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DC micro-energy system is an effective pattern to integrate high-penetration distribution generators. It has flexible operation modes and complicated fault characteristics, which requires protection with higher selectivity and sensitivity. This paper proposes a DC feeder protection method using the transient high-frequency currents. The fault direction and fault feeder are identified by comparing the amplitude of high-frequency currents of all ends. The amplitude ratio coefficient of DC voltages is introduced to detect the fault pole. The transient high-frequency components will not be affected by the communication delay and fault impedance. The protection scheme realizes the fast detection and clearance of different faults on feeders before the failure of the inverter-interfaced generators and loads, which ensure the reliable and safe operation of the non-fault zone. The model of a DC micro-energy system is established in MATLAB/Simulink and the efficiency of this method is verified by detailed simulations.
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INTRODUCTION
Recent years, fossil fuels have gradually depleted, and renewable energies have been applied alternatively. As a more effective route to integrate distributed renewable energies, DC micro-energy systems have drawn extensive attention (Sun et al., 2016; Xue et al., 2016; Guo et al., 2017). Compared to AC micro-energy systems, DC micro-energy systems do not have the problems of phase synchronization, frequency stability, and reactive power loss (Jiang and Zheng, 2012; Wu et al., 2012). Moreover, DC micro-energy systems have higher power supply capacity and operation efficiency with fewer convertors (Guo et al., 2010; Dragicevic et al., 2014; Ding et al., 2015). DC micro-energy systems are considered as an effective pattern for the further development of active distribution networks. However, there remains several technical challenges, such as protection, control methods and so on, which needs to be solved before the promotion and implementation of DC micro-energy systems (Park et al., 2013).
DC micro-energy systems include inverter-interfaced distributed generators and loads, short feeders, and energy storages, whose fault characteristics feature variable fault current direction and high current change rate. The fluctuation of distributed generations (DGs) in DC micro-energy systems result in the uncertainty of power flow direction. It challenges the selectivity and reliability of the protection (Wang and Li, 2012; Yang et al., 2012). Due to the low inertia and small impedance of the DC system, fault currents rapidly increase with large peaks when a fault occurs, which will cause high risk to the DC micro-energy system (Liu et al., 2016; Wang et al., 2017; Zhang W. et al., 2020). Fault detection and isolation should be performed as soon as possible, since the fault current withstand rating of typical voltage-source converters (VSCs) is usually only twice the full-load rating of converters (Park et al., 2013). It places demanding speed requirements on the protection system to prevent converter damage. Therefore, it is of great significance to propose a rapid and reliable protection method for the DC micro-energy system to ensure its secure and stable operation.
Up to now, a variety of DC line protection methods have been proposed to realize fast and accurate fault detection. These methods can commonly be classified into three categories: the travelling wave methods, the active injection methods and the fault analysis methods (Jia et al., 2020). The traveling wave method in the work of Zhang C. et al. (2020) configured high-speed protection for DC lines using the index coefficients of the zero-mode fault current initial traveling wave which are related to the location of the faults. Due to the continuous reflections and refractions, it is difficult to obtain a complete analytical expression with the traveling wave method. Therefore, the universal threshold with this method is not easy to determine.
The active injection method employs specific signal injection for fault detection and location. Teng et al. (2020) proposed an improved high-frequency current injection-based protection scheme, which used a two-layer optimum method to eliminate the dead zone of the protection. However, it is easily affected by noise. The fault analysis methods analyze the characteristics of fault electric variables such as overcurrent, differential current and current change rate, to detect faults. Baran and Mahajan (2007) employed over-current and low-voltage criteria to detect faults, which requires more complex setting and appropriate delays to achieve selectivity (Fletcher et al., 2012). In the work of Wang and Li (2012), current differential protection has been applied to the loop DC micro-energy system. The differential protection may mis-trip due to poor synchronization caused by the high change rate of the fault current (Fletcher et al., 2014). It requires a reliable communication system for instantaneous data transfer between the terminals of the protected element, which increases the total cost and scale of the protection system and limits its application in micro-energy systems. Meghwani et al. (2015) proposed a protection scheme for loop DC micro-energy systems using the current change rate. This protection performance relies on the appropriate settings which depend on the cable length, line loading, and fault impedance, making it difficult to calculate.
This paper proposes a feeder protection scheme for DC micro-energy systems using the high-frequency current which is emerged in the initial of faults. The proposed method can operate with a high speed. Due to the used relatively high-frequency fault transient information, it is immune of control strategies of inverter-interfaced distributed generators. Besides, unlike current differential protection, the multipoint amplitude comparison adopted in this paper uses high-frequency currents of all ends to compare with each other, rather than the electrical quantities at both ends of the line, which greatly reduces the requirement for two-terminal data synchronization and avoids complex setting. A DC distribution network model with a multiterminal power supply structure is established and tested to verify the effectiveness of the proposed protection method.
The rest of this paper is organized as follows. The Characteristics of High-Frequency Fault Component in DC Micro-Energy Systems gives a typical topology of the DC micro-energy system and analyzes the fault characteristics. In DC Feeder Protection Method Using High-Frequency components, the DC feeder protection method based on high-frequency current is proposed, including the protection startup criterion, the fault identification criterion, the fault pole selection criterion, and the protection logic. Simulation experiments and detailed analysis are presented in Simulation Results and Analysis. Finally, Conclusion concludes this paper.
THE CHARACTERISTICS OF HIGH-FREQUENCY FAULT COMPONENT IN DC MICRO-ENERGY SYSTEMS
Typical Structure of DC Micro-Energy Systems
The DC micro-energy system usually adopts the multiterminal power supply structure to improve the power supply reliability. A typical topology of a DC micro-energy system is shown in Figure 1. The DC micro-energy system is composed of photovoltaic (PV) systems, energy storage systems (ESS), electric vehicles (EVs), DC buses (Bus I-Bus III), DC lines, protection devices, and so on. It is connected to the AC main network at both ends through VSC1 and VSC2. There are two operation modes of DC micro-energy systems, i.e., the grid-connected mode and the islanded mode. To ensure the selective removal of the fault feeder, it is necessary to configure protection in each incoming and outgoing line of the DC bus. The orange parts 1–12 in Figure 1 indicate the protection configuration of each line. Each line is named after the protection number, such as Line2_5, Line6_9, Line3, Line7, et al., wherein Line2_5, Line6_9 represents the DC main feeders. Both ends of the main feeder need to be configured with protection devices. Line3 and Line7 are branch feeders. To save circuit breakers, it is only necessary to configure protection at the first end of the branch feeder. The green dashed boxes represent the protection zones, where Bus I and protections one to four together constitute protection zone I (PZ I), Bus II and protections five to eight together constitute protection zone II (PZ II), Bus III and protections 9–12 together constitute protection zone III (PZ III). F1 to F6 represent different fault points.
[image: Figure 1]FIGURE 1 | Typical structure of a DC micro-energy system.
High-Frequency Characteristics of Faults
Fast Fourier Transform (FFT) algorithm is used to extract high-frequency currents to analyze fault characteristics and distribution of high-frequency currents in this paper. According to the superposition principle, the high-frequency component is equivalent to the superposition of the pre-fault high-frequency component and the additional high-frequency component. introduced by faults (Jia et al., 2018). The voltage and current on the DC line before the fault are dominated by DC components with neglectable high-frequency components (Liu et al., 2017). Therefore, only the additional high-frequency component introduced by faults needs to be considered (Jia et al., 2018). Next, fault characteristics of main feeders and branch feeders will be analyzed to formulate the corresponding protection schemes.
High-Frequency Impedance Equivalent Model of Devices in DC Micro-Energy Systems
PV modules, energy storage equipment, and EVs are all connected to the DC micro-energy system through DC converters. When the fault occurs on the DC system, due to the direct current control strategies of the converter, the short-circuit current provided by these devices to the short-circuit point can always be controlled within the allowable overcurrent range (generally 1.2–1.5 times the rated current) (Liu et al., 2013). The maximum short-circuit current they can provide is approximately equivalent to the current source. Since the capacity of DGs is generally small, the short-circuit current they can provide is also small (Liu et al., 2013). These devices and DC converters can be generally equivalent to the current source and DC capacitor model. The two sources can be analyzed separately based on the superposition principle. In a short time after the fault, only the capacitor discharges rapidly. The discharge current of the capacitor is the main part of the short-circuit current. The short-circuit current provided by the current source is small. We can consider that the output of the current source is constant in a short time after the fault. It does not affect the transient characteristics of the fault at the DC side. According to the substitution theorem in circuit theory, the constant current source can be represented by a constant impedance. Therefore, these devices can be equivalent to a constant impedance model in the high-frequency range, which is no longer affected by the switching state of the converters. The fault component method can be used to analyze the super-imposed network in the frequency domain in the following analysis.
2.1.2 Fault of Main Feeders
Faults F1 and F2 in Figure 1 represent the faults of main feeders. Taking fault F1 to exemplify the fault characteristics, the super-imposed network with fault F1 is shown in Figure 2. Uf(HF) is the high-frequency voltage source at the fault point. If(HF) is the high-frequency current generated by the high-frequency voltage source. ZVSC1, ZPV1, ZESS represent the equivalent high-frequency impedances at the backside of the protection zones. [image: image] to [image: image] represent high-frequency currents at each end, and the direction of arrows represents the reference positive direction of the high-frequency current.
[image: Figure 2]FIGURE 2 | Super-imposed network with fault F1.
As shown in Figure 2, according to Kirchhoff’s current law, the phasor relationship of high-frequency currents after the fault is depicted as:
[image: image]
Taking zone PZ I as an example, the relationship of high-frequency currents at each end can be described as:
[image: image]
At high frequencies, the impedance angles of each equivalent high-frequency impedance in the super-imposed network are approximately equal, so the phase angles of [image: image], [image: image], and [image: image] are approximately equal. We can conclude this from the following analysis. Due to the similar impedance properties at high frequencies, the impedance angle differences of each equivalent high-frequency impedance are all within 90°, so the phase angle differences of [image: image], [image: image], and [image: image] are all within 90°. Therefore, the amplitude relationship of high-frequency currents in zone PZ I can be described as:
[image: image]
When fault F1 occurs, the amplitude of the high-frequency current at protection 2 is greater than that at other protections (protection 1, 3, 4) in zone PZ I. Similarly, the analysis of zone PZ II shows that the high-frequency current amplitude at protection 5 is greater than that at other protections (protection 6, 7, 8) in zone PZ II. And the high-frequency current amplitude at protection 9 is greater than that at other protections (protection 10, 11, 12) in zone PZ III. That is,
[image: image]
According to (4), the protection with the maximum amplitude of high-frequency currents in each zone can reflect the positive direction of the fault. The reliable protection for the main feeders can be achieved by using the directional pilot principle.
Fault of Branch Feeders
Faults F3 to F6 in Figure 1 represent branch feeder faults. Taking fault F3 as an example to analyze its fault characteristics, the super-imposed network with fault F3 is shown in Figure 3.
[image: Figure 3]FIGURE 3 | Super-imposed network with fault F3.
As shown in Figure 3, according to Kirchhoff’s current law, the phasor relationship of high-frequency currents after the fault is depicted as:
[image: image]
Taking zone PZ I as an example, the relationship of high-frequency currents can be formulated as:
[image: image]
At high frequencies, the impedance angles of each equivalent high-frequency impedance in the super-imposed network are approximately equal, so the phase angles of [image: image], [image: image], and [image: image] are approximately equal. Therefore, the high-frequency current amplitude relationship of zone PZ I can be described as:
[image: image]
When fault F3 occurs, the amplitude of the high-frequency current at protection 3 is greater than that at other protections (protection 1, 2, 4) in zone PZ I. Similarly, the analysis of zone PZ II shows that the high-frequency current amplitude at protection 5 is greater than that at other protections (protection 6, 7, 8) in zone PZ II. And the high-frequency current amplitude at protection 9 is greater than that at other protections (protection 10, 11, 12) in zone PZ III. That is,
[image: image]
From above, the positive direction of fault and the fault line can be identified by using the comparison results of high-frequency current amplitudes in each zone. The protection with the maximum amplitude of high-frequency current reflects the positive direction of the fault.
DC FEEDER PROTECTION METHOD USING HIGH-FREQUENCY COMPONENTS
Startup Criterion
There is little high-frequency content in the DC system during normal operation. After the fault, the high-frequency content detected at each relay location is abundant [21]. The protection startup is realized by detecting the high-frequency current amplitude at the protection. The protection startup criterion is shown in Eq. 9 as:
[image: image]
where s is the total number of sampling points in the 0.5 ms time window, k is the sampling point serial number in the time window,[image: image] represents the high-frequency current amplitude at protection i, and IHF_set represents the startup threshold.
The principle of setting the startup threshold is to avoid the maximum amplitude of high-frequency currents detected at the protection during normal operation considering a certain margin. In this paper, the startup threshold is set to 100 times the maximum amplitude of high-frequency currents during normal operation. By simulating the normal operation before the fault, we can know that the maximum amplitude of high-frequency currents during normal operation is about 0.2 A. Thus, the startup threshold is set to 20 A. The high-frequency current after the fault is far greater than the startup threshold. Therefore, the startup threshold is set to 20 A, which can effectively distinguish normal and fault situations.
In practice, the high-frequency current disturbances caused by load mutation, PV output fluctuation, pole open circuit fault et al. also have to be considered in the fixed value setting. These disturbances may exceed the high-frequency current startup threshold. Therefore, this paper adds a low-voltage startup criterion. That is, when the DC bus voltage is less than 0.8 times the rated voltage, the protection algorithm is activated. In the case of a load fluctuation or a PV output fluctuation or some other similar situations, the DC bus voltage fluctuates slightly but is far greater than the low-voltage startup threshold, so the protection will not be initiated. Therefore, the load fluctuation, PV output fluctuation, and pole open circuit fault will not cause maloperation of the protection devices in this paper.
Fault Identification
The average value of the high-frequency current amplitude at protection i within 1 millisecond after the startup criterion is met can be denoted by [image: image], which is expressed as:
[image: image]
where r is the total number of sampling points in the 1 ms time window, and k is the serial number of sampling points in the time window. The count starts after the startup criterion is met, and the average result is obtained after the time window is finished.
The criterion reflecting the positive direction of the fault is formulated as:
[image: image]
where i and j are the protection numbers of the same partition with j ≠i, and Di is the fault direction signal.
When Di is equal to 1, it indicates that the fault happens in the positive direction of protection i and protection i can detect a forward current. When Di is equal to 0, it indicates that the fault happens in the opposite direction of protection i and protection i can detect a reverse current. The branch feeder protection determines whether the fault is on this branch feeder based on the fault direction. The main feeder needs the fault direction at both ends to form the directional pilot protection to determine whether the fault is on this line.
1) The fault identification criterion of branch feeders can be expressed as:
[image: image]
When Di is equal to 1, line i is identified as a fault line due to the positive direction of the fault at protection i. When Di is equal to 0, line i is identified as a non-fault line due to the opposite direction of the fault at protection i.
2) The fault identification criterion of main feeders can be expressed as:
[image: image]
where m is the protection configuration on one side of Linem_n, and n is the protection configuration on the other side of the line. When Fm_n is equal to 1, Linem_n is a fault line; when Fm_n is equal to 0, Linem_n is a non-fault line.
The fault identification criterion of main feeders adopts the pilot protection principle. When the protection devices on both sides of the line detect forward currents, the fault is identified as an internal fault. If the protection device on any side detects a reverse current, the protection will not react. Since it is impossible for the protection devices on both sides to detect the forward current simultaneously in the case of an external fault, the directional pilot principle can effectively prevent the protection devices from false tripping.
Therefore, when the protection devices on both sides of the line detect forward currents and meet the pilot direction criterion, Linem_n can be identified as a fault line. When the protection device on any side of the line detects a reverse current, Linem_n is identified as a non-fault line.
Fault Pole Selection
After selecting the fault line, the fault pole can be identified by the positive voltage and negative voltage of the fault line. When a pole-to-ground fault happens on the DC line, due to the electromagnetic coupling between the positive and negative poles, the non-fault line will also induce certain high-frequency electrical quantities. If the fault pole is identified by comparing the high-frequency electrical quantities of the positive and negative poles, the correctness of the fault pole selection may not be guaranteed. Since the DC component does not produce coupling between bipolar lines, the DC component of positive and negative voltage is used to constitute the pole selection criterion. It can eliminate the influence of electromagnetic coupling on pole selection results.
In the case of a pole-to-ground fault, the DC component voltage amplitude of the fault pole decreases rapidly. Conversely, the DC component voltage amplitude of the non-fault pole increases rapidly. The DC components of the voltage of positive and negative poles remain equal when a pole-to-pole fault happens. This fault feature can be applied to the fault pole selection criterion. Firstly, the amplitude ratio coefficient of DC components of the voltage is defined, as shown in Eq. 14. This coefficient represents the amplitude ratio of DC components of positive and negative voltages on the fault line.
[image: image]
where n is the total number of sampling points in the 1-ms time window, k is the sampling point serial number in the time window, and [image: image] and [image: image] denote the amplitudes of DC components of positive and negative voltages on the fault line, respectively.
According to the fault characteristics, when the positive pole-to-ground fault occurs, the DC component amplitude of the positive voltage is smaller than that of the negative voltage, so ku is a positive number less than 1. When the negative pole-to-ground fault occurs, the DC component amplitude of the positive voltage is greater than that of the negative voltage, so ku is a positive number greater than 1. When the pole-to-pole fault happens, the DC component amplitudes of positive and negative voltages remain equal, so the ku remains near 1. The fault pole selection criterion based on the voltage amplitude ratio coefficient is expressed as:
[image: image]
where h1 and h2 are two set thresholds. In this paper, h1 and h2 can be set to 0.8 and 1.2, respectively.
Protection Logics
The flow chart of the feeder protection method is shown in Figure 4. For a branch feeder fault, when the DC bus voltage and the high-frequency current meet the startup criterion at the same time, the protection is initiated. Then it enters the stages of fault identification and fault pole selection. The fault direction is identified using the maximum value of the high-frequency current at each relay location. The fault line is identified using the criterion shown in Eq. 12. Meanwhile, the amplitude ratio coefficient ku of the fault line is calculated. The fault pole is identified using the fault pole selection criterion shown in Eq. 15. After fault identification and fault pole selection, the DC circuit breakers on both sides of the fault line trip.
[image: Figure 4]FIGURE 4 | Flow chart of the feeder protection method.
For the main feeder fault, only the stage of fault identification needs to be modified to the directional pilot principle, and the processes of protection startup and fault pole selection are the same as the branch feeder fault.
SIMULATION RESULTS AND ANALYSIS
The simulation model of the ± 400 V DC micro-energy system shown in Figure 1 is built in MATLAB/Simulink. The sampling frequency is 10 kHz. The fault occurred at t = 1.2 s. The initial light intensity of the four groups of distributed PV arrays is 700, 800, 900, and 1000 W/m2, respectively. The light intensity of the first three groups jumps to 1000W/m2 at t = 1 s, 2 s, and 3 s, respectively. It is assumed that there are 50 groups of EV charging piles, and the rated power of each charging pile is 10 kW. 35 groups are input at the beginning, and 5 groups are added every 1 s. Table 1 shows other parameters. The Fourier algorithm is used to extract the high-frequency current signal of 1,000 Hz at each relay location in the simulation. Besides, the sliding window is used to calculate the amplitude of the high-frequency current in real time. The fault of the main feeder is simulated in detail. Meanwhile, the simulation of the branch feeder fault is given. In the following diagrams, IHFi represents the high-frequency current amplitude at protection i.
TABLE 1 | System parameters.
[image: Table 1]Performance of the Proposed Protection
Simulation Analysis of Main Feeder Fault
1) Fault Identification Results.
Now we take fault F1 as an example. The high-frequency current waveform for Line2_5 pole-to-pole fault is shown in Figure 5. It can be observed that in zone PZ I, the high-frequency current amplitude of protection 2 is the highest, so protection 2 reflects the positive direction of the fault. Similarly, protection 5 and protection 9 reflect the positive direction of the fault. Other protections except protections 2, 5, and 9 reflect the opposite direction of the fault. Protections 2 and 5 at both ends of Line2_5 meet the directional pilot criterion, and Line 2_5 is identified as the fault line. The left protection 6 of Line6_9 reflects the opposite direction of the fault and does not meet the directional pilot criterion. Therefore, Line6_9 is a non-fault line although the right protection 9 of Line6_9 reflects the positive direction of the fault. Other lines (Line3, Line4 et al.) are non-fault lines because their protection reflects the opposite direction of the fault.
[image: Figure 5]FIGURE 5 | High-frequency current waveforms for Line2_5 pole-to-pole fault (A) PZ I (B) PZ II (C) PZ III.
When a pole-to-ground fault happens on Line2_5, the fault identification results of the pole-to-ground fault are consistent with the pole-to-pole fault.
2) Fault Pole Selection Results.
Taking the Line2_5 fault as an example, the positive pole-to-ground fault is set to verify the effectiveness of the pole selection criterion in this paper. Figure 6 shows the result of fault pole selection. The amplitude waveforms of DC components of the positive and negative voltages are shown in Figure 6A. The waveform of DC component voltage amplitude ratio coefficient ku is shown in Figure 6B. In the case of a positive pole-to-ground fault, UHFN increases rapidly meanwhile UHFP and ku decreases rapidly to 0. The fault pole is judged to be positive by the fault pole selection criterion.
[image: Figure 6]FIGURE 6 | Waveforms for Line2_5 positive pole-to-ground fault (A) UHFP and UHFN (B) ku.
From above, it can be obviously concluded that the protection can identify the fault accurately in a short time.
Simulation Analysis of Branch Feeder Fault
Taking fault F3 as an example, when the fault happened on Line3, the high-frequency current waveform of each relay location in zone PZ I is shown in Figure 7. We can observe that the high-frequency current amplitudes in zone PZ I rise rapidly from zero to different positive values after the fault. Comparing the high-frequency current amplitudes at each relay location in zone PZ I, IHF3 is the largest. Therefore, only protection 3 in zone PZ I reflects the positive direction of the fault. Then the Line3 fault can be identified. The circuit breakers of protection 3 are quickly broken. Since protection 2 reflects the opposite direction of the fault, the right zones PZ II and PZ III are both non-fault zones. In this case, the proposed protection can also operate reliably.
[image: Figure 7]FIGURE 7 | High-frequency current waveforms for Line3 fault.
Influence of Transition Resistance on Protection Performance
The capability to withstand transition resistance of the amplitude-comparison protection is verified below. For different transition resistances, the fault identification results of Line2_5 are shown in Table 2. It can be observed that the amplitude-comparison protection has a strong capability to withstand the transition resistance. Even under the condition of large transition resistance of 10,000 mΩ, the positive direction of fault and the fault line can be accurately identified by comparing the amplitude of high-frequency currents in each zone.
TABLE 2 | Fault simulation results of Line2_5.
[image: Table 2]Influence of High-Frequency Current Characteristic Frequency Selection on Protection Performance
The characteristic frequency of high-frequency currents is selected as 1,000 Hz in this paper. The high-frequency current protection method is based on the superposition principle, which uses the characteristics that the high-frequency current is very low during normal operation and increases significantly after the fault. The simulation results of high-frequency current before and after the fault are shown in Table 3. The rationality of selecting the characteristic frequency of high-frequency currents as 1,000 Hz is explained as follows:
1) During normal operation, the main component of the DC line current is the DC component, and the high-frequency component is little. According to the average value of high-frequency currents within 1 ms before the fault in Table 3, the lower the characteristic frequency, the greater the pre-fault high-frequency current is. When the frequency is less than 600 Hz, the pre-fault high-frequency current will be greater than 0.228 A. When the frequency is 1,000 Hz and above, the pre-fault high-frequency current will be less than 0.14 A. According to the superposition principle, the fault high-frequency component is equivalent to the superposition of the pre-fault high-frequency component and the additional high-frequency component introduced by fault. When the frequency is low, it is inevitable to consider the pre-fault high-frequency component. Higher frequency selection is conducive to completely ignoring the pre-fault high-frequency component.
2) According to the average value of high-frequency currents within 1 ms after the fault in Table 3, the higher the characteristic frequency, the smaller the high-frequency current after the fault is. Therefore, the selected frequency cannot be too high. Otherwise, the high-frequency current amplitude is low when the fault happens, which is not conducive to fault detection. In addition, according to Shannon’s theorem, the sampling frequency should be more than twice the high-frequency frequency. The overhigh frequency selected requires a higher sampling frequency of the device.
TABLE 3 | Simulation results of high-frequency current before and after fault with different characteristic frequencies of high- frequency currents.
[image: Table 3]In this paper, the system is required to meet the following conditions: 1) The high-frequency current is almost zero during normal operation; 2) The high-frequency current with high amplitude will be produced after the fault, which is conducive to fault detection; 3) The engineering requirements of the sampling frequency are met. Therefore, the frequency selection of 1000 Hz is more reasonable.
Influence of Load Mutation on Protection Performance
The load mutation can be simulated by a sudden increase of the EV load. After 1.2 s, the EV load is suddenly increased by 150 kW. Figure 8 shows the high-frequency current amplitude at the relay location of each zone.
[image: Figure 8]FIGURE 8 | High-frequency current waveforms when the load changes suddenly (A) PZ I (B) PZ II (C) PZ III.
Although the load mutation will produce high-frequency current disturbances, the low-voltage startup criterion is added in this paper. The load mutation will not cause a significant drop in DC voltages and the protection will not be initiated. Therefore, the load mutation does not affect the performance of protection.
Influence of Data Synchronization Error on Protection Performance
The existing protection methods of DC micro-energy systems include conventional overcurrent protection, distance protection, and current differential protection. Among them, overcurrent protection has poor selectivity due to small differences in the characteristics of internal and external faults. Besides, the threshold of overcurrent protection is difficult to set and easily affected by the transition resistance. As for distance protection, it is difficult to measure impedances accurately in a short time, and the measurement error is large and vulnerable to transition resistance. Current differential protection has strict requirements for data synchronization, and a small time difference in synchronization of external faults will also produce a differential current with a high peak value, leading to maloperation of current differential protection. The high-frequency current protection proposed in this paper can address these issues above effectively. To demonstrate the validity of the proposed scheme, an experiment is built and tested.
The data at both ends of Line2_5 are set to be asynchronous. The time difference in synchronization is set to 1 ms. The differential current, braking current, and high-frequency current waveforms are simulated to compare the performance of current differential protection and high-frequency current protection in this paper.
1) Internal Fault Analysis:
Taking F1 pole-to-pole fault as an example, for Line2_5, F1 is an internal fault. Figure 9A shows the waveforms of the differential current and the braking current of this line without data synchronization. Figure 9B shows the comparison with data synchronization. When data are strictly synchronized, the differential current is much larger than the braking current in the case of an internal fault. However, the difference between the differential current and the braking current is very small when data are not synchronized. Therefore, unsynchronized data will reduce the sensitivity of current differential protection, which may cause protection rejection in the case of an internal fault.
[image: Figure 9]FIGURE 9 | Differential current and restraint current waveforms under an internal fault condition (A) Without data synchronization (B) With data synchronization.
When data are not synchronized, the high-frequency current waveforms in zone PZ I and PZ II in the case of the Line 2_5 internal fault are shown in Figure 10. We can observe that unsynchronized data only delay the fault direction identification time of zone PZ I but do not affect the correctness of the fault direction identification. In this paper, the high-frequency current protection can still accurately identify the internal fault.
2) External Fault Analysis:
[image: Figure 10]FIGURE 10 | High-frequency current amplitude waveforms under an internal fault without data synchronization (A) PZ I (B) PZ II.
Take the three-phase short-circuit fault of the AC system on the left as an example. For Line 2_5, it is an external fault. Figure 11A shows the waveforms of the differential current and the braking current of this line without data synchronization. Figure 11B shows the comparison with data synchronization. The differential current is strictly zero under an external fault condition when data are strictly synchronized. When data are out of synchronization, the differential current is greater than the braking current in a short time after the external fault. Therefore, unsynchronized data will easily cause false tripping of current differential protection devices in the case of an external fault, which greatly affects the performance of current differential protection.
[image: Figure 11]FIGURE 11 | Differential current and restraint current waveforms under an external fault (A) Without data synchronization (B) With data synchronization.
When data are not synchronized, the high-frequency current waveforms in zone PZ I and PZ II under the Line 2_5 external fault are shown in Figure 12. Unsynchronized data only delay the time of fault direction identification of zone PZ I but do not affect the correctness of fault direction identification. In this paper, high-frequency current protection can still accurately identify the internal fault. Since the protection in this paper adopts the directional pilot principle, it can ensure that protection devices will not malfunction when an external fault happens.
[image: Figure 12]FIGURE 12 | High-frequency current amplitude waveforms under an external fault without data synchronization (A) PZ I (B) PZ II.
Therefore, current differential protection has very strict requirements for data synchronization. It is prone to false tripping under an external fault condition and rejection under an internal fault condition. In this paper, high-frequency current protection adopts the principle of partition comparison and directional pilot connection, which has significant advantages in reducing the requirement for data synchronization and improving selectivity of protection.
CONCLUSION
DC micro-energy systems provide an efficient way to integrate fast-growing renewable energy sources, energy storage systems, and electronic loads. However, existing protection schemes are difficult to realize fast and accurate fault detection and isolation for DC micro-energy systems. This paper proposed an amplitude-comparison DC feeder protection scheme using high-frequency current, aiming at the problems of protection for DC micro-energy systems in selectivity, speed, and threshold setting. The fault direction can be identified by comparing the amplitudes of high-frequency currents at the relay location in each zone. The fault line can be identified by using the fault direction or the directional pilot criterion. Moreover, the fault pole can be identified using the voltage amplitude ratio coefficient of DC components. The characteristics of the proposed protection method are outlined as follows:
1) The fault identification criterion uses the principle of high-frequency current amplitude comparison without threshold setting. It solves the problem that threshold setting of the existing protection methods needs to consider the high-impedance fault at the end of the line and the low-impedance fault at the first end of the down line.
2) The protection method has absolute selectivity and can accomplish rapid protection of the whole line without a dead zone, which solves the problems of small differences between internal and external faults and poor protection selectivity.
3) The protection can identify the fault of branch feeders and main feeders and has a strong capability to withstand the transition resistance.
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