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With the progress of communication technology, the cost of optical fiber and 5G continues to decrease, and data transmission becomes more convenient and fast, making it possible to realize differential protection of distribution network by various intelligent algorithms using signal waveforms. Aiming at the problem that the traditional relay protection device can not meet the actual demand when the single-phase ground fault occurs in the distribution network with distributed generation, this paper proposes a new differential protection scheme. The characteristic mode decomposition improved by the whale optimization algorithm is used to decompose the zero-sequence current waveform collected at both ends of the line. Based on the basic principle of current differential protection, the derivative dynamic time warping of the component with the largest fault feature can effectively solve the problem that the grounding current of the distribution network cannot meet the working requirements of the differential protection device, and ensure the safe and stable operation of the system. Finally, based on MATLAB software, the performance of this method is comprehensively evaluated by simulating different fault conditions, so as to ensure the feasibility and accuracy of this method in the case of diversified faults when the distributed generation is used as part of the power supply.
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1 INTRODUCTION
With the access of distributed generation (DG), the power supply reliability and flexibility of the system are also improved, but the access of distributed generation in the distribution network will also affect the traditional relay protection, such as three-stage current protection. The fault detection of distribution network with distributed generation is currently facing: 1) Accurately locate the fault line; 2) Quickly remove the fault line; 3) Ensure that the fault is no longer overstepped to a higher level line; 4) Shorten the outage time and outage area (Zhixia et al., 2014).
Initially, the research on single-phase grounding fault of distribution network can be roughly divided into three categories: signal injection methods, steady-state based methods, and transient-based methods. Signal injection methods involve the use of supplementary signal equipment, additional operations, or physical detection methods to identify faults (Wang et al., 2019), but this approach may introduce potential risks for power companies. Steady-state based methods have also been proposed for fault identification (Zhang et al., 2014). Nevertheless, these methods face challenges in terms of accuracy, it will be affected by many factors, including fault resistance (Lin et al., 2012), distance between fault point and measurement point (Liang et al., 2016), power system operation status (Ray and Mishra, 2016)and so on. Transient-based algorithms offer the advantage of fast fault identification. They allow for rapid fault detection, which is crucial in maintaining the stability and reliability of power systems (Linli et al., 2012). Although great progress has been made in the field of single-phase ground fault identification, there are still challenges to be solved for the distribution network with DG access. A Differential protection has good quickness and selectivity. It can quickly locate and isolate the fault point, narrow the power outage range, and apply it to the distribution network, which can effectively solve the above problems and improve the power supply reliability of the distribution network, so the application of differential protection in distribution network is more and more (Li and Lu, 2020). In Ref (Gao et al., 2021; Zhang et al., 2020), the differential protection criteria for distribution networks, which are based on the amplitude ratio of currents on both sides. However, it is important to note that the effectiveness of these proposed schemes may be compromised if the fault points are located in close proximity to the downstream DG. Ref (Ustun and Khan, 2015) proposes a differential protection scheme that only takes the amplitude of the current on both sides of the line as the criterion, but it is easy to misjudge in the system connected to the arc suppression coil by using only the amplitude protection. Ref (Gao et al., 2017) introduced a current differential protection scheme for active distribution network. The scheme combines the positive sequence fault component and the new implementation technology, which solves the problem of high penetration of distributed generators in the distribution network to a certain extent. However, this method is not sensitive to the response of single-phase ground fault in some cases. Ref (Chao et al., 2021; Chen et al., 2020) proposed a differential protection of distribution network based on impedance information. This method identifies faults by measuring voltage and current, and has strong robustness. Unfortunately, the coverage of voltage transformers in medium and low voltage distribution networks is not complete, which limits the application of the above methods that need to measure voltage. In Ref (Zhao et al., 2017) an ADN protection method based on the direction of the regional current is proposed. This method cannot accurately identify the fault location due to the output characteristics of the liquid cooler.
Based on the above analysis, this paper proposes a differential protection scheme for a distribution network considering DG. It analyzes the fault waveform by combining FMD and DDTW. Finally, the feasibility of the method is verified using simulation fault data. The main contributions of this paper are as follows:
1. To mitigate the impact of harmonic components on fault characteristic components during system faults, this paper introduces FMD for fault waveform decomposition. Given that FMD parameters require manual input and may entail errors, this study employs WOA to improve FMD for the first time and determine optimal parameters.
2. Under the premise of introducing FMD, DDTW is introduced, and the combination of FMD and DDTW is applied to the differential protection of distribution network for the first time to further enlarge the difference of fault characteristic components. Based on this, a differential protection scheme for distribution network is formed, which can effectively improve the reliability of power supply.
3. The applicability and reliability of the proposed algorithm are verified by comparing different fault conditions considering the access of distributed generation and the exit of operation for some reason.
2 PRINCIPLE ANALYSIS
2.1 Analysis of single-phase grounding fault in distribution network with distributed generation
Chinese distribution network is mostly a small current grounding system, the probability of single-phase ground fault is as high as 80% (Wang et al., 2018), for the system with large capacity of distributed power access, the traditional protection measures can not meet the needs of fast removal of fault lines. Differential protection is a common protection method, its basic principle is to compare the current waveforms of the equipment at both ends by measuring the current waveforms of the equipment at both ends. When the system is normal or an external fault occurs, the current waveforms at both ends are opposite; when a fault occurs in this section of the line, the phase of the fault current waveform at both ends is almost the same. After a single-phase grounding fault occurs in a small current grounding system, the transient characteristic quantity in the system is relatively rich, and the amplitude is several times larger than the steady-state current. The differential protection scheme composed of it can remove the fault line faster and more sensitively.
In this paper, the zero-sequence current at both ends of the line when a single-phase grounding fault occurs in the system is taken as the research object. The model of the distributed power system with neutral point grounded by arc suppression coil is adopted. The zero-sequence equivalent network is shown in Figure 1 when the internal fault occurs in the mn section of the line.
[image: Figure 1]FIGURE 1 | System zero-sequence equivalent network.
The small current grounding system shown in Figure 1 has four outlets. It is assumed that the line L1 has a single-phase grounding fault on the mn-segment line, k1 ∼ k4 is the location of the fault, Lp is the equivalent inductance of the arc suppression coil, iL is the inductive current flowing through the arc suppression coil, U0f is the zero-sequence voltage source, C11 and C12 are the capacitors at both ends of the mn-segment line on the line L1, and DG is a large-capacity distributed generation.
Distributed generation is connected to the power distribution network at n point. When a single-phase grounding fault occurs in the distribution network, the connection of DG enhances the zero-sequence current (I0f) that occurs during the fault (Coster et al., 2010). The mn section line is regarded as a double-ended power supply line. After the single-phase ground fault occurs, the current measured at the outlet of each line is:
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[image: image] is the grounding current of the fault line, and [image: image] (i corresponds to the fault line L2 ∼ L4 respectively) is the zero sequence current measured at the outlet side of the non-fault line. According to Figure 1 and Formula (2), the zero-sequence current flowing through the non-fault line is equal to its own capacitive current to the ground, and its direction flows from the bus to the line side; the zero sequence current flowing through the fault line is equal to the sum of the capacitance current to the ground of all non-fault devices in the system and the phasor sum of the inductance current generated by the arc suppression coil, and its direction is also from the bus side to the line side.
When a single-phase ground fault occurs in line L1, one end of each line in the system near the fault point will flow through the capacitive current generated by itself. These currents enter the fault line through the grounding point, and the zero-sequence currents on both sides of mn are in the same phase when the fault occurs in the mn section of the line, and in the opposite phase when the fault occurs outside the area. The zero-sequence current amplitude on the m side is related to the power supply size of the system, and the zero-sequence current amplitude on the n side is related to the size of the DG (Hussain et al., 2010). When a single-phase grounding fault occurs in the L2 ∼ L4 section of the transmission line, it is an out-of-area fault relative to the mn section of the line. The phase of the zero-sequence current on both sides of the mn is opposite, the m side flows to the line, and the n side flows to the bus.
2.2 Feature mode decomposition
Feature Mode Decomposition (FMD) is designed as a non-recursive decomposition method (Miao et al., 2023). By initializing the FIR filter bank and updating the filter coefficients, different modes can be adaptively selected at the same time. The filtering process is inspired by the deconvolution theory, and the adaptive FIR filter is designed by iteratively updating the filter coefficient, so that the filtered signal infinitely approximates the deconvolution objective function. The filter is updated using CK as the objective function in FMD, and by comparing the correlation coefficient (CC) of each two modes, the smaller modes of CK are discarded from the two modes with the largest CC, and finally the decomposition is terminated when the termination condition is met. Using maximum CK deconvolution (IMCKD), the optimal FIR filter coefficient can be obtained without taking the failure period as a prior knowledge. IMCKD analog signals are used for processing to test the filtering performance of FIR filters with different initialization methods.
By labeling the original signal of length N as x(N), FMD theory becomes a solution to a constraint problem, expressed as:
[image: image]
where uk(n) is the kth decomposition mode. fk is the kth FIR filter with a length of L, where Ts is the input period measured using the number of samples. M is the order of the shift. For the constraint problem in Equation 2, eigenmode decomposition is an iterative eigenvalue decomposition algorithm, and the decomposition method can be represented in matrix form.
[image: image]
[image: image]
[image: image]
[image: image]
The CK of the decomposition mode can be defined as:
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Superscript T is a conjugate transpose operation. WM is used as an intermediate variable to control the weighted correlation matrix.
Substituting Equation 4 into Equation 8 yields:
[image: image]
Among them, Rxwx and RXX are weighted correlation matrices and correlation matrices, respectively. Mathematically, (7) the maximization of the filter coefficients is equivalent to the eigenvectors associated with the maximum eigenvalue λ of the following generalized eigenvalue problem:
[image: image]
Therefore, during the iteration, the kth filter coefficient will be updated by the solution of (8) so that it constantly approximates the set target, which is CK’s maximum filtered signal.
The final mode will contain specific components from the original signal. FMD selects only the mode with the largest CK value. Therefore, if the FMD updates all initialized filters from start to finish, many patterns may contain the same components. To eliminate modal mixing or redundant modes, lock the mode with the largest CC first, because a higher CC means that both modes contain more of the same component. At the same time, in order to retain the mode with more fault information, among the two modes with the largest CC, the mode with smaller CK is abandoned, and the CC of the two modes of up and uq is defined as:
[image: image]
where and are the averages of the mode UP and UQ, respectively.
FMD uses filter update and period estimation, and adopts adaptive FIR filter to make component separation more thorough. Even in the face of complex faults, FMD can accurately decompose fault information. The theoretical waveform shown in Figure 2A is mainly composed of three frequency waveforms and white noise. When the modulus is set to 4, both VMD and FMD can extract the modes at each frequency. Figure 2B is the spectral information of the three effective components after the decomposition of the two methods.
[image: Figure 2]FIGURE 2 | Experimental waveforms and comparison of two decomposition methods. (A) Experimental signals. (B) Comparison of the effects of the two decomposition methods.
In the spectrum of Figure (b), although the active ingredients can be extracted by the two decomposition methods, it is clear that the modal components of FMD are more concentrated and the filtering effect is better, compared with VMD, FMD filters are not limited by filter shape and bandwidth, have stronger adaptive ability, and can extract richer fault information. However, the proposed FMD still needs further improvement, and the input parameters such as modulus n and segment number K have a significant impact on the performance and efficiency of FMD.
2.3 Whale optimization algorithm
From the above FMD decomposition steps, it can be seen that signal decomposition needs to determine the appropriate modulus n, the number k of modal functions, and the filter length L. n affects the distribution of active components of each mode after decomposition; k is used to determine the number of segments used to split the frequency band, which needs to meet k ≥ n, but a large value of k will cause computational redundancy; When the filter length L fluctuates within a suitable range, the choice of filter length has little effect on the filter performance. FMD itself is adaptive, can rely on the observation of the degree of separation of each mode to determine various parameters, but direct observation has a large error, so this paper uses the whale optimization algorithm (WOA) to sample entropy as the objective function to optimize the input parameters of FMD, its basic principle mainly includes three processes of rounding up prey, bubble net attack and searching for prey [26], briefly summarized as follows:
(a) Rounding up prey: determine the optimal hunting individual, and the rest of the hunting individuals update the position to the optimal individual, the formula is embodied as:
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Where [image: image] is the position of each individual hunter, [image: image] is the position of the determined optimal individual hunter, D represents the encirclement step, t is the number of iterations, and A and C are the coefficient vectors.
(b) Bubble net attack: Humpback whales have specific aggressive behavior when surrounding their prey, which is completed by forming unique bubbles along the spiral path, and the position of the individual is updated to:
[image: image]
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where is the distance between the current hunting individual and the optimal hunting individual, b is the spiral parameter of the path, and l takes a random value on [−1, 1].
(c) Search for prey: In the search stage, there is no optimal hunting individual in the whale, in order to ensure random distribution within the search range and ensure population diversity, appropriate adjustments need to be made:
[image: image]
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where is the position of a random whale individual in the current population.
2.4 Derivative dynamic time warping
As shown in Figure 1, the zero-sequence current flow direction at both ends of the single-phase grounding fault in the mn section is different from that of the normal situation and the fault outside the mn section. Therefore, this paper intends to introduce a distance function, which can directly reflect the waveform difference between the two ends of the line, that is, the two sides of the mn.
Derivative dynamic time warping (DDTW) is a method used to compare and measure the similarity between two sequences. When calculating the distance between time series, DDTW introduces the derivative information of time series to better capture the trend and change of time series. It can adaptively deal with the different scales of time series and improve the accuracy of similarity measurement, which is more suitable for studying the problems in this paper.
Taking the above Figure 1 system as an example, it is assumed that the time series of the current on both sides are i1 (m side) and i2 (n side), respectively. First, the two sequences need to be standardized:
[image: image]
In the formula: [image: image] and [image: image] are the mean and variance respectively, [image: image] is the jth element in [image: image] and [image: image] is the jth element in [image: image]. The two normalized sequences are derived respectively:
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In the formula, [image: image] and [image: image] are the derivative sequences of A and B respectively, la and lb are the length of A and B respectively, [image: image] is the ith element in A and [image: image] is the jth element in B. Using the dynamic programming algorithm to calculate the cumulative distance matrix between the derivative sequences, we get:
[image: image]
Here, [image: image] represents the minimum distance from the starting point (1, 1) to the position (i, j), and dist (i, j) is the distance function of the derivative sequence, which can be expressed by Euclidean distance. By backtracking the minimum distance matrix, the best matching path P between the derivative sequences is found. The starting point of the path is (1, 1), and the end point is (la, lb), where la and lb are the lengths of sequence A and B, respectively. According to the optimal path P, the DDTW distance DDTWdist between two time series A and B can be calculated:
[image: image]
Combined with the preceding analysis, it becomes evident that under perfect conditions, for faults outside the line area, if the current amplitude ratio on both sides is 1 and the phase difference is 180°, the DDTWdist value is 90. On the other hand, for internal faults, if the current amplitude ratio of both sides is 1 and the phase difference is 0°, the DDTWdist value is 0. When the phase fluctuation of signals on both sides of internal and external faults ranges within 20° and the amplitude ratio is within 1.2, the value range of DDTWdist for external faults can be determined using formula (23) as (76.54, 90), whereas the value range for internal faults is (0, 36.35). It is essential to provide a certain margin for the scheme’s reliability. Therefore, the protection action boundary has been set to Dset = 40, and the protection braking value Dres = 60 to ensure timely and accurate triggering of the protection measures during actual operation and guarantee safe power system operation.
2.5 Protection process
Based on all above analysis, this paper proposes a new scheme of distribution network differential protection based on WOA-FMD analysis. Specifically, when a ground fault occurs in the system, it will lead to an increase in zero-sequence voltage. Consequently, by comparing the measured zero-sequence voltage with the standard zero-sequence voltage, it becomes feasible to ascertain the presence of a ground fault.
Using two common grounding faults as illustrations, in the event of single-phase grounding, the neutral sequence voltage escalates to the amplitude of the phase voltage. In cases of two-phase short-circuit grounding, the neutral sequence voltage rises to 0.5 times the amplitude of the phase voltage. Ordinarily, the neutral sequence voltage should ideally be maintained at zero during normal system operation; however, fluctuations in neutral sequence voltage triggered by other factors remain a possibility (Tang et al., 2021). In accordance with the specifications outlined in DL/T 620-1997“Overvoltage Protection and Insulation Coordination of AC Electrical Equipment, " (Guo et al., 2022) the automatic tracking compensation arc suppression device must ensure that under normal operating conditions, the long-term voltage displacement of the neutral point does not surpass15% of the nominal phase voltage of the system. Therefore, when establishing the start-up value, it is imperative to account for these fluctuations, leading to the setting of the start-up value at 0.3 times the amplitude of the phase voltage, equivalent to Uon = 0.21Un.
FMD can extract the fault feature components in waveform well. Considering the large error of parameter setting by human, WOA is used for parameter optimization for the first time in this paper, and DDTW is further used to establish a specific protection scheme. Through verification, it has been observed that significant parameter changes in the system have an impact on the optimal parameters of FMD, subsequently affecting the decomposition effect. Consequently, it becomes necessary for the WOA to update the FMD parameters when there are changes in the equipment’s state within the system. This ensures the normal operation of the proposed scheme.
The specific steps of the protection scheme in this paper are as follows:
(1) According to the neutral voltage value to determine whether the system failure, if yes, start the whole algorithm;
(2) Once the algorithm is initiated, the optimized parameters obtained from the WOA are inputted into the FMD process. However, in cases where significant disturbances occur within the system, such as the switching of high-power equipment, it becomes necessary to restart the optimization algorithm. This ensures that the parameters L and k, crucial for accurate decomposition, are updated to reflect the current state of the system.
(3) The collected zero sequence current is decomposed by FMD to obtain each mode component.
(4) Calculate the DDTW value based on the maximum component of fault characteristics decomposed.
(5) According to the value of DDTW, determine whether this specific section of the power line under investigation is faulty, and act according to the judgment result.
The primary steps of the proposed protection scheme are depicted in Figure 3.
[image: Figure 3]FIGURE 3 | The flow chart of the new scheme.
The distribution network system with DG will change the distribution of fault current under fault condition, and due to the compensation effect of arc suppression coil, the characteristics of system fault current are not obvious after single-phase grounding short-circuit fault occurs. The action value and braking value of traditional differential protection are not much different, and it is easy to produce no action. Therefore, the criterion proposed in this paper is based on the use of transient zero-sequence current, the improved FMD decomposes the fault signal, and finally uses DDTW to simplify the judgment. Compared with the traditional protection, it has better reliability and higher sensitivity.
3 SIMULATION VERIFICATION
3.1 Fault waveform simulation
The experiment uses Simulink in Matlab to build a distributed power distribution network system model as shown in Figure 1, the line model adopts the Distributed Parameters Line model, a total of 4 outlets, line L1 is set as overhead line, line L2, L3 is the cable line, feeder L4 is the cable mixed line, the line length is different, where L1 = 30 km, L2 = 15 km, L3 = 20 km, L4 = 40 km. The line parameters are listed in Table 1. The transition resistance is set to 0, that is, the metal short circuit, the initial phase angle of the fault is 0°, the capacity of the distributed power supply is 1.5 MW, the arc suppression coil is set to 10% overcompensation, and the inductance value is 1.05 H.
TABLE 1 | Line parameters.
[image: Table 1]In order to fully study the influence of fault points in different locations on the criterion, this paper sets four single-phase ground faults at k1∼k4 on line L1 for verification (k1, k2 and k3 are faults in the area, and k4 is the fault outside the area); The impact of a two-ended power supply was prioritized and the simulation was validated with a single-ended power supply.
The zero-sequence current waveforms on both sides of the MN at different points of fault are shown in Figure 3:
As shown in Figure 4, the three figures (a)(b)(c) are the waveforms of the zero-sequence current on both sides of the mn when the fault occurs in the mn segment line, and the waveform phase is approximately the same, and (d) shows the waveform of the zero-sequence current on both sides of the mn when the fault occurs on the outside of the mn segment line, and the waveform phase is opposite.
[image: Figure 4]FIGURE 4 | Zero-sequence current waveforms on both sides of the sin-gle-phase ground fault MN at different locations: (A) A fault occurs at k1 (B) A fault occurs at k2 (C) A fault occurs at k3 (D) A fault occurs at k4.
3.2 Determine the setting value of the protection scheme
Firstly, the WOA algorithm is used to optimize the parameters of the theoretical signal constructed in section 1. 2, so as to optimize the noise reduction effect. The optimization process of the filter length L and the number of modal decomposition is shown as follows:
It can be seen from Figure 5 that when the number of modal decomposition reaches 4, it tends to be stable. If the selected value is too high, it may cause over-decomposition. Therefore, the optimal decomposition number k = 4 is selected, and the corresponding filter length L = 50 is selected. The two optimal parameters are input to perform FMD decomposition on the experimental signal. The effect is as follows:
[image: Figure 5]FIGURE 5 | Filter length and modal decomposition number optimization curves.
The imaginary line in Figure 6 is the original harmonic signal of the experimental signal. The IMF1, IMF2 and IMF3 components are basically coincident with the experimental signal, and the decomposition effect is good. IMF4 contains the noise part.
[image: Figure 6]FIGURE 6 | WOA-FMD processing results of experimental signals.
The zero-sequence current on both sides of mn obtained by simulation is used as input for FMD decomposition. The waveform of the current components at both ends of mn after processing is shown in the figure:
Figure 7 is the IMF1 component of the zero-sequence current at both ends of the mn obtained by WOA-FMD decomposition. The original fault signal, VMD processing results on both sides of mn and FMD processing results are used to calculate the DDTW distance, and combined with other possible fault conditions, the value of DDTWdist when two-phase ground short circuit is considered. The results are shown in Table 2.
[image: Figure 7]FIGURE 7 | Zero-sequence current IMF1 component on both sides of mn.
TABLE 2 | The DDTW values of the m-side and n-side of the distribution system with DG.
[image: Table 2]Based on the DDTWdist calculation values depicted in Table 2, it is evident that FMD excels in extracting fault characteristics and proficiently discerning fault scenarios that elude detection in the original fault signal. The experimental findings highlight the superior performance of the improved FMD compared to VMD, operating effectively within the designated braking and action thresholds. Furthermore, the improved FMD can also precisely identify two-phase ground faults, where DDTWdist < Dset in instances of internal faults, and DDTWdist > Dres in cases of external faults, demonstrating notable efficiency and accuracy.
3.3 The influence of transition resistance and fault starting angle on the protection scheme
The proposed protection scheme is verified by selecting a location to simulate a single-phase non-metallic short-circuit fault in the internal and external faults respectively: the midpoint of the mn line is selected in the zone, and the outlet side of the n point is selected outside the zone. The DDTWdist calculated by different transition resistance Rg (0–100Ω) and different fault initial angles when a short-circuit fault occurs is shown in Table 3. For the convenience of observation, the change trend of DDTWdist with Rg is made into the curve shown in the following Figure 8.
TABLE 3 | Comparison of DDTW distances under different fault conditions.
[image: Table 3][image: Figure 8]FIGURE 8 | The trend of change in DDTWdist. (A) internal faults. (B) external faults.
Each curve of the internal fault in Figure 8A varies greatly. Although the overall trend is on the rise, it does not exceed the action value, that is, the protection scheme has a certain resistance to transition resistance. The variation of each curve of the external fault is not large, and it is almost not affected by the transition resistance. When there is a fault in Figure 8B, there are differences between different curves but they can all act correctly. There is almost no difference between different curves when the fault occurs outside the fault zone, that is, the protection scheme is not affected by the fault starting angle.
Based on the above analysis, the protection scheme has a certain ability to withstand transition resistance, and is less affected by the fault starting angle. At the same time, because the value of the DDTWdist of the external fault is almost unchanged, the action value and the braking value can be adjusted appropriately according to the demand to ensure that the protection device can operate reliably.
3.4 The impact on the scheme when DG is out of operation
The above scheme is based on the single-phase ground short-circuit fault of the system during the normal operation of DG. Considering the situation when the distributed generation exits, the effectiveness of the scheme in the case of a single power supply system is guaranteed, and the proposed action value and braking value are verified by disconnecting the DG in the system. Taking the four positions of k1 ∼ k4 as the fault point, the WOA-FMD decomposition of the zero sequence current components on both sides of the mn can obtain the result of Figure 9:
[image: Figure 9]FIGURE 9 | IMF1 components on both sides of mn when DG is out of operation.
It can be seen from Figure 9 that the amplitude of the fault current in the distribution network system when DG exits is very small, and it is difficult to judge the phase relationship. The proximity of the traditional differential protection’s braking and action values poses a risk of failure. This scheme proposed in this paper introduces a scheme that enhances the conventional standard by addressing its limitations. Through the calculation of DDTWdist for the IMF1 component derived from the WOA-FMD decomposition, Table 4 data can be obtained:
TABLE 4 | The DDTW values of m-side and n-side when DG is out of operation.
[image: Table 4]The data presented in Table 4 indicates that the DDTW distance calculation results of IMF1 components for two distinct fault types at both ends of mn are lower than the untreated values in the case of an internal fault, whereas they exceed the untreated values for an external fault. The substantial difference between these values is evident, and the action conditions are met during an internal fault scenario. The significant deviation from the action value Dset enhances the effectiveness of protection actions. In a unilateral power supply system, the small amplitude of zero-sequence current on the non-powered side (n-side) may impact the protection mechanism. Consequently, verification is conducted using 24-point data samples from a single power supply at different time instances, ensuring a maximum error within ±2. This verification proves that the protection scheme is still unaffected, that is, this scheme is effective when DG exits operation.
4 CONCLUSION
In this paper, a differential protection algorithm based on WOA-FMD processing system zero-sequence current is proposed, which further amplifies the fault characteristics at both ends of the line through the proposed derivative dynamic time warping, and uses the obtained DDTW value to discriminate.
The scheme has a wide application range. In the distribution network with DG, the mn section line with this protection can be approximately equivalent to a two-terminal power supply network. Through simulation verification, this algorithm is also applicable to the distribution lines of ring network and double petal network, and the results are similar to those of DG system. In addition, the FMD and DDTW algorithms used in this paper reduce the dependence on synchronous sampling, have high reliability and strong anti-interference ability, and have significant advantages for the comparison of fault signals with large differences at both ends of the line. It can effectively improve the power supply reliability of the distribution network and solve the problem of protection misoperation caused by differential protection applied to the distribution network due to amplitude and other reasons. It has certain application prospects. However, the action value and braking value of the protection are obtained according to the simulation model. In order to ensure the accuracy of fault location, the specific setting value needs to be adjusted and optimized according to the actual distribution network parameters.
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