voltage (TIV) much higher than the rated voltage of the system. The EDB is composed of many metal oxide varistors (MOVs) connected in series and parallel, which is mainly responsible for dissipating the energy of the fault current and limiting the amplitude of the TIV.
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Figure 1: Topology of the HCB

Fig. 2 shows a schematic diagram of the current and voltage waveforms of each branch during the operation of the HCB. The detailed operation process of the HCB is as follows.
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Figure 2: Operation waveforms of the HCB

A short-circuit fault occurs at time t0, and the fault current flowing through the HCB begins to rise rapidly. The HCB receives the trip command at time t1 and starts to operate. First, the SMs in the TB are turned on, and the LCS in the LCP is opened. The fault current begins to commutate from the LCP to the TB. The LCP current drops to zero at time t2, at this time, the UFD starts to open. After the action time of 2 ms, the UFD is successfully opened at time t3, and the SMs in the TB are all turned off. In the TB, in order to suppress the turn-off voltage amplitude and du/dt of the modules, an RCD snubber circuit (including a snubber diode DS, a snubber capacitor CS and a snubber resistor RS) is usually connected in parallel of each IGBT module, as shown in Fig. 1. After the SMs in the TB is turned off, the fault current will first charge the snubber capacitor CS through the snubber diode DS in the snubber circuit, as shown in Fig. 2. As the snubber capacitor voltage increases (t3 < t < t4), the fault current will gradually be forced into the EDB. At time t4, the fault current is fully commutated to the EDB, and the fault current begins to decrease gradually at this time due to the TIV generated by the MOVs. After the fault current drops to zero at time t5, the operation of the HCB is finished.

It can be seen from the above analysis and Fig. 2 that after the HCB operation is completed, the potential on the dc line side is clamped to nearly zero by the fault point and the potential on the bus side is the same as the grid potential, so the HCB needs to withstand the rated grid voltage. This voltage is shared by all the snubber capacitors in the TB. Therefore, the voltage USC of the snubber capacitor in each IGBT module is as follows:

USC=UdcN(1)

where Udc is the rated grid voltage, N is the number of SMs in the TB. Since each SM in the TB is composed of two IGBT modules connected in reverse direction, only one snubber capacitor in each SM is in the charged state during the fault current interruption.

3  Adaptive Reclosing Scheme

3.1 Configuration of ADS

Since the snubber capacitor of each SM in the TB keep its voltage after the HCB action is completed, the stored energy can be used to determine the fault type. To achieve this purpose, an additional ADS is configured for HCB, and its configuration position is illustrated in Fig. 3. The LCP and EDB of HCB have been omitted in Fig. 3. The ADS can use conventional ac circuit breaker for convenient, which is installed on the left side of ND SMs near the line side in the TB.
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Figure 3: Configuration of the ADS

3.2 Fault Type Identification Principle

3.2.1 Travelling Wave Injection Process

After the HCB interrupts the fault current and waits for the line de-ionization time, the ADS is first closed. At this time, the snubber capacitors of the line-side ND SMs in the TB will be rapidly discharged. The discharge path is shown in Fig. 4. This process is equivalent to injecting traveling wave signal into the dc line, and its equivalent calculation circuit is shown in Fig. 5.
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Figure 4: Current path during the discharge process
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Figure 5: Equivalent calculation circuit

From Fig. 5, the injected traveling wave signal can be expressed as:

id(t)=−NDUdcN(Zc+NDRS)e−NDCS(Zc+NDRS)t(2)

where Zc is the wave impedance of the dc line. It can be seen from Eq. (2) that the polarity of the injected traveling wave signal is only related to the fault pole where the HCB is located. When the HCB is on the positive line, Udc is greater than zero, and the injected traveling wave signal is negative; and when the HCB is on the negative line, Udc is less than zero, and the injected traveling wave signal is positive.

As can be seen in Eq. (2), the amplitude of the injected traveling wave signal is proportional to the number ND of the discharged SMs. With the increase of the discharged SMs, the amplitude of the injected signal becomes larger, which is more conducive to the fault type identification. However, this will also generate larger disturbance to the rest healthy networks. Therefore, under the premise of meeting the fault type identification requirements, the number ND of the discharged SMs should be as small as possible to avoid disturbance. Therefore, considering the above trade-off relationship, the number ND of the discharged SMs is selected as 10% of the total number N of the SMs, which can guarantee enough identification sensitivity while avoid large disturbance to the rest healthy networks.

3.2.2 Transmission Characteristic of Travelling Wave

After the traveling wave signal TWin is injected into the dc line by the HCB, it will propagate to the opposite terminal along the dc line, and will be reflected at the discontinuous point of the wave impedance, as shown in Fig. 6. Assuming that the fault is a temporary fault and has disappeared at this time, the injected traveling wave signal TWin will be reflected at the opposite line terminal first and the reflected wave will be TWre2; and when the fault is a permanent fault, the injected traveling wave signal will be reflected at the fault point first and the reflected wave will be TWre1. The following will analyze the reflection characteristics of the traveling wave signal at the line terminal and the fault point.
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Figure 6: Transmission process schematic of traveling wave

According to the traveling wave theory, the current traveling wave reflection coefficient is:

ΓR=Z1−Z2Z2+Z1(3)

where Z1 is the wave impedance of the conductor where the traveling wave is propagating, Z2 is the wave impedance of the conductor that the traveling wave will enter. Therefore, for the fault point, the traveling wave reflection coefficient is:

{Z1=ZcZ2=Zc∥Rf=ZcRfZc+RfΓR,FP=ZcZc+2Rf(4)

where Rf is the fault resistance. For the line port, since the HCB has acted to isolate the fault, Z2 is equivalent to infinity, and the traveling wave reflection coefficient can be approximately −1 from Eq. (3). Since the reflection coefficient of the traveling wave at the fault point is greater than zero, the polarities of the reflected wave and the injected traveling wave signal are the same; while the reflection coefficient of the traveling wave at the line port is less than zero, the polarities of the reflected wave and the injected wave signal are opposite. Due to the difference in polarity of reflected traveling waves during temporary and permanent faults, the polarity of reflected traveling wave can be used to identify the fault type.

Based on the above analysis, if the polarity of the first reflected wave detected at the HCB is opposite to the injected traveling wave signal, the fault type of the dc line is determined as temporary fault; if the first reflected wave detected at the HCB is the same as the injected traveling wave signal, the fault type of the dc line is determined as permanent fault.

3.3 Fault Type Identification Criteria

Wavelet transform is an excellent time-frequency analysis tool for digital signal processing and is widely used in fault traveling wave analysis. Mallat algorithm is a commonly used discrete wavelet transform, which realizes fast calculation through a series of filtering and binary sampling. The basic principle of Mallat algorithm is as follows:

{aj(k)=∑naj−1(n)h0(n−2k)dj(k)=∑naj−1(n)h1(n−2k)(5)

where a0(k) is the original analysis signal; h0 and h1 are the low-pass and high-pass filters, respectively; aj(k) and dj(k) are the low-frequency and high-frequency coefficients of the jth scale, respectively; fs is the signal sampling frequency. Compared with the specific frequency coefficient, the wavelet transform maximum (WTMM) is a more concise way of representing signal characteristics. The magnitude and symbol of the WTMM can approximately represent the amplitude and polarity of the analyzed signal in different frequency bands. Therefore, the WTMM is selected to determine the polarity of traveling wave signal in this paper. If the WTMM satisfies Eq. (6), it is determined that the traveling wave signal is positive; and if the WTMM satisfies Eq. (7), it is determined that the traveling wave signal is negative.

WTMMcal>WTMMset(6)

WTMMcal<−WTMMset(7)

where WTMMset is the threshold to avoid the influence of the noise interference.

Since the traveling wave signal is injected into the dc line and the first reflected wave reaches the HCB, the polarity of the WTMM will change. Therefore, when the maximum value of the first and second WTMMs satisfy Eqs. (6) or (7), the fault type can be determined. From the analysis in Section 3.2, if the polarities of the first and second WTMMs are the same, indicating that the polarities of the first reflected wave and the injected traveling wave signal are the same, the fault type will be determined as permanent fault; and if the polarities of the first and second WTMMs are opposite, indicating that the reflected wave and the injected traveling wave signal have opposite polarities, the fault type will be determined as permanent fault.

3.4 Flowchart of Fault Type Identification

According to the analysis in Sections 3.2 and 3.3, the flowchart of the fault type identification is illustrated in Fig. 7.
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Figure 7: Flowchart of the fault type identification

3.5 Operation Sequences of Adaptive Reclosing Scheme

Based on the above analysis, the complete sequences of the adaptive reclosing scheme are illustrated by taking the dc line MN (the HCBs at both ends are named HCBM and HCBN, respectively) as an example, as follows:

Step 1: After the HCBM and HCBN interrupt the fault current, assuming that the traveling wave signal is injected by the HCBM, the disconnector at the HCBN side is opened.

Step 2: After waiting for the line de-ionization time, the ADS of the HCBM is closed, and the traveling wave signal will be injected into the fault line by the HCBM.

Step 3: After the traveling wave signal is injected, the measurement unit on the HCBM side measures the line current, and uses the fault type identification criteria in Section 3.3 to determine the fault type of the dc line. If the fault type is determined as temporary fault, go to Step 4, otherwise go to Step 5.

Step 4: The ADS of the HCBM is opened, then the SMs in the TB are all turned on, and the dc line voltage begins to rise. After the HCBN detects that the dc line voltage rises to close to the rated value, the SMs in the TB of the HCBN are all turned on, and the load current begins to gradually recover. After that, the HCBs on both terminals close the LCS and the UFD in turn. After that, the reclosing operation is successful, and the fault line has been put into operation again.

Step 5: The disconnector on the HCBM side is opened. The reclosing operation is failed, and the HCBs on both sides will no longer reclosed.

4  Simulation Verification

4.1 Simulation Model

In order to verify the performance of the adaptive reclosing scheme proposed in this paper, a four-terminal dc grid simulation model is built in PSCAD/EMTDC software. The schematic diagram and main parameter settings are shown in Fig. 8 and Table 1, respectively. The sampling frequency required for the adaptive reclosing scheme is 10 kHz. The lengths of Line 1, Line 2, Line 4 and Line 4 are 205.9, 188.1, 49.6 and 208.4 km, respectively. The line de-ionization time is set to 300 ms. The action time of ADS, UFD and disconnector is set to 2, 2 and 30 ms, respectively. The number N of the SMs in the TB of the HCB is 300, and the number of discharged SMs ND is 10% of the total number of SMs, that is, 30. The identification threshold WTMMset in Eqs. (6) and (7) is set to 0.02.
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Figure 8: Schematic of the four-terminal dc grid
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4.2 Typical Permanent Fault Analysis

A short-circuit fault is set at the midpoint of Line 1 at 4.0 s, and the fault duration is set to 10.0 s to simulate a permanent fault. The HCBs at both ends of Line 1 operate at 4.003 s, the HCB1 starts the operation of adaptive reclosing at 4.3 s. The ADS closes at 4.302 s, and the traveling wave signal is injected into Line 1 by HCB1. The simulation waveforms during the adaptive reclosing process are shown in Figs. 9 and 10.
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Figure 9: WTMM waveform under permanent fault
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Figure 10: Waveforms of the dc line electrical quantities under permanent fault

It can be seen from Fig. 9 that the polarities of the first and second WTMMs are the same. Therefore, from Section 3.3, the fault is determined as a permanent fault, and the HCBs will no longer be reclosed. As can be seen from Fig. 10, in the process of adaptive reclosing, even if a permanent fault occurs, it will not affect the normal operation of the MTdc grid.

4.3 Typical Temporary Fault Analysis

A short-circuit fault is set at the midpoint of Line 1 at 4.0 s, and the fault duration is set to 0.3 s to simulate a temporary fault. The HCBs at both ends of Line 1 operate at 4.003 s, the HCB1 starts the operation of adaptive reclosing at 4.3 s. The ADS closes at 4.302 s, and the traveling wave signal is injected into Line 1 by HCB1. The simulation waveforms during the adaptive reclosing process are shown in Figs. 11 and 12.
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Figure 11: WTMM waveform under temporary fault

[image: images]

Figure 12: Waveforms of the dc line electrical quantities under temporary fault

It can be seen from Fig. 11 that the polarities of the first and second WTMMs are opposite, so from Section 3.3, the fault that occurs is determined as a temporary fault. Therefore, the HCBs will continue to reclose, as described in Section 3.5. As can be seen from Fig. 12, in the process of adaptive reclosing, if the fault is a temporary fault, the power supply of the dc line can be quickly restored, thereby significantly improving the reliability of the dc grid power supply.

4.4 Influencing Factor Analysis

4.4.1 Fault Location

In order to verify the influence of the fault location on the adaptive reclosing scheme proposed in this paper, two short-circuit faults were set at 20.59 km (10% of the full length of Line 1) and 185.31 km (90% of the full length of Line 1) from MMC1 on the dc line 1 at 4.0 s, respectively. The fault durations are both set to 10 s to simulate permanent faults. The HCBs at both ends of Line 1 operates at 4.003 s, then HCB1 starts the operation of the adaptive reclosing at 4.3 s. The ADS closes at 4.302 s, and the traveling wave signal is injected into Line 1 by HCB1. The waveforms of WTMM at different fault locations are shown in Fig. 13.

[image: images]

Figure 13: WTMM waveform under different fault locations

It can be seen from Fig. 13 that the polarities of the first and second WTMMs are the same, so from Section 3.3, the fault is determined as a permanent fault, which is the same as the fault setting. Therefore, for both close-in and remote faults, the adaptive reclosing scheme proposed in this paper can reliably identify the fault type.

4.4.2 Fault Resistance

In order to verify the effect of transition resistance on the adaptive reclosing scheme proposed in this paper, a short-circuit fault is set at the midpoint of Line 1 at 4.0 s, the fault resistance is 300 Ω, and the fault duration is set to 10 s to simulate a permanent fault. The HCBs at both ends of Line 1 operates at 4.003 s, then HCB1 starts the operation of the adaptive reclosing at 4.3 s. The ADS closes at 4.302 s, and the traveling wave signal is injected into Line 1 by HCB1. The waveform of the WTMM during a high-resistance fault is shown in Fig. 14.
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Figure 14: WTMM waveform under high-resistance fault

It can be seen from Fig. 14 that the polarities of the first and second WTMMs are the same, so the fault is determined as a permanent fault, which is the same as the fault setting. Therefore, for high-resistance faults, the adaptive reclosing scheme proposed in this paper can still reliably identify the fault type.

4.4.3 Noise Interference

In order to verify the influence of the noise interference on the adaptive reclosing scheme proposed in this paper, the Gaussian white noise of 40 dB is superimposed on the simulated currents in Sections 4.2 and 4.3. The waveforms of calculated WTMM of the noise-superimposed currents are shown in Fig. 15. As can be seen, the first and the second WTMMs has the same polarities when the permanent fault occurs, while the first and the second WTMMs has the opposite polarities after the temporary fault occurs, which is consistent with the theory analysis in Section 3.3. Since the wavelet transform based on Mallat algorithm has de-noise capability, the noises can hardly affect the operation of the proposed method.
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Figure 15: WTMM waveform under noise interference

4.4.4 Current Limiting Reactor

As can be seen in Fig. 4, the current path during the snubber capacitors discharge will not include the CLR, which indicates that the CLR will not influence the traveling wave signal injection process. Besides, during the traveling wave signal transmission, since the HCB on the remote terminal of the line has tripped, the traveling wave reflection coefficient will always be −1 whether the value of the CLR is. In conclusion, the CLRs on the line terminals will not affect the proposed fault type identification method.

4.5 Comparison of Existing Solutions

In [25], the signal injection is realized by a modified snubber circuit, named as RCT snubber circuit. Compared to the traditional RCD snubber circuit, the RCT snubber circuit adopts a snubber thyristor to replace the snubber diode, which introduces substantial additional costs and makes the operation process of HCB become more complex. In addition, the control circuit of the RCT snubber circuit will reduce the reliability of the HCB. As for the proposed solution in this paper, it only needs an additional mechanical switch and will not affect the fault current interruption process of the HCB.

In [26,27], the adaptive reclosing schemes based on the characteristic signal injected by hybrid MMC are proposed. Since these methods are only suitable for MTdc grid with specific type of converters, their applications are greatly limited. The adaptive reclosing scheme in [20] realizes the fault type identification by the characteristic signal injected by the MMC. Since the signal is injected from the source side, it will not only transmit in the fault line, but transmit in the adjacent healthy lines. Therefore, the reflected signals from other dc lines may lead to the maloperation of the fault type identification results. As for the proposed solution in this paper, since it injects signal from the line side, it will not be influenced by adjacent lines. Besides, it has no limitation on the converters in the MTdc grid, which has wide application prospect.

In [18,19], the adaptive reclosing scheme based on sequential turning on the SMs in the HCB is proposed. However, after the permanent fault occurs, the HCB should be re-tripped to interrupt the fault current, which will lead to the uneven energy dissipation between the MOVs and further cause the accelerated degradation and reduced life of the MOVs. As for the proposed solution in this paper, only small disturbance will be generated and the HCB will not be re-tripped even permanent fault occurs, which ensures the normal operation of the healthy networks and avoids the damage of the MOVs in the HCB.

5  Conclusion

In order to avoid the fault impact and damage of fragile equipment that may be caused by HCB non-selective reclosing, this paper proposes an adaptive reclosing scheme based on traveling wave injection of the HCB. The scheme utilizes the additionally configured ADS in the HCB to inject traveling wave signal into the fault dc line, and uses the reflection characteristic of the traveling wave signal on the dc line to distinguish temporary and permanent faults. The scheme has fast action speed, high sensitivity, low cost, and is easy to implement, and the action process is basically not affected by factors such as fault location and transition resistance.
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Table 1: Major parameters of the four-terminal dc grid simulation model

Parameter

Value

Rated voltage U,

Current limiting reactor (CLR) L
SM snubber capacitor C,

SM snubber resistor R

MOV number N,

MOV rated voltage U,

MOV residual voltage U,

500 kV
200 mH
200 uF
2Q
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S0kV
80 kV
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