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With the construction of new power systems, distributed power sources are connected in large numbers and the possibility of faults increases. The optimal allocation of repair resources is important to improve the fault management efficiency and the quality of power supply services in the producer–consumer community. Using a large number of historical fault resources accumulated in the producer–consumer community, we first preprocess the fault information by the rough set theory, then establish an optimal allocation model that minimizes the total fault loss, consider fault risk classification and repair response capability, and finally use the improved gray wolf optimization algorithm to perform the optimal calculation. To address the problems of the traditional gray wolf algorithm, tent mapping is introduced in the generation of the initial population to enhance the uniformity of the initial population. The cooperative competition mechanism is introduced to improve the utilization of effective information among individuals. Finally, the feasibility and superiority of the algorithm are verified through the analysis of calculation cases. Finally, the feasibility of this configuration method is verified through the analysis of arithmetic cases.
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1 INTRODUCTION
With the deepening reform of China’s energy market and the development context of the transformation of the power system to low carbon, a large number of decentralized and small-scale distributed energy sources are bound to appear in the future distribution network (Bo et al., 2015; Mu et al., 2021). In recent years, under the pressure of climate change, people have become increasingly concerned about new energy sources, and with the steady construction of new power systems, the form of zonal autonomy among producer–consumer communities has become more and more obvious (Zhang et al., 2021). Variability and uncertainty, important characteristics of distributed renewable energy, will directly affect the possibility of fault occurrence within the producer–consumer community. Moreover, transformer–customer relationship management has become one of the latest challenges due to the large number of end customers in the low-voltage distribution system and the lack of measurement equipment (Zhao et al., 2021). This also makes it more difficult for the producer–consumer community to perform emergency repairs. When encountering power outages, customers are more concerned about service indicators such as “promptness of arrival,” “speed of repair,” and “satisfaction of service,” which put forward higher requirements for emergency repair resource allocation strategies. However, although a large amount of historical fault data resources is stored in the distribution system, they are not utilized. Therefore, it is necessary to improve the fault risk classification and repair response capability and to study the optimal allocation technology of repair resources for the producer–consumer community under the power resource-sharing mode.
Since DG is not able to support the stable operation of the load for a long time, the study of the fault rescue strategy is particularly important (Lu et al., 2018). The literature (Zhang et al., 2008) investigates the multi-objective rescue strategy in the case of multiple faults and proposes a genetic topology hybrid algorithm to optimize the rescue strategy by determining the distribution network fault information through the topology analysis method. In the literature (Lu et al., 2011), a multi-objective mathematical model of multi-team repair is used for rapid restoration of faulty distribution networks, and the switching operation variables and repair control variables in the model are combined to obtain repair strategies using an optimized multi-objective bacterial population convergence algorithm, which improves the repair efficiency. In the literature (Deng et al., 2017), a two-layer decision model was established, with the maximum efficiency of the emergency repair grid as the goal in the upper layer and the minimum scheduling cost as the goal in the lower layer. The KKT (Karush–Kuhn–Tucker) condition was used to convert the two-layer model into a single layer, and the model was solved by an optimized genetic algorithm. Fault recovery and fault repair are two phases, and some scholars have jointly optimized the two phases (Huang et al., 2014; Yang et al., 2016). In the literature (Huang et al., 2014), a simple joint model of fault and repair was developed, and the repair path was obtained by the enumeration method. In the literature (Yang et al., 2016), the maximum restoration value and the minimum economic loss are the inner and outer objective functions in the repair and restoration phase, respectively, and the minimum network loss and the minimum repair time are the inner and outer objective functions in the repair and grid restoration phases, respectively, to restore the lost load using DG and emergency generators, etc. Most of the existing studies combine fault recovery and fault repair into two phases, without considering the load fluctuation during the repair process, ignoring the synergistic optimization of fault recovery and fault repair and reducing the recovery efficiency.
In this study, we propose an optimal allocation method for emergency repair resources in a producer–consumer community considering fault risk classification and emergency repair response capability. The simulation results show that the optimal allocation of repair resources can significantly improve the reliability of power supply services and reduce potential fault losses.
2 PREPROCESSING OF FAULT INFORMATION BASED ON THE ROUGH SET THEORY
Fault information data are the information source for fault risk assessment and the basic component of the in-depth knowledge mining process (Chen et al., 2021). In order to solve the problems of diversity, noise, and incompleteness of the original data in fault information, discovering the characteristic attributes and classification knowledge from a large amount of sample data and performing attribute simplification, data preprocessing such as data cleaning and integration, incomplete data completion, and data discretization are required (Tian et al., 2016).
2.1 Fault Data Cleaning and Integration
As one of the most important attributes of fault information, the time of fault occurrence and power restoration can be extracted from the data recorded in the original ledger. This time information includes year, quarter, month, day, and hour. of this time point, which can be used for statistical analysis of fault time properties in different depths in all aspects, and also indirectly to obtain information such as fault duration to test the self-healing, repairability, and timeliness of maintenance personnel after the damage occurred in this grid. As one of the most important attributes of fault information, the time of fault occurrence and restoration of power can be extracted from the data recorded in the original ledger. The time information includes year, quarter, month, day, and hour, which can be used to analyze the temporal characteristics of the fault in different depths, and also to indirectly obtain information such as the duration of the fault, in order to test the self-healing, repairability, and timeliness of maintenance after the damage of the power grid here.
The cause of the outage is one of the most important risk factors affecting the results of the grid fault risk assessment, which is mainly extracted from the data recorded in the original ledger to describe the responsibility and cause of the grid outage.
The fault level mainly refers to three levels extracted from the data recorded in the original ledger based on the severity of the fault, i.e., I, II, and III level faults. This fault attribute represents the severity of the consequences of the fault that is important in risk assessment, i.e., the severity of the fault occurrence commonly used in the original risk assessment.
2.2 Incomplete Fault Data Patching
In this study, in order to improve the correctness of the algorithm and to obtain the most realistic complementary data that better fits the possibility of the system, we use the idea of clustering to select similar samples when selecting data samples. The smaller the distance, the higher the similarity. The formula for calculating the “distance” between the two samples is:
[image: image]
where [image: image] refers to the sample [image: image] on the attribute [image: image] on which the value is taken.
The ROUSTIDA method is based on the identifiable matrix in the rough set as an algorithm to reflect the invisible inner law embodied in the information system as much as possible, and its basic goal is to keep the incomplete object as much as possible with the same property law of similar objects in the original system, i.e., the value difference is as small as possible.
Let the information table system be [image: image] be the set of attributes, [image: image] is the thesis domain and [image: image] is the sample [image: image] on the attribute [image: image] which is the value of the sample on the attribute and [image: image] denotes the value of the sample after the expansion matrix in the [image: image] row [image: image] elements of the column, then the expanded identifiable matrix [image: image] can be defined as:
[image: image]
where [image: image] and [image: image] indicates omitted values.
Let the initial information system be [image: image], the set of objects is [image: image], and the corresponding extended difference matrix is [image: image], the object [image: image], the set of missing attributes [image: image], the set of undifferentiated objects [image: image] , and the information system [image: image] the set of missing objects of [image: image] are defined as:
[image: image]
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First, for randomly selected data, a simple discretization is performed.
1) Fault duration a1 [0 ∼ 1.5, 1.5 ∼ 5.0, 5.0 ∼ 15.0, and 15.0–506.4]
2) Fault level a2 [Class I failure, Class II failure, and Class III failure]
3) Faulty equipment a3 [Overhead lines and electric sin lines, transformers and busbars, equipment on column, and user equipment]
4) Cause of failure a4 [Problems with the equipment itself, external damage, weather, user impact, and system issues]
2.3 Fault Data Discretization
Since the fault frequency varies with the size of the selected sample base range, this study chooses to use the combination of the equal distance and equal frequency method and draws on the idea of “adjacent attribute value midpoint” to process the original data against the division of the original frequency range.
Let the equidistance division method be based on the number of intervals [image: image], the value domain of the numerical property interval [image: image] is divided into intervals whose widths are all [image: image] of [image: image]. The right end of the breakpoint on the interval can be expressed as [image: image].
Similarly, the equal frequency method divides the value domain of the numerical property interval [image: image] into an equal number of objects in the interval [image: image]. The right end of the breakpoint on the attribute is obtained as [image: image].
Let the equal distance and equal frequency correspond to the first [image: image]. The breakpoints at the right end of the interval are [image: image] and [image: image] , then the new breakpoint is [image: image]. Then, the first [image: image] range of the first interval is changed to [image: image].
3 EMERGENCY REPAIR RESOURCE OPTIMIZATION ALLOCATION MODEL
3.1 Objective Function
This study constructs an optimization model for the allocation of emergency repair resources in the producer–consumer community with the objective of minimizing the total potential fault loss. The objective function is as follows:
[image: image]
where W1 and W2 are the weight values of the fault risk classification and fault repair response capability, respectively. Si represents the fault subline classification of each producer and consumer, Li represents the distance between the repair station and each producer, and Vi represents the speed between the repair station and each producer.
3.2 Fault Risk Classification
In this study, two aspects, frequency and time, as well as percentage indicators, are selected to deal with the quantification of fault risk in the producer–consumer community in a certain way. Based on the fault attribute categories derived from the collation and with reference to the regulations, such as the “Power Supply Reliability Regulations for Power Supply Systems,” and combined with the assessment process, indicators such as the number of fault occurrences, the percentage of fault attributes, the average outage time of faults, and the probability of faults are selected.
In order to evaluate the risk of outage in the producer–consumer community, the risk calculation method presented in this study is to establish a fault benchmark risk index system, as shown in Figure 1 quantify the probability and consequence of fault occurrence to obtain the fault probability and consequence values, which initially reflect the risk value of fault outage and then consider the influence of the remaining fault attributes and other factors on the probability of fault occurrence and the consequence of fault, and perform the corresponding calculation to obtain the integrated fault probability value and integrated fault consequence value. The calculation is based on these values.
[image: Figure 1]FIGURE 1 | Fault risk indicator system framework diagram.
Based on the concepts related to risk assessment, the formula for the failure risk value can be derived:
[image: image]
Since the risk of failure in the producer–consumer community does not depend only on itself but also is influenced by factors related to the geographical area of the failure and the weather of the failure, etc., and the influence of the remaining attributes of the producer–consumer community indicator system on the main risk indicators is introducedas follows:
1) Number of failures, n
Within the statistical data information, the number of failures under different fault attributes is indicated by n, and the statistical unit is [times]. For example, the number of failures in different regions, the number of failures at different times, and the number of failures in different devices, etc.
2) Probability of failure properties, [image: image]
Within the statistical data message, the proportion of the number of counts of the lower-level attributes of a fault attribute value to the total number of this fault attribute, is expressed as [image: image], and the statistical units are expressed as decimal points. For example, in the fault attribute weather factor, the occurrence of high winds as a percentage of all fault causes is weather conditions.
[image: image]
3) Average power outage time for faults, [image: image]
Within the statistical data information, the average number of hours of outages for fault outages, in statistical units [h/time], is expressed in [image: image]. [image: image] is the fault outage time. [image: image] is the number of fault outages. For example, the average number of hours of fault outages in spring for urban faults in a region is as follows:
[image: image]
3.3 Fault Repair Response Capability
Based on the known geographical latitude and longitude information of the producer–consumer distribution, the distance between the producer–consumer and the ideal repair station is first calculated by applying the inverse half-positive sagittal function, then the time required to reach the repair location is calculated by considering the actual fault repair process, and finally the fault repair response capability is evaluated according to the required time.
1) Calculation of the distance between the producer and the ideal repair station
For any two points on the sphere, the semi-positive vector of the circular center angle can be calculated by the following equation:
[image: image]
where hav is an abbreviation for semi-positive vector function, d is the distance between two points, r is the radius of the ball, [image: image] is the latitude of point1 and the latitude of point2, measured in radians, and [image: image] is the longitude of the point1 and the longitude of the point2, measured in radians.
[image: image] can be solved by applying the inverse semi-sine function or by using the inverse sine function:
[image: image]
[image: image]
Substitute to get
[image: image]
[image: image]
2) Calculation of the time required to rush to the repair site
Considering the fault repair process, the road congestion coefficient and road curvature coefficient can be set to [image: image] and [image: image], respectively, and the average speed of the vehicle in which the repair personnel are traveling is [image: image] and [image: image] is the repair station and [image: image] for the production and elimination of the person, which can be obtained in the time to the repair point [image: image] that can be calculated according to the following formula.
[image: image]
3) The calculation of the maximum time to repair the road
Assuming that the total time specified by the power company to reach the emergency repair site at the latest is [image: image]. The maximum time to reach the urban area is 40 min, i.e., [image: image], and the maximum time to reach the suburban area is 60 min, i.e., [image: image]. The time spent by the service center in processing work orders, the time spent by the dispatching layer in locating and handling faults, the time spent in preparing the repair vehicles before departure, and the time spent in searching for repair locations are set at [image: image], [image: image], [image: image], and [image: image]. The time required for the repair station to reach the feeder is [image: image]. Therefore, the formula for [image: image] can be expressed by the following equation:
[image: image]
Time constraint
[image: image]
The aforementioned equation is a time constraint on the time required to travel from the repair station to the point of failure.
The latitude and longitude of the repair station are greater than the minimum latitude and longitude of the producer and less than the maximum latitude and longitude.
4 IMPROVING GRAY WOLF OPTIMIZATION ALGORITHM
For the aforementioned model of optimal allocation of resources for the community of production and consumption consumers, this study uses a particle swarm-based improved gray wolf optimization algorithm to solve it. Its mathematical model is simple, with few parameters, and easy to operate (Taha and Elattar, 2018). The programming is easy to implement. By referring to the rank ordering of wolf packs and hunting techniques, respectively, each solution is graded and searched, until the optimal solution is found.
4.1 Population Initialization Based on Tent Mapping
The more uniformly the initial population is distributed in the search space, the better it is for improving the efficiency of the algorithm in finding the best solution and the accuracy of the solution. The initial gray wolf population of the traditional gray wolf optimization algorithm is randomly generated, which means it cannot guarantee that the initial population of individuals is uniformly distributed in the solution space. Chaotic sequences have better randomness, regularity, and traversal characteristics. Compared with other mappings, the tent mapping can generate a more balanced distribution of sequences, so the tent mapping is used to initialize the gray wolf population (Tian et al., 2021).
Tent mapping expressions
[image: image]
When [image: image], the most uniform distribution sequence can be produced, and the distribution density at this time is not sensitive to parameter changes. This belongs to the most typical tent mapping. At this time, the aforementioned equation can be changed to:
[image: image]
Based on the tent mapping, the population [image: image] is represented as:
[image: image]
where [image: image] and [image: image] are the [image: image] upper and lower bounds of the search.
4.2 Competition and Cooperation Mechanism
In the GWO algorithm, the individuals of the population follow [image: image] . The algorithm will have the disadvantages of slow convergence speed and low accuracy in finding the best, so the cooperative competition mechanism is introduced, and before the prey is rounded up, all wolves except [image: image], each wolf of [image: image] will randomly choose another wolf [image: image] for communication, and if [image: image] location is better than [image: image], then [image: image] move closer to [image: image]; [image: image] move according to Eqn. 3-6, i.e., [image: image] move away from [image: image] and then [image: image] move according to Eqn. 3-7; otherwise they perform the opposite operation.
[image: image]
[image: image]
where [image: image] and [image: image] are, respectively, the cooperative competition mechanism after the first [image: image]th individual and [image: image]th position of the first individual.
4.3 Adaptive Adjustment of Weighting Coefficients
In order to meet the requirements of the GWO algorithm in different iteration cycles for finding the best and to improve the convergence speed and the accuracy of finding the best, adaptive inertia weights are introduced in the position update [image: image]:
[image: image]
where [image: image] and [image: image] are the upper and lower bounds of the weighting coefficients, respectively. [image: image] is the number of iterations. [image: image] is the maximum number of iterations.
The value of [image: image] changes dynamically with the number of iterations, allowing the particles to continuously balance between global search and local search. The early iteration of the algorithm [image: image] is larger, which is beneficial to the global search of the algorithm; later iterations of [image: image] gradually decrease, so that the gray wolf can better find whether there is a better solution around the prey while updating its position, thus improving the local searchability of the algorithm.
The improved position equation is shown in Eqn. 3-7—Eqn. 3-9.
[image: image]
[image: image]
[image: image]
The flow chart is shown in Figure 2.
[image: Figure 2]FIGURE 2 | Flow chart of the improved gray wolf optimization algorithm.
5 CASE STUDY
In this study, an optimization model with the objective of minimizing the total fault loss is developed considering the fault risk classification and the emergency response capability, and the model is solved Intel Core i5-8400 by invoking GUROBI8.0.1 software under the MATLAB 2018b platform through the YALMIP toolbox with the computer parameters of Intel Core i5-8400 CPU@2.80 GHz and 8 GB memory.
5.1 Basic Data Sources
The data are collected from the distribution network fault data provided by a city power company in the south for the year 2020–2021. In total, three randomly distributed producers and consumers in a square producer–consumer community with the same length and width are selected as the study case of the repair resource allocation optimization algorithm. The fault risk classification of the producers and consumers is shown in Figure 3.
[image: Figure 3]FIGURE 3 | Fault risk classification chart.
By preprocessing the historical failure data of three randomly distributed producers and consumers in a square producer–consumer community with both length and width of 3 km, the failure risk value calculation formula is used to finally obtain the failure risk-grading map of producers and consumers shown in the aforementioned figure. From the information in the aforementioned figure, it can be seen that the failure risk level can be roughly divided into three categories: 0–0.5, 0.5–1.5, and 1.5 or more, among which the number of the first failure risk-level producers and consumers is the largest.
The distance between each producer and consumer is calculated using the latitude and longitude transformation method in 0.3 Section 2, and then the information of each point is displayed on the two-dimensional coordinate plane, and the producer–consumer configuration scenario shown as follows is obtained by combining the producer–consumer failure risk-grading situation as shown in Figure 4.
[image: Figure 4]FIGURE 4 | Production and consumption of consumer configuration scenarios.
5.2 Optimization Results and Analysis
The convergence curve of the optimization process, the distance map of the optimized robotic stationing point, the comparison of the results of different algorithms, and the information of the optimal solution are shown in Figures 5, 6, Tables 1, 2, respectively.
[image: Figure 5]FIGURE 5 | Convergence curve of the optimization process.
[image: Figure 6]FIGURE 6 | Optimal emergency repair stationing distance map.
TABLE 1 | Comparison of optimization results of different algorithms.
[image: Table 1]TABLE 2 | Optimal solution information sheet.
[image: Table 2]The aforementioned figure shows the iterative process of the optimization model. At the beginning of the iteration, the algorithm adaptation is large and the change in the value of the objective function fluctuates; as the iteration proceeds, the corresponding total potential fault loss gradually decreases. After about 200 iterations, the optimization model adaptation consistency variable converges to the same value, i.e., the global optimal solution is obtained.
To further illustrate the performance of the algorithm proposed in this article, the algorithm is compared with the particle swarm algorithm and the traditional gray wolf optimization algorithm, and each algorithm is performed 20 times independently, and then the average value is calculated, and the calculation results are shown in Table 1.
As can be seen from Table 1, the optimal solution of this algorithm is better than that of the traditional gray wolf optimization algorithm and particle swarm algorithm. Also, the algorithm is improved by introducing tent mapping chaos initialization, introducing a cooperative competition mechanism, and introducing adaptive inertia weights in generating the initial population. The comparison of the average number of iterations and the average time consumed by the three algorithms shows that this algorithm can take into account both the global and local searchability. It is not only better than the other two methods in terms of the number of convergence iterations, but also the average number of iterations is around 143, and the convergence time is shorter. Compared with the traditional gray wolf optimization algorithm, the speed is improved by 30.76%.
As can be seen in Table 2, when the objective function of minimizing the total potential failure loss is taken into account, the weight values of the failure risk classification and the repair response capability of the producer and consumer are set to 0.6 and 0.4, respectively, based on which the optimal stationing point coordinates obtained by solving the optimization model are 1.772 and 1.433, respectively. The total potential failure loss is 0.8496, and the distance between the repair stationing point and each producer and consumer is shown in Figure 6.
Comparing the average distance and potential loss of fault between the stationing point and the producer and consumer before and after optimization, as shown in Table 3, the average distance is reduced by 10.21% after optimization; the potential loss of fault is reduced by 17.38% mainly because the optimized deployment of repair resources makes the repair resources closer to the high-risk fault in the region.
TABLE 3 | Comparison of results before and after optimization.
[image: Table 3]6 CONCLUSION
In this study, we propose an optimal allocation method for emergency repair resources in the producer–consumer community considering fault risk classification and emergency repair response capability. First, we preprocess the fault information by the rough set theory, then establish an optimal allocation model to minimize the total fault loss, consider fault risk classification and emergency repair response capability, and finally use the improved gray wolf optimization algorithm for the optimal search calculation. By improving the initial population generation, adaptive weight adjustment, and inter-individual information exchange, the ability of the algorithm to jump out of the local optimum and the efficiency of the optimization search are improved. Through the analysis of the optimization results, it is concluded that the proposed algorithm and the optimization strategy of repair resources are effective in reducing the potential fault loss and optimizing the repair station optimization, which have certain practical significance. In fact, the spatial correlation between the emergency repair resource allocation point and each producer and consumer is very complex and is not a simple straight-line distance. The model designed in this study does not consider the actual road distribution, and the subsequent research should first combine the real geographic information of GIS, then add the road influence factors into the model and give sufficient weights, and finally, build a more perfect resource allocation optimization model. The aforementioned problems can be studied in depth if necessary in the future.
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