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To address the technical challenge of rapid and reliable interruption of DC faults in offshore wind power DC collection and transmission systems, which are critical for large-scale renewable energy integration, this paper proposes an integrated multi-port DC circuit breaker (DCCB) with bus fault clearing capability based on a dual H-bridge configuration. By extending a pair of bridge arms in the H-bridge to connect to the DC bus and employing diodes in the load commutation switches (LCSs) to form the second H-bridge, the proposed DCCB not only achieves conventional line fault clearing but also has the ability to interrupt bus faults. A five-terminal offshore wind power DC transmission system simulation model was built in PSCAD/EMTDC to verify the performance of the DCCB under various operating conditions. The results demonstrate that the proposed multi-port DCCB can protect multiple DC lines effectively under different conditions.
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1 INTRODUCTION
With the global energy shortage, renewable energy represented by wind power has become an important method for providing electricity to humanity. Offshore wind power, known for its stable operation of wind turbines, has garnered significant attention from researchers in the field of electrical power (Xiao et al., 2024; An et al., 2017; Smeets, 2015). The integration of large-scale renewable energy sources, particularly offshore wind power, into the electrical grid presents unique challenges and opportunities. There are two main methods for integrating offshore wind power into the grid: high-voltage alternating current (HVAC) transmission and high-voltage direct current (HVDC) transmission. HVAC is suitable for nearshore wind power integration, while HVDC is more appropriate for offshore wind farms located farther from the coast (Xiao et al., 2024). In the HVDC integration scheme, flexible HVDC transmission based on the modular multilevel converter (MMC) is currently the only method internationally used for large-scale, long-distance offshore wind power transmission to onshore grids. This is due to its advantages, such as the absence of commutation failure issues, independent control of active and reactive power, and low harmonic levels. Recently, a large-scale offshore wind power flexible HVDC transmission project with a transmission capacity of 6000 MW is being planned in southern China. This project aims to transmit offshore wind power to the onshore grid via three submarine cables, which will then be connected to the load center through two DC overhead lines. However, to reduce the size, weight, and construction complexity of the offshore converter station, the offshore sending-end converter station is designed to use only half-bridge submodules. Consequently, a significant number of DC circuit breakers (DCCBs) are required to provide DC fault clearing capability (Li et al., 2016; Tang et al., 2014; Xiao et al., 2022; Guo et al., 2022).
DCCBs are typically categorized into mechanical DCCBs (Shi et al., 2022; Wen et al., 2018; Hajian et al., 2015), solid-state DCCBs (Corzine, 2017; Overstreet et al., 2014; Keshavarzi et al., 2017; Liu et al., 2017a), and hybrid DCCBs (Majumder et al., 2017; Hedayati and Jovcic, 2018; Hassanpoor et al., 2015; Xu et al., 2021; Li et al., 2019; Abedrabbo et al., 2020). Hybrid DCCBs combine the benefits of both mechanical and solid-state variants. They utilize conducting branch for the flow of normal operating currents and employ the main breaker (MB) to interrupt fault currents. This design results in reduced on-state losses and facilitates fast interruption of fault currents.
In November 2012, ABB announced the development of the world’s first two-port hybrid DCCB for HVDC with a breaking time of 5 ms, a rated voltage of 320 kV, and a current breaking capacity of approximately 9 kA (Callavik et al., 2012). Tsinghua University, Beijing Electric Power Equipment General Factory, Huazhong University of Science and Technology, and State Grid Smart Grid Research Institute respectively proposed three types of DCCB solutions for the Zhangbei DC grid: coupled negative pressure, mechanical, and hybrid schemes. The hybrid scheme proposed by the Smart Grid Research Institute was officially put into operation in June 2020, with a voltage rating of 535 kV, a maximum current breaking capacity of 25 kA, and a breaking time of 3 ms. However, the MB in the hybrid DCCB necessitates a considerable number of full controlled electronic devices to meet the requirement for withstand voltage, through-current, and bidirectional breaking. This results in substantial costs, making it unsuitable for deployment in meshed DC grids. To address this challenge, the concept of multiport DCCBs has emerged to reduce the cost of two-port DCCBs by leveraging device reuse (Mokhberdoran et al., 2018; Kontos et al., 2018; Liu et al., 2017b). A multiport DCCB proposed in (Mokhberdoran et al., 2018) achieves this by reusing mechanical switches and half of the full controlled electronic devices in the MB. However, this DCCB lacks the capability to transfer power on the normal line following a line fault, and multiple MBs are still required to realize bidirectional fault current interruption. In pursuit of bidirectional fault current interruption using only unidirectional full controlled electronic devices, a multiline DCCB utilizing an H-bridge structure has been proposed. Kontos et al. (2018) utilizes a conducting branch to form an H-bridge, enabling rectification by issuing different switching commands in response to various line faults. This allows its single MB to achieve bidirectional fault current interruption using unidirectional full controlled electronic devices in series. However, this DCCB necessitates sending 2n + 2 independent switching signals to handle DC faults in the n-port case, which could potentially reduce its reliability. To mitigate this issue, Liu et al. (2017a) proposes an assembly DCCB that shifts the fault current interruption components from a series structure to a parallel structure while changing the centralized arrangement of all components in the ABB hybrid DCCB to a distributed layout. This modification significantly improves reliability by reducing the number of independent switching signals required to isolate cable faults to just 6. However, the assembly DCCB requires actively grounding specific points on the DC bus when interrupting line faults, which may broaden the fault’s impact on the system.
In an ideal simulation environment, the conducting branches of each cable in the multi-port DCCB can be directly connected to a single point, eliminating the need for a “DC bus” concept, as no DC faults would uncontrollably occur at this point. Therefore, the multi-port DCCB topologies proposed in Mokhberdoran et al. (2018), Kontos et al. (2018), Liu et al. (2017b) do not possess the capability to isolate DC bus faults. However, in practical engineering, if the conducting branches, which carry the majority of the current, are placed too close to each other, significant electrical coupling may occur between them. As a result, in real-world applications, it is necessary to maintain a certain distance between the conducting branches, which means they will be connected to a “DC bus” with some physical separation. In such cases, DC bus faults may occur, potentially causing severe impacts on the DC system.
To enhance circuit breaker cost-effectiveness while minimizing impact on the DC system, reduce the number of switching signals needed to improve reliability, and address the challenge of isolating DC bus faults, this paper proposes a dual H-bridge integrated multi-port DC circuit breaker and its control strategy. The design extends an additional pair of bridge arms from the H-bridge in the integrated multi-port DCCB to connect to the DC bus and employs diodes in the load commutation switches (LCS) to form the second H-bridges, enabling the clearing of bus faults. This paper will sequentially introduce the circuit topology and control strategy of the dual H-bridge integrated multi-port DCCB and compare its technical and economic aspects with existing multi-port DCCB solutions. Finally, a large-scale offshore wind power DC collection and transmission system will be modeled in PSCAD/EMTDC for simulation and verification of the proposed solution.
2 TWO GRID STRUCTURES FOR LONG-DISTANCE DC TRANSMISSION AND THE LIMITATIONS OF EXISTING MULTIPORT DC CIRCUIT BREAKER RESEARCH
Typical DC grid structures suitable for long-distance DC transmission are illustrated in Figure 1. Figure 1A is more commonly applied in onshore scenarios and requires a total of two DC buses. Power generated by the sending-end MMC is aggregated through one DC bus and then transmitted via multiple DC lines to the second DC bus at the receiving end, where the power is distributed to each receiving-end MMC. Figure 1B is more frequently used in offshore renewable energy grid integration scenarios. It connects offshore wind farms to onshore load points through a single DC bus, thereby reducing the demand for onshore transmission corridors required for integrating offshore wind power.
[image: Figure 1]FIGURE 1 | Two grid structures for long-distance DC transmission. (A) More suitable for onshore renewable energy integration. (B) More suitable for offshore renewable energy integration.
As observed from Figure 1, regardless of the specific DC grid structure, the DC bus plays a critical role. Consequently, the capability to clear DC faults on the DC bus is an important criterion for evaluating DC circuit breaker technology. However, existing studies on multi-port DC circuit breakers often confuse the concept of the DC bus with that of MMC-side lines. For example, (Mokhberdoran et al., 2018), as one of the pioneering papers with significant influence on the direction of multi-port DC circuit breakers, defined the typical schemes for two-port and multi-port DCCBs, and based on this, proposed multi-port DC circuit breakers, as shown in Figure 2. In this figure, the blue boxes indicate the areas considered as the DC bus by the authors. However, the blue-boxed areas only connect the MMC-side line to fault interruption component, which do not carry significant current under normal operating conditions; thus, they do not represent the actual DC bus. In contrast, the red boxes directly connect the conducting branches of multiple lines. In practical engineering, to prevent electrical coupling between these conducting branches, they cannot be directly connected to the same “point” and must be spaced apart. The connecting lines between these conducting branches constitute the true “DC bus.”
[image: Figure 2]FIGURE 2 | The circuit topologies of multi-port DC circuit breakers proposed in Mokhberdoran et al. (2018).
3 TOPOLOGY
As shown in Figure 3, the dual H-bridge integrated multi-port DCCB with bus fault-clearing capability consists of three main components: the conducting component, the H-bridge component, and the fault interruption component. The specific composition of each component is as follows:
1. Conducting component: This structure is fundamentally similar to the conducting branch of ABB’s hybrid two-port DCCB, comprising the LCS in series with the ultra-fast disconnector (UFD). The key difference lies in the LCSs of the dual H-bridge integrated multi-port DCCB, which employ unidirectional series-connected insulate-gate bipolar transistors (IGBTs) and forms an H-bridge using diodes. This design topology is intended to achieve bus fault interruption while maintaining cost-effectiveness. During normal operation, the current primarily flows through the conducting component.
2. H-bridge component: This component is composed of diodes. The H-bridge component rectifies the fault current flowing through the fault interruption component into the same direction, regardless of which line experiences a fault.
3. Fault interruption component: This structure is fundamentally similar to the fault interruption component of ABB’s hybrid two-port DCCB, consisting of a MB connected in parallel with metal oxide varistors (MOV). The key difference is that, due to the presence of the H-bridge component in the dual H-bridge integrated multi-port DCCB, the MB here only requires unidirectional series-connected IGBTs.
[image: Figure 3]FIGURE 3 | DCCB topology.
In summary, the dual H-bridge integrated multi-port DCCB extends an additional pair of bridge arms from the H-bridge component to connect to the DC bus. Additionally, both the LCSs and the H-bridge component utilize diodes to form the H-bridge structure. This configuration endows the DCCB with the capability to clear bus faults.
4 CONTROL STRATEGIES
During normal operation, all switches in the dual H-Bridge integrated multi-port DCCB are closed. At this time, the current flows through the paths shown in Figure 4.
[image: Figure 4]FIGURE 4 | Current flow path in normal operation.
As shown in Figure 4, since all LCSs and the MB are closed, the normal operating current flows through both the parallel conducting component and the fault interruption component. However, because the number of series-connected IGBTs in the LCSs is significantly fewer than in the MB, the current flowing through the MB during normal operation is minimal, resulting in very low on-state losses.
4.1 DC line fault
Taking the DC fault on line m + 1 as an example, the fault interruption operation of the dual H-Bridge integrated multi-port DCCB is illustrated in Figure 5.
1. t0 < t < t1: Fault detection stage. At t = t0, a short-circuit fault occurs on line m + 1. At this time, the fault current flows through the path shown in Figure 5A, primarily passing through the conducting component towards the faulty cable. Once the fault on line m + 1 is detected, a disconnect command is sent to LCSm+1. The time required for fault detection mainly depends on the specific fault detection method. Typically, this time is in the range of 1–2 ms.
2. t1 < t < t2: Load commutation stage. At t = t1, LCSm+1 receives the disconnect command and opens, causing the current flowing through LCSm+1 and UFDm+1 to rapidly drop to zero. At this time, the fault current flows through the path shown in Figure 5B. Next, a disconnect command is sent to UFDm+1, and after a brief delay, UFDm+1 fully opens, relieving LCSm+1 from any further stress. Typically, the operating time of LCS is 50 μs ∼ 250 μs (including 0–200 μs commutation time from LCS branch to MB branch), and of UFD is about 2 ms.
3. t2 < t < t3: Fault interruption stage. At t = t2, a disconnect signal is sent to the MB. After a brief delay, MB receives the disconnect signal and fully opens, redirecting the fault current from MB to the MOV, as shown in Figure 5C. Under the action of the MOV, the fault current rapidly decreases to zero, as shown in Figure 5D. Subsequently, the mechanical switch DSm+1 in line m + 1 opens, completely isolating the fault and allowing the remaining healthy lines to resume normal current flow. Typically, the operating time of the MB is 50 μs. Once the MB fully opens and the MOV is engaged, the fault current quickly drops to zero, and the DC fault no longer affects the system. Therefore, the energy dissipation time of the MOV and the time taken for the DS to trip are generally not studied.
[image: Figure 5]FIGURE 5 | Fault interruption operation under DC line fault. (A) t0 < t < t1. (B) t1 < t < t2. (C) t2 < t < t3. (D) t3 < t < t4.
The switching signals of the proposed control strategy under DC line fault conditions are shown in Figure 6.
[image: Figure 6]FIGURE 6 | The switch signal diagram for DC line fault interruption strategy.
4.2 DC bus fault
When a DC bus fault occurs, the fault interruption operation of the dual H-bridge integrated multi-port DCCB is shown in Figure 7.
1. t0 < t < t1: Fault detection stage. At t = t0, a short-circuit fault occurs on the bus. At this time, the fault current flows through the path shown in Figure 7A, primarily passing through the conducting component towards the faulty cable. Once the system detects the bus fault, it sends a disconnect command to all LCSs. The time required for fault detection mainly depends on the specific fault detection method. Typically, this time is in the range of 1–2 ms.
2. t1 < t < t2: Load commutation stage. At t = t1, all LCSs receive the disconnect command and open, causing the current through all LCSs and UFDs to rapidly drop to zero. At this time, the fault current flows through the path shown in Figure 7B. Subsequently, disconnect commands are sent to all UFDs, and after a brief delay, all UFDs fully open, relieving all LCS from any further stress. Typically, the operating time of LCS is 50 μs ∼ 250 μs (including 0–200 μs commutation time from LCS branch to MB branch), and of UFD is about 2 ms.
3. t2 < t < t3: Fault interruption stage. At t = t2, a disconnect signal is sent to the MB. After a brief delay, MB receives the disconnect signal and fully opens, redirecting the fault current from MB to the MOV, as shown in Figure 7C. Under the action of the MOV, the fault current rapidly decreases to zero, as shown in Figure 7D. Subsequently, all DS open, completely isolating the fault. Typically, the operating time of the MB is 50 μs. Once the MB fully opens and the MOV is engaged, the fault current quickly drops to zero, and the DC fault no longer affects the system. Therefore, the energy dissipation time of the MOV and the time taken for the DS to trip are generally not studied.
[image: Figure 7]FIGURE 7 | Fault interruption operation under DC line fault. (A) t0 < t < t1. (B) t1 < t < t2. (C) t2 < t < t3. (D) t3 < t < t4.
The switching signals of the proposed control strategy under DC bus fault conditions are shown in Figure 8.
[image: Figure 8]FIGURE 8 | The switch signal diagram for DC line fault interruption strategy.
It is worth noting that the proposed DCCB has high adaptability to installation positions. Whether installed in the positive or negative line of a bipolar DC system, it can reliably interrupt DC faults using the same fault interruption strategy. However, when the DCCB is installed in the negative line and used to interrupt a busbar fault, the 0 V “ground” will become the high potential. In this case, the current flow path will differ from the one shown in Figure 7, as illustrated in the path shown in Figure 9. At this point, the upper bridge arm of the newly added H-bridge will be activated.
[image: Figure 9]FIGURE 9 | Fault interruption operation under DC line fault in the negative line. (A) t0 < t < t1. (B) t1 < t < t2. (C) t2 < t < t3. (D) t3 < t < t4.
5 TECHNICAL AND ECONOMIC ANALYSIS
In practical engineering, if the conducting branches of the cables, which primarily carry current during normal operation, are too close to each other, severe electrical coupling between the conducting branches can occur. Therefore, in practical applications, the conducting branches of the cables need to be spaced apart and connected to the same DC bus. In this situation, a DC bus fault may occur, which can severely impact the DC system.
Additionally, during the process of isolating DC faults with a multi-port DCCB, the system needs to send multiple different signals to various components of the DCCB. Each signal transmission and reception carries the risk of failure. If a signal fails to be sent or received, it could result in a component within the DCCB failing to operate, ultimately leading to a failure in isolating the DC fault and causing severe consequences for the DC system.
Therefore, the two key technical indicators for evaluating the technical and reliability aspects of a multi-port DCCB are: “the ability to isolate bus faults” and “the number of independent switching signals required to isolate the fault.”
Since ABB developed the world’s first hybrid DCCB with practical engineering significance in 2012, numerous scholars have since developed technically feasible two-port high-voltage DCCBs. However, two-port DCCBs are costly, bulky, and challenging to deploy widely in power grids like AC circuit breakers. As a result, the concept of multi-port DCCBs has been proposed, which aims to reduce costs by reusing some components from high-voltage DCCBs.
Therefore, economic performance is a crucial indicator for evaluating multi-port DCCBs. Provided that the technical reliability and functional capabilities of the multi-port DCCB are maintained, the fewer the number of components and the lower the cost, the better the economic performance of the DCCB.
This chapter will focus on the aforementioned two technical indicators and the economic indicator to conduct a techno-economic analysis and comparison of the proposed dual H-bridge integrated multi-port DCCB, the hybrid two-port DCCB introduced by ABB in Callavik et al., (2012), the multiport DCCB proposed in Mokhberdoran et al. (2018), the multiline DCCB in Kontos et al. (2018), and the assembly DCCB in Liu et al. (2017a).
5.1 Technical analysist
Based on the circuit topology and control strategy described earlier, the dual H-bridge integrated multiport DCCB possesses bus fault interruption capability. When a line fault occurs, the DCCB needs to send one switching signal to the LCS, one to the UFD, one to the MB, and one to the DS to isolate the line fault. In the event of a bus fault, the dual H-bridge integrated n-port DCCB must send n switching signals to the LCS, n switching signals to the UFD, one switching signal to the MB, and n switching signals to the DS to successfully isolate the bus fault.
The hybrid two-port DCCB proposed by ABB in Callavik et al. (2012) is also capable of clearing bus faults. When a line fault occurs, this DCCB needs to send one switching signal to the LCS, one to the UFD, one to the MB, and one to the DS. In the event of a bus fault, n ABB hybrid two-port DCCBs must send n switching signals to the LCS, n switching signals to the UFD, n switching signals to the MB, and n switching signals to the DS.
The multiport DCCB proposed in Mokhberdoran et al. (2018) does not have bus fault clearing capability. Additionally, when a line fault occurs, the n-port DCCB must send 2n switching signals to the LCS, one switching signal to the UFD, 2n switching signals to the MB, and one switching signal to the DS.
The multiline DCCB proposed in Kontos et al. (2018) does not have bus fault clearing capability. Additionally, when a line fault occurs, the n-line DCCB must send n switching signals to the LCSs, n switching signals to the UFDs, one switching signal to the MB, and one switching signal to the DS.
The assembly DCCB proposed in Liu et al. (2017b) does not have bus fault clearing capability. Additionally, when a line fault occurs, the n-port assembly DCCB must send one switching signal to the Accessory discharging switch, one switching signal to the LCS, one switching signal to the UFD, two switching signals to the MB, and one switching signal to the DS.
In summary, the technical analysis results of the aforementioned DCCB schemes in the n-port condition can be consolidated into Table 1.
TABLE 1 | Results of the technical analysis of each DCCB in the n-port case.
[image: Table 1]As shown in Table 1, the ABB hybrid two-port DCCB scheme can effectively clear both line faults and bus faults while requiring a minimal number of switching signals, demonstrating excellent technical performance. However, since it does not reuse the MB, its economic efficiency is not superior.
The multiport DCCB, while achieving component reuse, significantly reduces technical performance compared to the ABB hybrid DCCB. It loses the capability to clear bus faults and requires an increase in the number of independent switching signals from 4 to 4n + 2 for isolating line faults.
The multiline DCCB reduces the number of independent switching signals required to isolate line faults from 4n + 2 in the multiport DCCB to 2n + 2 by modifying the circuit topology and control strategy. Despite the innovative introduction of the H-bridge structure into DCCB topology, there is still room for optimization.
The assembly DCCB changes the fault current interruption components from a series to a parallel structure and shifts from centralized to distributed placement of components, reducing the required independent switching signals to 6 when isolating line faults. This is only a 50% increase compared to the ABB DCCB and does not increase with the number of ports. However, the assembly DC circuit breaker requires actively short-circuiting and grounding a specific location of the DC bus when clearing line faults, which may exacerbate the impact of the fault on the system.
The dual H-bridge integrated DCCB extends the original H-bridge with an additional pair of bridge arms connected to the DC bus and utilizes diodes in the LCSs to form the second H-bridge, enabling bus fault clearing capability. Additionally, due to the reuse of the MB, the dual H-bridge integrated multi-port DCCB requires only 3n + 1 independent switching signals to isolate bus faults, fewer than the 4n signals required by the ABB hybrid DCCB scheme, thereby surpassing the ABB hybrid DCCB scheme in both technical performance and reliability.
5.2 Economic analysist
The quantities of components required for the circuit topologies of the ABB hybrid two-port DCCB, multiport DCCB, multiline DCCB, assembly DCCB, and dual H-bridge integrated DCCB in the case of n DC output lines are summarized in Table 2.
TABLE 2 | Quantity of each component required for each DCCB in the n-port case.
[image: Table 2]In these components, the MB is made up of IGBT and anti-parallel diodes, and it needs to withstand transient overvoltage during the fault interruption process, which is generally 1.5 times the rated voltage. Therefore, the cost of the MB is significantly higher than that of other components in the DCCB. Based on this, it can be concluded that the economic efficiency of the ABB hybrid DCCB and the multiport DCCB is relatively poor due to the need for multiple MBs. The economic efficiency of the multiline DCCB, assembly DCCB, and dual H-bridge integrated DCCB will be compared below.
For the three types of DCCBs, each requires the use of n LCSs, n UFDs, 1 MB, 1 MOV, and n DSs. The cost of these commonly used components is defined as ccom, as shown in Equation 1.
[image: image]
In the equation, cLCS, cUFD, cMB, and cDS represent the costs of LCS, UFD, MB, and DS, respectively.
The multiline DCCB will additionally use n LCS and n UFDs, the assembly DCCB will additionally use n ADS, and the dual H-bridge integrated DCCB will additionally use 2 (n + 1) diode groups. The costs for the different components required by the multiline DCCB, assembly DCCB, and dual H-bridge integrated DCCB are defined as cdif1, cdif2, and cdif3, respectively, as shown in Equations 2–4.
[image: image]
[image: image]
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In the equations, cADS and cD represent the costs of the ADS and the diode, respectively. The ratios of cdif1 to ccom, cdif2 to ccom, and cdif3 to ccom are defined as k1, k2, and k3, respectively. That is:
[image: image]
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Using Equations 5–7, the ratio of the costs of the dual H-bridge integrated DCCB to the multiline DCCB and the assembly DCCB can be expressed as:
[image: image]
In Equation 8, i = 1, 2. When k1 to k3 take values in the range of [0.5, 1.5], the values of ri are shown in Figure 10.
[image: Figure 10]FIGURE 10 | Comparison of single MB multiport DCCBs.
As can be seen, the economic performance of the dual H-bridge integrated DCCB is comparable to that of the other two DCCBs that fully reuse the MB, and it will mainly depend on the values of k1 to k3. When the values of ki (i = 1, 2) are large and k3 is small, meaning the cost of the main components of LCS such as IGBT, UFD, and ADS is high, while the cost of diodes is low, the dual H-bridge integrated DCCB will have better economic performance compared to the other two DCCBs. The results of the economic analysis comparison are summarized in Table 3.
TABLE 3 | Results of the economic analysis of each circuit breaker in the n-port case.
[image: Table 3]6 SIMULATION
Using the PSCAD/EMTDC electromagnetic transient simulation platform, the dual H-bridge integrated multiport DCCB is modeled within the offshore wind DC transmission system. The offshore wind DC transmission system is depicted in Figure 11.
[image: Figure 11]FIGURE 11 | Equivalent circuit for the five-terminal offshore wind power DC transmission system.
As illustrated in Figure 11, the offshore wind power DC transmission system includes 5 MMCs. MMC1 to MMC3 are the sending-end converters, each connected to a 100 km submarine cable, while MMC4 and MMC5 are the receiving-end converters, connected to a 200 km overhead transmission line. MMC4 employs constant DC voltage and reactive power control, with a set DC voltage reference of 1,000 kV. The remaining MMCs are configured for constant active power and reactive power control, with MMC1 to MMC3 having an active power reference of 2000 MW, and MMC5 set at 3000 MW. Dual H-bridge integrated five-port DCCBs are installed at both the positive and negative DC buses.
All DCCBs have consistent switching delays; the time required from the system sending the signal to the action of LCSs and MB is 0.25 ms, and the time required for UFD and DS to act is 2 ms. The simulation sets up line fault F1 and bus fault F2, with a fault grounding resistance of 0.01 Ω and a fault duration of 0.05 s. These parameters are summarized in Table 4.
TABLE 4 | Parameters of the five-terminal offshore wind power DC transmission system.
[image: Table 4]At t = 2 s, a pole-to-pole short circuit fault is introduced at the exit of line 4 in the dual H-bridge integrated five-port DCCB. The signal waveforms of the dual H-bridge integrated DCCB installed on the positive DC bus are shown in Figure 12.
[image: Figure 12]FIGURE 12 | Waveform of the fault interruption operation for DC line 4.
From Figure 12, it can be observed that at t = 2 s, following the occurrence of the fault, the current flowing through the LCS4 rapidly increases. After a 1 ms fault detection delay, the system detects the fault and sends a trip signal to LCS4. Following a 0.25 ms delay for the LCS operation, LCS4 disconnects, causing the current ILCS4 through LCS4 to quickly drop to zero, at which point a trip signal is sent to the UFD4. After a 2 ms delay for the disconnector operation, UFD4 opens, relieving LCS4 from further stress. At this point, a trip signal is sent to the MB, and after a 0.25 ms delay for the MB operation, MB opens, and the MOV engages, causing the fault current to rapidly decrease to zero. At t = 2.0179 s, the disconnector DS4 trips, completely isolating the fault on DC line 4. Throughout the fault interuption operation, the fault current reaches its peak value of 7.30 kA when the MB operates.
At t = 2 s, a pole-to-pole short-circuit fault is applied at the DC bus of the dual H-bridge integrated five-port DCCB, and the corresponding signal waveforms of the dual H-bridge integrated DCCB are shown in Figure 13.
[image: Figure 13]FIGURE 13 | Waveform of the fault interruption operation for DC bus.
From Figure 13, it can be observed that after the fault occurs at t = 2 s, the current through the LCS1 to LCS3 drops rapidly, while the current through the LCS4 and LCS5 rises sharply. After a 1 ms fault detection delay, the system detects the fault and sends a trip signal to LCS1 to LCS5. After a 0.25 ms delay in the operation of the LCS, LCS1 to LCS5 disconnect, and the current flowing through these LCSs, ILCS1 to ILCS5, rapidly drops to zero. At this point, a trip signal is sent to UFD1 to UFD5. After a 2 ms delay in the UFD operation, UFD1 to UFD5 disconnect, relieving LCS1 to LCS5 from voltage stress. A trip signal is then sent to theMB, and after a 0.25 ms delay in its operation, MB disconnects, and the MOV engages, causing the fault current to quickly drop to zero. At t = 2.0153 s, DS1 to DS5 trip, completely isolating the DC bus fault. During the entire DC fault interruption operation, the fault current peaks at 20.76 kA when theMB operates.
7 CONCLUSION
This paper proposes a dual H-bridge integrated multiport DCCB topology with bus fault clearing capability and its corresponding control strategy, and investigates its technical and economic performance. The five-terminal offshore wind power DC transmission system electromagnetic transient model was built and validated in PSCAD/EMTDC. The conclusions are as follows:
1. In terms of circuit topology design, the dual H-bridge integrated multiport DCCB introduces a first H-bridge group to achieve the reuse of the main breaker and metal oxide varistor, allowing the sole main breaker to interrupt bi-directional fault currents using only a series of unidirectional IGBTs. Additionally, the H-bridge component is further expanded with a pair of bridge arms connected to the DC bus, and a second H-bridge is formed in the load commutation switch using diodes, enabling the breaker to interrupt bus faults.
2. In terms of control strategy design, the dual H-bridge integrated multiport DCCB requires only 4 independent switching signals to interrupt line faults, consistent with the ABB DCCB. To interrupt bus faults, it only requires 3n + 1 independent switching signals, surpassing the ABB DCCB in terms of reliability and demonstrating superior technical performance.
3. Through economic analysis, it can be concluded that the dual H-bridge integrated multiport DCCB demonstrates superior economic performance due to the reuse of the main circuit breaker.
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