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To address the self-healing challenges caused by increasingly complex distribution network topologies after faults, this study proposes an integrated area division scheme for distribution networks. The proposed scheme combines fault section location, correlation analysis, and network correlation matrix analysis. It pre-divides network topology areas through correlation identification, utilizing node connectivity structures derived from node-branch correlation matrices. The method enables rapid identification of control target areas through fault section location. This facilitates system self-healing via flexible load control post-fault. The regional division scheme effectively enhances distribution network self-healing efficiency and improves post-fault load recovery levels.
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1 INTRODUCTION
The proportion of renewable energy is increasing, and the demand for safe and reliable power supply continues to increase. The microgrid facilitates the flexible consumption of renewable energy and directly serves power users. Its performance improvement is particularly important in the construction of the power load side of the new power system (Weinand et al., 2022; Liu et al., 2022; Cheng et al., 2024a). In addition, the sixth assessment report of the United Nations Special Committee on Climate Change pointed out that the frequency of extreme natural disaster events in the world is increasing (Huber et al., 2024). Because the proportion of power outages caused by extreme natural disaster events among all power outages is increasing, the losses caused by extreme natural disaster events are becoming more and more serious, and the ability of microgrid fault handling and self-healing recovery needs to be improved urgently (Wei et al., 2023; Gazijahani et al., 2021; Jarrahi et al., 2020).
The term “self-healing” is usually used in the power grid to refer to the ability of automatic detection, operation analysis, coordinated control, system optimization, and fault isolation. Power system topology identification and fault location, as key technologies to improve system resilience and autonomy, provide decision-making basis for self-healing control and are the basis for rapid fault recovery. At present, scholars have conducted extensive research on the above topology identification.
The existing power system topology identification schemes are divided into real-time measurement information method (i.e., power flow method) and historical topology information method (i.e., matrix method) (Xu et al., 2024). The electrical quantity power flow method relies on the power flow constraints. The electrical quantity is used to construct the network structure constraint equation, and the iterative algorithm is used to traverse the structure combination to realize the identification of the power system structure. The calculation is complex, and the dependence on the sampling data is high. Based on the initial results calculated using the linear power flow model, Wang et al. (2024a) introduced a two-stage topology parameter identification scheme to obtain topology identification and network parameter estimation results. In order to solve the problem that the lack of network information leads to poor node identification in the case of dynamic network, Babakmehr et al. (2016) built a power flow mapping framework and introduced sparse-TI technique. Fan et al. (2023) constructed the network model of the new power system by introducing the network power flow information, and the key degree of the power grid nodes is identified, which improves the level of node identification in the case of complex networks. In contrast, the topology identification method based on the structural matrix can extract the complex electrical connection structure, and then form the connection 0/1 element matrix and use the logical operation to realize the following presentation of the topology change. However, the existing scheme fails to incorporate electrical quantities, to realize the utilization of multi-source features, and to extract the operation information (Shen Y. et al., 2020; Zhang et al., 2024; Wang Y. et al., 2024).
For the fault location technology of microgrid, Pappu et al. (2018), KAR et al. (2017), Bukhari et al. (2022), and Tariq et al. (2022) proposed a fault location scheme based on network data processing for the problem of inaccurate fault location caused by the complex and changeable topology of microgrid, which improved the accuracy of fault location. Considering the difficulty of microgrid fault location under the access of new energy sources such as photovoltaics (PVs) and wind turbines, Roy et al. (2023) Wang et al. (2024c), and Wu et al. (2022) proposed a targeted fault location scheme, such as improved empirical wavelet transform and long short-term memory (LSTM) model. Based on the background of power grid big data, Pignati et al. (2017), Casagrande et al. (2014), Almasoudi (2023), and Srivastava and Parida (2022) proposed a microgrid fault location scheme based on machine learning or the fusion algorithm. Regarding fault detection and recovery technologies in distribution networks, Satea et al. (2024) proposed a high-resistance fault detection scheme based on the third harmonic and wavelet algorithms. Elgamasy et al. (2024) proposed a fault partitioning and accurate fault section location scheme based on passive traveling waves. However, the abovementioned fault identification and location scheme only uses the steady-state electrical quantity of the fault and is based on the amplitude characteristics of the global electrical quantity. Its application in microgrids with power flow fluctuations and complex structural connections always has sensitivity and effectiveness problems.
With the rapid development of communication technology and the increasing complexity of the power grid, the smart grid integrates communication technology and power engineering technology to enhance the security and reliability of the complex interactive power system. Shen F. et al. (2020) introduced the self-healing method of the distribution network and proposed that the self-healing of the distribution network is actually an optimization process of network reconfiguration. In the study, we pointed out that the self-healing of the distribution network should meet the requirements of self-healing efficiency, recovery time, and network loss. Based on 5G communication technology, a self-healing scheme of the distribution network considering mixed integer linear programming (MILP) was proposed by Lu et al. (2024), which optimizes the operation of the distribution network by linearizing the switching function. Mousavizadeh et al. (2021) coordinated the power generation resources of microgrid and used the power generation redundancy of microgrid to solve the problem of energy coordination after distribution network failure. In order to improve the operation stability of the power system, many research workers, both domestically and internationally, have explored power system interaction modes and flexible resource aggregation technologies. Lv et al. (2023) proposed a decentralized energy regulation scheme to deal with the risk of distribution network operation and used the ADMN algorithm to accelerate the iterative optimization process. Cheng et al. (2024b) proposed an evolutionary game theory based on the deep Q-learning network (DQN), which aims to improve the stability of dynamic strategies by using deep learning algorithms. The abovementioned scheme focuses on algorithm improvement or enhancing the distribution network’s fault self-healing capability through microgrid integration.
In order to improve the recovery ability of the power system, in this paper, we propose a distribution network topology division and fault section location scheme, which combines flexible load resources to serve microgrid fault recovery and self-healing. (1) Structure identification module: based on the correlation discrimination and the node–branch correlation matrix, the micro-grid network area division is realized by using logical operation; (2) fault location module: based on the microgrid network area division, the fault section location is realized by using the edge voltage difference in the region; and (3) based on the results of network area division, the flexible load resources in the relevant areas are regulated, the power distribution of the distribution network after the fault is optimized, and the self-healing of the distribution network is realized. Finally, the feasibility and effectiveness of the proposed method are verified using the IEEE33 node simulation model.
2 SELF-HEALING SCHEME FOR DISTRIBUTION NETWORK FAULT RECOVERY
In this section, we construct a structure identification module and a fault location module to achieve distribution network segmentation for fault recovery. The overall process is shown in Figure 1.
[image: Flowchart illustrating a process for fault detection and regulation in an electrical system. It starts with writing the correlation and state matrices, followed by calculating the connectivity matrix and dividing the network topology. If a fault occurs, the fault section location is determined and the correlation matrix is corrected. The process ends with flexible load regulation optimization. The chart includes categories: partition and layering, fault location, and regulation.]FIGURE 1 | Overall flowchart.The process shown in Figure 1 can be divided into three parts:
	a) The first part is the preliminary division of the distribution network area based on the correlation calculation. This part obtains the preliminary regional division result of the distribution network through the correlation analysis of the electrical quantity of the power flow calculation result of the distribution network. According to the existing historical location data of electrical components, the node–branch correlation matrix, the branch switch state matrix, and the distributed power–node correlation matrix are listed. Then, the regional division of network topology is carried out. Each node in the correlation matrix is either a power supply or a transformer, and each branch represents a power transmission line.
	b) The second part is the fault section location link. In this link, the system detects the change in electrical quantity in each region in real time. According to the change in the instantaneous voltage difference at the edge of the region, the starting criterion of the fault section location is realized, and the voltage difference is calculated based on the instantaneous edge to realize the fault section identification.
	c) The third part is the flexible load resource control link, which is based on the fault section discrimination results to obtain the regional nodes related to the fault section. By regulating the corresponding reduced load and transferable load of the relevant regional nodes, the self-healing control process after the distribution network fault is completed.

3 ELECTRICAL NETWORK AREA DIVISION
During the power grid division stage, the correlation of the network power flow calculation is considered, and the node and branch connection matrix is used to achieve regional division. The flowchart of the distribution network connectivity area division is shown in Figure 2.
[image: Flowchart illustrating an algorithm for calculating real-time node-branch connectivity relationships in a power grid. It starts with Pearson correlation calculation and preliminary region division, proceeds to matrix creation for node and branch incidence, and iteratively calculates connectivity matrices. The process includes edge current and voltage criteria checks, identification of fault sections, and considers self-healing optimization. The final steps involve judging node connections using matrix evaluations.]FIGURE 2 | Connected area division flowchart.3.1 Node correlation calculation
First, to calculate the power flow correlation degree between network nodes and avoid the low correlation degree of the divided area, the Pearson correlation formula is introduced in Equation 1 to preliminarily divide the network topology.
ρ=∑i=1nXi−X¯Yi−Y¯∑i=1nXi−X¯2∑i=1nYi−Y¯2.(1)
In the formula, ρ represents the correlation coefficient between datasets. The larger the correlation coefficient is, the closer the data relationship is. n is the number of datasets, Xi and Yi are the ith data of two different datasets, and X¯ and Y¯ are the average of X and Y datasets, respectively.
To ensure the correctness of the correlation calculation results, before performing the correlation calculation, the DistFlow model is used to make the energy of the distribution network node, meeting the following equilibrium conditions as depicted in Equations 2, 3:
Ptin=−∑g∈ΩjPgt−∑w∈ΩjPwt−Pij,t−Iij,t2Rij+∑k∈δjPjk,t+∑d∈ΩjPdtLD−∑d∈ΩjPdtshed,(2)
Qtin=−Qij,t−Iij,t2Xij+∑k∈δjQjk,t+∑d∈ΩjQdtLD−∑d∈Ωjφdt·Pdtshed.(3)
In the formula, Ωj is all electrical equipment connected to node j. δj is the set of terminal nodes connected to node j. The subscript t represents the calculation time. The current value, resistance value, reactance value, active power value, and reactive power value of the line ij are Iij, Rij, Xij, Pij, and Qij, respectively. The subscripts g, w, and d represent the gas turbine, wind turbine, and load, respectively. The superscript LD and shed represent the predicted value and the power loss value, respectively. Ptin and Qtin represent the active power and reactive power, respectively, obtained by the distribution network from the large power grid at time t. φ is the power factor.
3.2 Distribution network structure identification
The topology identification method of the distribution network is generally based on impedance measurement and machine learning methods. Among them, the machine learning method requires the system to have sufficient data volume, and because of the large amount of calculation, it is difficult to meet the requirements of rapidity after fault (Xu et al., 2024; Zhang et al., 2024; Ziyue et al., 2024). Impedance measurement methods require high sensor accuracy, and to avoid the data offset, estimation algorithms are generally used to correct the calculation results, which increase the amount of calculation (Halihal et al., 2024; Fernandes et al., 2023). Therefore, in this paper, we propose a topology identification method that only considers the electrical network association matrix, edge current, and double-ended voltage criterion.
It is assumed that the number of branches corresponds to the number of switches in the topology identification process and that the global number is equal. The real-time branch switch state matrix S of the microgrid is written in parallel. According to the historical information of the microgrid, the original correlation matrices A0 and B0 dominated by nodes and branches are listed, respectively, and its expression is depicted in Equation 4:
A0=aij,aij∈0,1B0=bji=A0T,bji∈0,1S=sj,sj∈0,1.(4)
In the formula, i is the number of microgrid nodes, j is the number of microgrid branches, 0 and 1 represent the connected state of nodes and branches, respectively, and 0 and 1 represent connected and disconnected, respectively.
According to the known distributed power supply information, the distributed power supply–node correlation matrix is written, as shown in Formula 5. At the same time, according to the original correlation matrix of the microgrid network topology, the real-time branch switching state matrix, and the distributed power–node correlation matrix, the real-time node–branch correlation matrix can be obtained. The expression is as follows:
A=aij×sj×diB=bji×sj×diD=di,di∈0,1(5)
In the formula, A is the node-dominated incidence matrix, B is the branch-dominated incidence matrix, and D is the distributed power–node correlation matrix.
The following definition is first introduced: if nodes 1 and 2 need to be connected through at least 2n branches, then nodes 1 and 2 are called n-level connected nodes, and the corresponding connectivity matrix is the n-level connectivity matrix. According to the correlation between A and B, the first-level connectivity C1 is calculated, and the connectivity relationship between each node in the microgrid network topology can be obtained. The expression of the connectivity C1 is depicted in Equation 6:
C=A×BC1=ΓC.(6)
In the formula, C is the transition matrix, the symbol Γ represents to set the nonzero elements of the matrix to 1, and the expression of the n-order connected Cn can be obtained depicted in Equation 7:
C′=Cn−1×Cn−1Cn=ΓC′=ΓCn−1×Cn−1.(7)
In the formula, C′ is the transition matrix and Cn-1 is a connected matrix of order n-1.
The node connectivity process stops until the first Cn = Cn-1; that is, the microgrid network topology is at most n-level connectivity, and the amount of the same row or column in the highest-level connectivity matrix is not zero.
3.3 Fault section location
Considering the significant fluctuation of the distributed power flow in the microgrid and the weakening of the difference in electrical characteristics caused by the transmission characteristics of the cable line, it is necessary to avoid the misjudgment of regional location by a single criterion. The fault location module in this paper combines the partition results of the topology identification module, based on the line distribution parameter model, and uses the double-ended instantaneous electrical quantity to form the verification section location criterion. The implementation steps are as follows.
Based on the region division result of topology identification, the execution of system fault location is judged according to the edge current value of the region. At the same time, the result of region division is related to the location of distributed power supply, so the change in electrical positive and negative sequence components at distributed power supply is considered. The positive and negative sequence current expressions of the distributed power supply are depicted in Equation 8:
IDG+=13Ia+Ib·∂+Ic·∂2IDG−=13Ia+Ib·∂2+Ic·∂.(8)
In the formula, IDG+ and IDG− are the positive sequence and negative sequence current components of Distributed Generation output, respectively; Ia, Ib, and Ic are the three-phase current outputs by DG; and ∂ is the rotation factor, where ∂=e−j2π/3.
Based on the inconsistency of the external characteristics of the electrical positive and negative sequence components of the distributed power supply under symmetrical/asymmetrical faults, to ensure the effectiveness of the positioning criteria under all fault conditions, it is necessary to consider the changes in the positive and negative sequence components at the same time. Therefore, the following positioning start-up criteria are derived, as shown in Equation 9:
IDG+>Iset1+∫t=t0t=tw1IDG+dt>Iset2+∥IDG−>Iset1−∫t=t0t=tw1IDG−dt>Iset2−.(9)
In the formula, t0 is the fault zero time, tw1 is the ultra-short time window; Iset1+ and Iset1− are the threshold values of positive sequence and negative sequence component amplitudes, respectively; the threshold values of positive and negative sequence component integrals are Iset2+ and Iset2−, respectively; and || is the OR operation.
As shown in Figure 3, DG1 uses local measurement of instantaneous electrical quantities to calculate the transient voltages UnM, Un+1M, and Un+2M of n, n+1, n+2, and other nodes, and DG2 uses local measurement of instantaneous electrical quantities to calculate the transient voltages UnN, Un+1N, and Un+2N of n+1, n+2, n+3, and other nodes.
[image: Diagram illustrating a power distribution line with nodes labeled from \( M \) to \( N \). Distributed Generators DG1 and DG2 are connected at \( M \) and \( N \). The line shows arrows indicating power flow from \( M \) to \( N \), with a disturbance or fault marked at node \( n \), indicated by a red lightning bolt.]FIGURE 3 | Schematic diagram of the fault location module principle.The transient voltage of all nodes in the calculation area is traversed, and the transient voltage difference between two adjacent nodes is calculated, as shown in Equation (10), in which errn represents the calculated voltage difference between the corresponding adjacent nodes.
errn=UnM−Un+1N.(10)
According to the circuit theory, (a) if there is no fault point in the region from M-terminal to N-terminal, the difference is only the voltage decrease caused by a section of line, in which errn can be calculated using formula (10), and the value of errn is very small. (b) If there is a fault point in the area from M-terminal to N-terminal, taking the fault point between nodes n and n+1 as an example, the voltage UnM calculated using M-terminal electrical quantity is not affected by the fault point, and the voltage Un+1N calculated using N-terminal electrical quantity is influenced by it. Ignoring the influence of microgrid lines, there is a small voltage difference at this time. (c) Voltage Un+2N calculated using the N-terminal electrical quantity is the real voltage and is not affected by the fault. Voltage Un+1M of the node n+1 calculated using the M-terminal electrical quantity is affected by the fault and deviates from the actual value. At this time, the voltage difference errn+1=Un+1M−Un+2N is large.
According to the difference, the fault section is considered. From the above analysis, it can be observed that the difference between the transient voltage calculation values of the two nodes adjacent to the fault point is small, whereas the difference between the transient voltage calculation values of the other two nodes that do not contain the fault point is large. Based on this, the criterion can be designed, as shown in Equation 11:
errn<errset.(11)
In the formula, the difference threshold value errset is calculated for the transient voltage of adjacent nodes, and Equation 11 is established to determine that the fault point falls between two nodes.
Considering the high-resistance fault scenario, the fault current flowing through the line is very small, and the amplitude of errn is very small at this time. At this time, the minimum value can be selected by comparison:
MINi=minerrn,errn+1,...,errn+i.(12)
In Equation 12, MINi is the minimum value in errn+i, from which the corresponding fault section can be obtained.
Taking the identified fault section as the target section, the fault-related node i is located according to the discriminant result. At this time, the correction matrix X can be written according to the fault location result:
X=xj,xj∈0,1.(13)
In Equation 13, 0 represents the branch fault and 1 represents the branch without fault.
At this time, the node–branch correlation matrix is modified, and the expression is depicted in Equation 14:
A=aij×sj×xjB=bji×sj×xj.(14)
4 SELF-HEALING REGULATION OF THE DISTRIBUTION NETWORK CONSIDERING FLEXIBLE LOAD
4.1 Flexible load
Flexible load resources refer to loads that can flexibly adjust energy consumption behavior and have flexible characteristics, including controllable electrical appliances, energy storage equipment, and electric vehicle charging and discharging. Such load resources can participate in system regulation using power reduction and transfer operation time, which is of great significance for improving system flexibility. In this section, two types of flexible loads, namely, reducible loads and transferable loads, are considered, and their corresponding models are established.
4.1.1 Reducible loads
The reducible loads reduce part of the corresponding power according to the actual situation of the system to meet the system requirements. Its mathematical model is depicted in Equation 15:
bcute,tPcute,⁡min≤Pcutet≤bcute,tPcute,⁡max.(15)
In the formula, Pcutet is the adjustable power of the load that can be reduced during the t period, bcute is a 0–1 variable, bcute=1 indicates that the load can be reduced to participate in the system regulation, and bcute=0 indicates that the load is not reduced to participate in the system regulation; and Pcute,⁡min and Pcute,⁡max are the minimum power and maximum power, respectively, which can be reduced to participate in the regulation of load.
The constraints of reducible loads are depicted in Equation 16:
∑t=1t+Tcute,⁡min−1bcute,t≥Tcute,⁡minbcute,t−bcute,t−1∑t=1t+Tcute,⁡max−11−bcute,t≥1.(16)
In the formula, Tcute,⁡min is the minimum continuous reduction time of the load that can be reduced and Tcute,⁡max is the maximum continuous reduction time of the load that can be reduced.
4.1.2 Transferable loads
The transferable load can be operated within an acceptable transfer time period by transferring power from one period to another to meet the needs of system regulation. Therefore, the transferable load needs to meet the three constraints, namely, transfer power range, total transfer power, and transfer time. The formula is as follows.
The transfer power range constraint is depicted in Equation 17:
bshif,tPshif,⁡min≤Pshift≤bshif,tPshif,⁡max.(17)
In the formula, bshif,t is a 0–1 variable, which represents the state of the transferable load in t period, and bshif,t=1 represents the transfer of transferable load in this period; Pshift denotes the regulating power of the transferable load in t period; and Pshif,⁡min and Pshif,⁡max represent the minimum and maximum power of the transferable load participating in the regulation, respectively.
The transferable load should ensure that the total power of the load participating in the regulation remains unchanged within the acceptable transfer time, so the total transfer power constraint is depicted in Equation 18:
∑t=t0t1Pshift=∑t=1TPshif0t.(18)
In the formula, t0,t1 is the acceptable transfer time interval of the transferable load, T is the adjustment period of the system, and Pshif0t is the load power before the transferable load participates in the regulation.
The transition time constraint is presented in Equation 19:
∑t=t1t1+Tshif,⁡min−1bshif,t≥Tshif,⁡minbshif,t−bshif,t−1.(19)
In the formula, Tshif,⁡min is the minimum transfer time of the transferable load.
4.2 Self-healing evaluation objective function
The load recovery after a distribution network fault, the number of line switch operations, and the coverage of flexible load regulation are used as evaluation indices in the self-healing process of the distribution network. The optimal evaluation index is used as the objective function to achieve fault self-healing.
4.2.1 Self-healing recovery rate
To fit the actual situation of the distribution network, the load is divided into three levels: 1, 2, and 3, according to the importance of the load of the distribution network node.
When a fault occurs in the distribution network, fault detection and line protection cooperate to isolate the fault section. In the process of fault persistence, the recovery of the remaining load of the distribution network should be considered. This process restores the power supply according to the importance of the load. Based on the load recovery in the self-healing process, the self-healing recovery rate index Fh is proposed. The formula is presented in Equation 20:
Fh=∑l=13ωlPl+∑l=13ωlQl∑l=13ωlPlp+∑l=13ωlQlp×100%.(20)
In the formula, ωl is the weight coefficient of different load levels, which increases with the increase in load importance; l is the load level; Pl and Ql are the active power and reactive power after fault, respectively; and Plp and Qlp are the active power and reactive power requirements under normal operation conditions, respectively.
The self-healing recovery rate index indicates the power supply situation of loads at all levels under the control of the recovery strategy of the distribution network. The higher the index, the better the recovery degree of the distribution network.
4.2.2 Number of switching operations
In addition to flexible load regulation in the self-healing operation process, the self-healing scheme of the distribution network proposed in this paper also involves isolation operations, load removal operations, and line transfer power supply operation in the islandable operation area. Therefore, the number of operations of the line switch is used as the evaluation index of the self-healing process.
Fs=Nline+Nload+Nc(21)
In Equation 21, Nline is the number of line switch operations, Nload is the number of load connection switch operations, and Nc is the number of grid-connected/off-grid switching operations.
In the self-healing process of the distribution network, each switch operation will have an impact on the network and affect the operation stability of the distribution network. Therefore, the operation frequency index of the switch is introduced in the self-healing process of the distribution network, and the operation reliability of the distribution network is improved by reducing the number of changes in the network topology.
4.2.3 Flexible load regulation index
After the grid fault occurs, due to the exit of the fault section, the original power flow distribution balance will be destroyed. At this time, to stabilize the power flow, the power of each line in the distribution network should be changed accordingly. Obviously, the adjustment of the flexible load is more conducive to the power flow recovery of the distribution network.
The influence degree of the fault section on each node will change with the distance and the correlation between nodes. Based on the above considerations, a flexible load regulation index Ff using the node connectivity level is proposed. The formula is presented in Equation 22:
Ff=∑m=1xωmPcute.mt+Pshif.mtPcute,⁡max+Pshif,⁡max∑n=1ylline.n.(22)
In the formula, ωm is the flexible load weight coefficient corresponding to different connectivity levels, m is the connectivity level, Pcute.mt is the reducible load regulation power with the connectivity level of m between t period and fault node, Pshif.mt is the adjustable power of the transferable load with m connectivity level to the fault node in time period t, n represents the node, and lline. n is the distance between the node participating in the regulation of flexible load and the fault section node.
The flexible load regulation index describes the participation of the flexible load after the fault occurs. The farther the flexible load participating in the distribution network regulation is from the fault section, the smaller the regulation influence is. At the same time, it is necessary to reduce the number of flexible loads involved in the regulation of the distribution network and the workload in the process of distribution network regulation.
4.2.4 Self-healing control cost
In the post-fault regulation stage of the power grid, the distributed power operation cost CDG, the load electricity income CL, the network loss cost Closs, and the flexible load regulation cost CFL are involved. To improve the regulation effect, it is necessary to maximize the regulation cost. Therefore, the objective function Fc of the regulation cost based on the self-healing of the power grid is constructed, and its expression is as follows:
Fc=CDG+Closs+CL+CFLCDG=∑t=1TpWTPtWT+pPVPtPV+cWTΔPtWT+cPVΔPtPVCloss=∑t=1T∑ij∈EclossRijIij,t2CL=∑t=1T∑icdsPi,tLCFL=λflΔPfl,t.(23)
In Equation 23, pWT and pPV are the unit output costs of wind turbine and photovoltaic, respectively; cWT and cPV are the penalty unit prices of abandoning scenery; PtWT and PtWT are the output of wind turbine and photovoltaic in t period, respectively; ΔPtWT and ΔPtWT are the amount of abandoned wind and light in t period, respectively; closs is the unit cost of network loss; Iij,t is the current of line ij at time t; cds is the electricity price of the distribution network load; Pi,tL is the load power of the i th node in t period; λfl is the unit compensation cost involved in regulating the flexible load; and ΔPfl,t is the flexible load involved in the regulation.
The self-healing control cost represents the expense incurred by the power grid during the implementation of the self-healing control process. Under the premise of ensuring the self-healing effect, it is necessary to minimize the self-healing control cost as much as possible.
4.3 Stochastic load model
Relevant research shows that the random variation of electrical network loads exhibits certain regularity. By analyzing a large amount of historical load data and constructing the corresponding probability density function, the grid-connected parameters of each node load are simulated using the Monte Carlo method. Monte Carlo simulation obtains the probability density function of each random process by analyzing historical data, thereby generating a large number of random numbers that follow the probability distribution and extracting random numbers from them to simulate the problem to be solved. The flowchart of each node load simulated using the Monte Carlo method is shown in Figure 4.
[image: Flowchart illustrating a process starting with initializing node load parameters. It sets index \( i=0 \), increments \( i \) by one, extracts node load historical data and rated capacity, checks if \( i \) is greater than or equal to \( N \). If yes, outputs load parameters; if no, continues the loop.]FIGURE 4 | Flowchart of each node load simulated using the Monte Carlo method.4.4 Other constraints
4.4.1 DistFlow model constraints
Formulas (2) and (3) represent the active and reactive power constraints in the power flow constraint of the distribution network, respectively. Formulas (24) and (25) are the voltage decrease constraint and branch current constraint of the system, respectively.
Vjt2=Vit2−2Pij,tRij+Qij,tXij+Iij,t2Rij2+Xij2,(24)
Iij,t2=Pij,t2+Qij,t2Vit2.(25)
In the formulas, Vit and Vjt are the voltages of node i and node j at time t, respectively.
4.4.2 Voltage constraints
Vmin≤Vi≤Vmax(26)
In Equation 26, Vmin and Vmax are the lower and upper limits of voltage safe operation, respectively.
4.4.3 Constraints of the reactive power compensation device
Qmin≤Qi≤Qmax.(27)
In the formula, Qmin and Qmax are the minimum and maximum outputs of the reactive power compensation device, respectively.
5 SIMULATION ANALYSIS
The standard IEEE33 node model shown in Figure 5 is built in PSCAD/EMTDC. Three DGs, each with a capacity of 400 kW, are connected to nodes 4, 13, and 27, as photovoltaic inverter power supplies. The sampling frequency of the measuring device is set to 10 kHz, and the data window length is selected as T = 20 ms. The unit cost of active power loss is USD 0.8/kWh, the unit output cost of the wind turbine is USD 0.3/kWh, and the unit compensation cost for flexible load participation in regulation is USD 0.25/kWh.
[image: Diagram of an electrical grid showing a network with labeled nodes from 0 to 32. It includes three photovoltaic connections, labeled PV1, PV2, and PV3, at nodes 5, 13, and 26, respectively. Solid lines indicate active switches, while dashed lines indicate inactive switches. Nodes 6 to 7 are highlighted with a lightning bolt symbol, indicating a fault or interruption.]FIGURE 5 | Standard IEEE33 node model A. Electrical network area division simulation.5.1 Electrical network area division simulation
Through the microgrid network topology partition identification in Section 3.A, the IEEE33 node is divided into several regions. First, the region is initially divided based on correlation calculation. The correlation calculation results are shown in Figure 6.
[image: Heatmap showing correlation values between nodes from zero to thirty-two on both axes. Color gradient ranges from light green to dark green, indicating correlation strength from 0.86 to 1.0, with darker green representing higher correlations.]FIGURE 6 | Correlation coefficient calculation result.The correlation results of Figure 6 are calculated based on the full connected network topology, resulting in varying degrees of correlation strength among nodes. First, the strongest correlation nodes are used as the preliminary basis for the division of topological regions. The preliminary division results are shown in Table 1.
The results of regional division are shown in Table 1. It can be observed from Table 1 that the region can be divided into five subregions according to the strength of the correlation, but the region divisions of 7, 8, 9, 10, 11, and 12 are still missing. This is because these six nodes are located between multiple power sources and their power flow distribution is uncertain.
TABLE 1 | Preliminary results of regional division.	Area number	Regional node
	Ⅰ	0, 1, 18, 19, 20, and 21
	Ⅱ	2, 22, 23, and 24
	Ⅲ	5, 6, 25, and 26
	Ⅳ	13, 14, 15, 16, and 17
	Ⅴ	27, 28, 29, 30, 31, and 32


As shown in Table 2, the IEEE33 node network topology can be divided into four different regions. Region I is directly connected to the large power grid, and regions II, III, and IV are connected to a distributed power supply.
TABLE 2 | Results of the regional division.	Area number	Regional node
	Ⅰ	0, 1, 2, 3,18, 19, 20, 21, 22, 23, and 24
	Ⅱ	4, 5, 6, 7, 8, 9,10, 11, 12, 25, and 26
	Ⅲ	13, 14, 15, 16, and 17
	Ⅳ	27, 28, 29, 30, 31, and 32


As shown in Table 3, the connected node-level table is obtained under the case where the power node is the main connection node. This table represents the connectivity level of each node and the power node in each region.
TABLE 3 | Connected node-level table.	Area number	Power node	Connectivity level
	1	2	3	4
	Connected nodes
	Ⅰ	0	1	2 and 18	3, 19, 20, 22 and 23	21 and 24
	Ⅱ	4	5	6 and 25	7, 8, and 26	9, 10, 11, and 12
	Ⅲ	13	14	15	16 and 17	—
	Ⅳ	27	28	29	30 and 31	32


5.2 Fault location simulation
The single-phase metal grounding fault at point f, located between nodes 7 and 8, is taken as an example.
First, according to the fault location start criterion (9), Iset1 = 7A and Iset2 = 35 A. After the fault, the negative sequence current appears and exceeds the starting threshold, and the fault location module starts correctly.
Then, using the voltage and current measured on both sides of the PV, the transient voltage of adjacent nodes is calculated according to the differential equation of the line. Voltage U7 at node 7 is calculated, and voltage U8′ at node 8 is derived from the voltage and current data of PV2, and then err7=U8′−U7 can be calculated.
In the time window, the amplitude of err8 is much larger than that of err7, and there is a significant difference between the two amplitudes. By setting the threshold value, err7 and err8 can be effectively distinguished. When the difference errn is less than the threshold value errset in the whole cycle, the fault point can be regarded as between node n and node n+1, and the switch corresponding to the node needs to be disconnected.
Considering different transition resistances, the difference between two adjacent nodes is calculated, as shown in Table 4.
TABLE 4 | Difference with transition resistance.	Fault position	Transition resistance/Ω	eer7	eer8	eerset
	Nodes 7–8	50	0.038	0.15	0.06
	100	0.011	0.07	0.06
	200	0.003	0.019	0.06


It can be observed from Table 4 that the criterion errn<errset has a certain ability to resist transition resistance and can respond effectively in both 50Ω and 100Ω fault scenarios. When the transition resistance is very high, the criterion errn<errset will fail. At this time, it is necessary to rely on the criterion MINi=minerrn,errn+1,...,errn+i to compare the difference between each group and select the smallest group, that is, the fault section.
5.3 Distribution network self-healing control optimization simulation
Taking the single-phase metal grounding fault at point f between nodes 7 and 8 as an example, the connectivity levels of other nodes in the network with nodes 7 and 8 are shown in Table 5.
Due to the ideal action of protection, according to the node connection relationship in Table 5, there are four related nodes with a connectivity level of 1, and the local topology diagram is shown in Figure 7. The self-healing evaluation results of the distribution network are shown in Table 6.
TABLE 5 | Nodes 7 and 8 connectivity relationship level.	Area number	Node	Connectivity level
	1	2	3	4
	Connected nodes
	Ⅱ	7	6 and 8	5 and 9	3, 4, 10, 11, 25, and 26	1, 2, 12, 13, 14, 15, 18, 19, 22, 23, 24, 27, 28, 29, and 30
	8	7 and 9	6 and 10	4, 5, 11, 12, and 25	1, 2, 3, 13, 14, 15, 16, 18, 22, 23, 26, 27, 28, and 29


[image: Flowchart showing a linear sequence with nodes labeled from 5 to 10. The nodes from 6 to 9 are within a highlighted "Level 1 connected region." An arrow labeled “f” diverges downward from node 7.]FIGURE 7 | Local topology diagram with connectivity level of 1 (related to nodes 7 and 8).TABLE 6 | Difference with transition resistance.	Evaluating indicator	Self-healing rate	Switching time	Flexible load regulation index
	Value	93.73%	4	0.8337


The active power and voltage diagrams of distribution network nodes are optimized in Figure 8. The optimization scenario realizes the self-healing of the distribution network fault through the flexible load resource regulation of the first-level connected region. It can be observed from Figure 7 that when the distribution network fails, the self-healing of the distribution network can be realized by regulating the flexible resources of the primary connected region, and the self-healing rate of the distribution network can reach 93.73%. Meanwhile, to ensure the stable operation of the load connected to node 8, the tie-line switch between nodes 11 and 22 needs to be reclosed.
[image: Bar chart showing flexible load, actual load, new energy across nodes 0 to 32, with corresponding voltage as a line graph. New energy has the highest bars at nodes 3, 13, 27, and 28. Voltage fluctuates around 0.95 to 1.00 per unit.]FIGURE 8 | Results of voltage deviation and power change after self-healing regulation.It can be observed from Figure 8 that after the flexible resource regulation, the voltage values of each node of the distribution network are kept within the voltage constraints, and there is no phenomenon of voltage over-limit.
To further reflect the superiority of the self-healing optimization results based on region division, the following scenarios are optimized and compared.
Case 1: 1-level connectivity. Case 2: 2-level connectivity. Case 3: 3-level connectivity. Case 4: 4-level connectivity. Case 5: global optimization. The flexible load in the abovementioned cases is regulated respectively to realize the self-healing of the distribution network after the fault. The regulation results are shown in Table 7.
From Table 7, it can be observed that in terms of the grid self-healing rate indicator, resource regulation through level-2 connected regions achieved an optimal result of 94.32%, representing a 0.59% improvement compared to Case 1. For the flexible load regulation indicator, resource coordination via level-1-connected regions yielded an optimal value of 0.8337, which is an increase of 0.0659 compared to Case 2. Regarding the self-healing control cost indicator, Case 2 achieved the highest self-healing rate of 94.32%, with fewer flexible load adjustments, resulting in a control cost of $11442.50, which is $2621.20 lower than that of Case 5.
TABLE 7 | Comparison of regulation results.	Case	Self-healing rate	Switching time	Flexible load regulation index	Cost
	Case 1	93.73%	4	0.8337	11569.7
	Case 2	94.32%	5	0.7678	11442.5
	Case 3	91.47%	8	0.6922	12121.3
	Case 4	65.45%	14	0.1859	13525.2
	Case 5	58.09%	32	0.1526	14063.7


In general, the control results of Cases 1, 2, and 3 show more than 90% self-healing rate of the distribution network. However, with the increase in flexible load resource regulation, the flexible load regulation index is greatly reduced. At the same time, to ensure the sufficient flexible load regulation index, the self-healing rate of power grid in Case 3 is reduced to 91.47%. The transition from Case 3 to Case 4 indicates that increasing the scope of flexible resource regulation does not necessarily lead to better results. Compared with that in case 1, the flexible load in Cases 2 and 3 covers more areas (e.g., smaller flexible load regulation index). To balance the value of the flexible load regulation index and the self-healing rate, the self-healing rate will gradually decrease. At the same time, the following conclusions can be drawn: with the increase in flexible load regulation resources, the self-healing rate of the distribution network does not increase significantly.
6 CONCLUSION
In this paper, a flexible load resource regulation method considering electrical network topology partition is proposed to solve the self-healing problem after distribution network fault. The specific conclusions are as follows:
	1) By combining power flow correlation analysis, the electrical network correlation matrix, and the fault section location method, the flexible load area that should be involved in self-healing regulation after the distribution network fault is found. The self-recovery of the distribution network after a fault is achieved through flexible load regulation in the target area, reducing the time needed to identify the regulation target.
	2) An objective function that combines the self-healing rate of the distribution network, the number of required switches, and flexible load regulation is proposed. The self-healing of the distribution network is achieved with minimal flexible load regulation. While ensuring the self-healing rate of the distribution network, the number of switches required for the self-healing process is reduced, and the coverage area of flexible load regulation is minimized.
	3) Through self-healing control measures, the grid self-healing rate was effectively improved to 94.32%, the number of switching operations during the self-healing process was reduced, and the overall cost of the self-healing control process was decreased by $2,621.2 compared to global control strategies.
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