[image: image1]Research on μPMU Configuration Optimization Considering Multiple Operation Modes of Distribution Network

		ORIGINAL RESEARCH
published: 26 July 2022
doi: 10.3389/fenrg.2022.932072


[image: image2]
Research on μPMU Configuration Optimization Considering Multiple Operation Modes of Distribution Network
Zhenfeng Liang1*, Jing Wang1, Xiaowei Wang1 and Yining Zhang2
1Department of Electrical Engineering, Xi’an University of Technology, Xi’an, China
2M&T Center of CSG EHV Company, Guangzhou, China
Edited by:
Zaibin Jiao, Xi’an Jiaotong University, China
Reviewed by:
Wenquan Shao, Xi’an Polytechnic University, China
Jie Gao, Xi’an Jiaotong University, China
* Correspondence: Zhenfeng Liang, lzf@xaut.edu.cn
Specialty section: This article was submitted to Smart Grids, a section of the journal Frontiers in Energy Research
Received: 29 April 2022
Accepted: 10 June 2022
Published: 26 July 2022
Citation: Liang Z, Wang J, Wang X and Zhang Y (2022) Research on μPMU Configuration Optimization Considering Multiple Operation Modes of Distribution Network. Front. Energy Res. 10:932072. doi: 10.3389/fenrg.2022.932072

A micro-phasor measurement unit (μPMU) configuration optimization approach is proposed in this article, considering the numerous operation modes of distribution network reconfiguration. The PSO algorithm with dynamic adaptability is used to optimize the setup of μPMU and improve the accuracy of state estimation for each distribution network operation mode. The configuration nodes of various operation modes are grouped and assessed by K-means according to the shortest distance, and the weights of the evaluation indexes are calculated by the AHP-CRITIC subjective and objective combination weighting method. The node with the highest comprehensive evaluation index is selected as the configuration node. The probability of multiple operation modes is then introduced. Finally, using the IEEE 118-bus distribution system as an example, the simulation demonstrates the proposed method’s effectiveness in improving distribution network state estimate.
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INTRODUCTION
With the large-scale access of distributed power sources, the structure and operation mode of the distribution network system are complex and changeable (Majdoub et al., 2018), and the volatility and randomness of the high proportion of distributed generation also bring great challenges to the operation and control of the distribution network (Huang et al., 2022). Therefore, the “observable” and “controllable” capability of the distribution network is of vital importance to ensure the economic and safe operation of the system (Liu et al., 2020), and high accuracy state estimation is an important prerequisite for analyzing the operation state of the distribution network.
The existing measurement devices in the distribution network, including advanced measurement system (AMI) and supervisory control and data acquisition (SCADA), can no longer meet the operational control requirements of the distribution network. The micro-phasor measurement unit (μPMU) is a GPS-based real-time measurement device that calculates electrical parameter of the distribution network, including the magnitude and phase angle of the node voltage and the branch current, in real time by collecting voltage and current phase quantities, and transmits data faster, usually 10 ms or 20 ms (Zhang et al., 2021), which can significantly improve the distribution system’s observability and measurement accuracy.
The existing measurement devices cannot cover the needs of distribution network condition assessment in terms of data collection duration and accuracy due to the dispersed installation of distribution network measurement devices and the lack of real-time measurement data. With the emergence and wide application of μPMU, many scholars have used the μPMU for state estimation. μPMU is not economical for distribution networks with large node size to achieve system observability just by installing the μPMU (Kandenkavil and Bhattacharya, 2018), a method of combining traditional measurement data with μPMU data to build a hybrid measurement state estimation method is provided. The hybrid weighted least squares state estimation algorithm based on PMU and SCADA is proposed in the study by Skok et al. (2016), Silva et al. (2017), and Santos and Orillaza (2018) for the three-phase unbalanced distribution network system, which not only ensures the global observability of the system, but also satisfies the economy and improves the accuracy of state estimation. A fast three-phase state estimation method based on hybrid measurements is proposed in He et al. (2021). The redundancy of state estimation is significantly increased by increasing the voltage pseudo-measurements through μPMU measurements. A hybrid weighted minimum absolute state estimation algorithm based on SCADA and μPMU is proposed in the study by Santos and Orillaza (2018), which has better stability than the weighted least square method. The study proposes a three-phase distribution system state estimation method based on Bayesian inference (Massignan et al., 2022). It uses Bayesian information fusion to combine different types of data and time scales for state estimation, which improves the accuracy of state estimation pseudo measurement data.
Because of the huge scale, complicated, and changing structure of distribution networks, the configuration optimization problem of μPMUs is a practical challenge that has to be solved quickly. Most problems for optimal μPMU configuration are currently solved by using optimization algorithms to take the network-wide observable and minimum number as the objective function, consider different practical situations, or emergent conditions as constraints, and use network-wide observable and minimum number as the objective function. The mixed integer programming algorithm is used to solve the problem by Teimourzadeh et al. (2019), with the minimum number of μPMUs as the objective function and the observability of the system under the normal operation and the observability under emergency conditions as constraints. Under the condition of ensuring the observability of the system and the minimum number of installations, the influence of the current channel is considered in the study by Elaziez et al. (2020). The optimal configuration result of μPMU is solved with the selection of current channel as the constraint condition. Compared with transmission networks, network reconfiguration is an important process that distribution networks often undergo. Most of the existing distribution network μPMU optimal configurations are optimized based on the fixed network topology during normal operation, without considering the complex and variable topology of the distribution network. Now, a μPMU device has been used in distribution network state estimation to improve the accuracy of state estimation. A new method of μPMU optimal configuration for the distribution system based on a high precision state perception is proposed in the study by Tian et al. (2019). And simulation results show the effectiveness of the proposed method in improving state estimation accuracy.
If the distribution line fails, when the fault occurs, the breaking and clearing of the fault are generally completed within milliseconds, and the state estimation period is generally 1–5 min, sometimes tens of seconds, so the influence on the state estimation is small. After the fault occurs in the distribution network, the system automatically removes and isolates the fault, and restores the power supply in the non-fault area generally requires 3–10 s shorter time, less impact on distribution network state estimation. The method in this paper is suitable for the operation mode of topology change after distribution network fault reconstruction.
In addition, fault information is used in a lot of current research for state estimation and parameter identification. Li et al. (2018) proposed to extend the line parameters and fault information (fault distance and voltage phasor of fault point) to state variables, and conduct state estimation together with the original node state variables to realize online parameter identification. Wang et al. (2020) established the overall model of the faulted active distribution network, where the fault location was introduced as the state of the system. The state estimate approach is then utilized to pinpoint the location of the problem. Some people use the substation current and voltage values to determine all possible short-circuit locations based on impedance. In the case of multiple locations, in addition to the voltage and current measured in the substation, the state estimation will also use some bus available voltage measurements. For each case, the location and fault current calculated by the impedance-based method are used as inputs to the estimator, which provides the fault location based on the normalized residual analysis. Kume et al. (2020) proposed that the impedance-based method uses the current and voltage values of the substation to determine all possible short-circuit positions. In the case of multiple locations, in addition to the voltage and current measured in the substation, the state estimation will also use some bus available voltage measurements. For each case, the location and fault current calculated by the impedance-based method are used as inputs to the estimator, which provides the fault location based on the normalized residual analysis. Öner and Göl (2016) used the PMU measurement value recorded during the fault (before the circuit breaker is disconnected). These measurements are used to determine the fault current flowing on the fault line, and the weighted least squares are used for state estimation and fault location.
A μPMU configuration optimization research is proposed in this article, which takes into account numerous distribution network operation modes with reconfiguration. Firstly, the configuration of μPMU is optimized for various topologies. Then, the K-means clustering algorithm is introduced, and the obtained configuration nodes are clustered at the shortest distance, and the four indexes of node degree, node compactness, node importance, and node betweenness are evaluated. The weight of the four indexes is solved using the subjective and objective combination weighting technique of AHP and CRITIC, and the comprehensive index of nodes is obtained. In each cluster, the node with the greatest comprehensive index is chosen, and the final configuration scheme is created. The node is fully re-evaluated on this basis, considering the possibility of alternative distribution network operating modes. For simulation verification, the IEEE-118 node distribution network system is employed.
MICRO-PHASOR MEASUREMENT UNIT CONFIGURATION OPTIMIZATION
Micro-Phasor Measurement Unit Configuration Optimization Mathematical Model
The node without power injection is referred to as a zero-injection node in distribution network modeling, and the current is nearly zero. The best configuration goal of μPMU is to obtain the maximum state estimate accuracy, with zero-injection nodes as the constraint, in the scenario where the whole network is totally visible. The objective function of the best μPMU design for a system with nodes is illustrated in Eq. 1.
[image: image]
where [image: image] is the number of nodes of the system; The element in matrix [image: image] is [image: image], represents the installation of μPMU at node [image: image], its definition is shown in Eq. 2; [image: image] is the correlation matrix of system nodes; [image: image] is a collection of all nodes of the system; [image: image], [image: image] are the real values of voltage magnitude and phase angle of the nodes, respectively; [image: image], [image: image] are the voltage magnitude and phase angle of the state estimate; the elements in matrix [image: image] are [image: image], when [image: image], denoted as node [image: image] can be calculated by Kirchhoff’s law based on the quantitative measurements of zero-injection node [image: image] and its connected nodes; when [image: image], then node [image: image] can’t be calculated based on the quantitative measurements of zero-injection node [image: image] and its connected nodes.
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The system node correlation matrix is a binary matrix whose elements are defined as in Eq. 3.
[image: image]
Micro-Phasor Measurement Unit Configuration Optimization Algorithm
The optimization objective model is solved by the improved particle swarm optimization algorithm. The inertia factor, which is based on the current particle swarm evolution speed factor and aggregation factor, is dynamically changed by the weight of its speed and position update (Zhang et al., 2005). It can not only make the algorithm have dynamic adaptability, but also improve the convergence performance of the algorithm.
The following are the steps of the improved particle swarm algorithm:
1) Initialization: To begin, the maximum number of iterations, the number of objective function independent variables, the maximum particle velocity, and the number of populations are all specified. The maximum particle velocity [image: image], the maximum number of iterations is 200, and the population number is 300.
2) Calculating the fitness: The fitness function in this article is set to the error value of voltage amplitude and phase angle of each node, and the expression is [image: image].
3) The individual optimal fitness and global optimal solution calculation: The best fitness value of each individual is to find the historical optimal location information for each particle, and find the global optimal solution from these historical optimal solutions. Then compared with the historical global optimal solution, the minimum value is selected as the current historical optimal solution.
4) Update the particle position and velocity: Update the expression as shown in Eqs 4, 5.
[image: image]
[image: image]
where [image: image] is inertia weight; here the inertia factor is dynamically changed, [image: image] varies with particle aggregation and evolution speed, as shown in Eq. 6; C is the learning factor, C1 = C2 = 2; [image: image] represents the dimension [image: image] of the individual best fit for the [image: image] variable; and [image: image] represents the dimension [image: image] of the global optimal solution.
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where [image: image] is the initial value of [image: image], generally [image: image]; [image: image] is the global optimal value of the last iteration; [image: image] is the global optimal value of the current iteration; [image: image] is the average fitness value of all current particles; and [image: image] and [image: image] are the evolution speed and aggregation degree of particles, respectively. Finally, this article takes the [image: image] value to 0.1, the [image: image] value to 0.5.
DISTRIBUTION NETWORK NODE CENTRALITY ASSESSMENT
K-Means Node Clustering
The K-means clustering technique is the most widely used unsupervised learning clustering algorithm. The idea is to partition a data set containing N variables into k distinct groups. The K-means clustering algorithm uses Euclidean distance as a measure of similarity between data. The Euclidean distance expression between two data [image: image], [image: image], is shown in Eq. 9.
[image: image]
The objective function of K-means clustering algorithm is the minimum loss function as in Eq. 10.
[image: image]
where [image: image] is the clustering center of the cluster [image: image]and [image: image] is the object to be clustered in the data set.
Node Evaluation Metrics
The importance of nodes, the degree of nodes, the tightness of nodes, and the betweenness of nodes are all considered in this article while evaluating the node centrality of a distribution network.
1) The node of importance (Zeng et al., 2021): It refers to the numerical relationship between the new network cohesion and the original network cohesion after shrinking a node. The node importance is expressed as Eq. 11.
[image: image]
where [image: image] is the new network graph obtained after the contraction of node [image: image], and node [image: image] is the node that needs to be selected after node clustering; and [image: image] is the network cohesion after node [image: image] shrinks.
Network cohesion (Li et al., 2012) is defined as Eq. 12.
[image: image]
where [image: image] is the shortest distance between nodes [image: image] and [image: image].
2) The degree of nodes (Liu et al., 2021): The degree of a node, also called node correlation degree, is the number of edges associated with that node. The degree of nodes is defined as shown in Eq. 13.
[image: image]
where [image: image] is the degree of node [image: image]; [image: image] is the total number of branches; [image: image] is the [image: image] branch; and[image: image] is whether [image: image] is associated with node [image: image].
3) The tightness of nodes: Node tightness is used to describe the closeness of a node to other nodes in the distribution network system. In this article, the branch impedance modulus is used as the weight of the edge to form an undirected weighted network. The tightness of nodes index is expressed as Eq. 14.
[image: image]
where [image: image] is the shortest distance between node [image: image] and [image: image]. Dijkstra algorithm is used to solve the shortest distance in this paper.
4) The betweenness of nodes (Xu et al., 2010): It refers to the total number of shortest paths in the network divided by the number of paths going through the edge, which accounts for the ratio of the total number of shortest paths, demonstrating the role, and influence of the corresponding nodes or edges in the entire network. Eq. 15 shows the definition of node betweenness.
[image: image]
where N is the total number of system nodes; [image: image] is the number of shortest paths between node [image: image] and [image: image]; and [image: image] is the number of the shortest paths passing through node [image: image] between node [image: image] and [image: image].
Determination of Indicator Weights
Taking into account the benefits and drawbacks of subjective and objective weighting methods, as well as decision makers’ preferences for attributes, while minimizing subjective arbitrariness in attribution, in order to achieve a balance of subjectivity and objectivity in attribute attribution, resulting in true, and reliable decision results. In this article, the combination of subjective and objective weighting method, AHP and CRITIC method, is used to determine the weight of the four indicators.
AHP is a classical subjective weighting method (Zhang et al., 2021). The specific steps are as follows:
1) Construct judgment matrix A.
[image: image]
2) The relative weight between layers is obtained from the judgment matrix. The corresponding feature vector [image: image] is solved by solving the maximum eigenvalue of A, and the elements in [image: image] are normalized.
3) Calculation of consistency indicators. The calculation formulas are shown in Eqs 17 and 18.
[image: image]
[image: image]
where [image: image] is the consistency index; [image: image] is the order of the judgment matrix; [image: image] is the maximum eigenvalue of the judgment matrix A; and [image: image] is the average random consistency index.
The CRITIC approach is a comprehensive estimate of the objective weight of the indicators based on their relative strength and the conflict between them (Zhang et al., 2022). The following are the specific steps in the calculation:
1) Assuming that there are M evaluation indexes and N evaluation objects, the original index data matrix is as follows:
[image: image]
where[image: image] is the [image: image] index of the [image: image] node.
2) It is required to do dimensionless treatment for each index in order to eliminate the impact of different dimensions on the evaluation results. Eq. 20 shows the dimensionless calculation formula for the positive evaluation index data.
[image: image]
where [image: image] and [image: image] are the minimum and maximum values of the third node.
3) Indicator variability: It is expressed by standard deviation, as shown in Eq. 21.
[image: image]
where [image: image] is the standard deviation of indicator j. The standard deviation is used to represent the difference and fluctuation of the internal values of each index. The greater the standard deviation is, the greater the numerical difference of the index is, and more information can be reflected. The evaluation intensity of the index itself is also stronger, and more weight should be assigned to the index.
4) Conflict of indicators: The expression is given as Eq. 22.
[image: image]
where [image: image] is the correlation coefficient between index [image: image] and [image: image].
5) Information quantity: The more information there is, the more important it is to the overall evaluation index system, and it should be given more weight. Eq. 23 shows the calculating formula.
[image: image]
6) Objective weight: The objective weight of the index j is shown in Eq. 24.
[image: image]
The calculation of the combined weight coefficient is shown in Eq. 25.
[image: image]
where [image: image] is the weight calculated by AHP and [image: image] is the weight calculated by CRITIC.
OPTIMIZATION PROCESS CONSIDERING MULTIPLE OPERATION MODES
In order to meet the rationality of configuration optimization of μPMU measurement device under various operation modes, the optimization scheme after reconstruction is considered. Various operation modes include the normal operation mode and reconstructing operation mode. The configuration optimization scheme of the μPMU is obtained under different operation modes, and the model diagram of configuration node is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Optimization process model diagram.
μPMU configuration optimization nodes are chosen according to the following principles, as shown in Figure 1: 
1) Create an empty set P as a node set to record the μPMU configuration scheme’s node number.
2) The modified PSO method is used to optimize the configuration of the μPMU according to the present normal system architecture, as illustrated in Figure 2, and the configured node number is stored in the set P.
3) The present distribution network is reconstructed using the reconstruction rules, and the topology is re-optimized using μPMU configuration, with the configured nodes being placed in set P.
4) K-means grouping is used to group the configured nodes by shortest distance, with the number of clusters equal to the number of configured nodes.
5) The node importance, degree of nodes, node tightness, and node betweenness of each cluster are calculated using Eqs 11–15, and the comprehensive index of the node is obtained using the subjective and objective comprehensive weights of AHP and CRITIC, and the node with the highest comprehensive index is selected.
6) The configured nodes are thoroughly re-evaluated in light of the possibility of various operation modes. If a node appears in multiple operation modes, its probability is the sum of the operation mode’s probabilities.
[image: Figure 2]FIGURE 2 | Improved PSO optimization flow chart.
EXAMPLE ANALYSIS
The IEEE-118 node test system is used as an example in this work. Figure 3 depicts the IEEE-118 node test system. There are 132 branches, 118 nodes, and 15 interconnection switches in the system.
[image: Figure 3]FIGURE 3 | IEEE-118 node test system.
To begin, the IEEE-118 distribution network system is 10 times recreated, and the μPMU installation places of ten different topologies are optimized. Table 1 shows the switching positions before and after 10 different types of reconstruction.
TABLE 1 | IEEE-118 system topology Reconfiguration.
[image: Table 1]The configuration results using the μPMU optimization configuration method for the ten topology reconfigurations in this article are shown in Table 2.
TABLE 2 | μPMU configuration scheme.
[image: Table 2]The nodes are classified into eleven categories based on the shortest distance in the synthesis of ten types of reconstruction μPMU configurations illustrated in Table 2. And Table 3 displays the clustering results.
TABLE 3 | Clustering results.
[image: Table 3]For nodes in 11 clusters, four node indices were calculated, and the nodes were then thoroughly examined. A node with the highest index is chosen from 11 clusters based on the size of the comprehensive assessment index. Table 4 shows the results of the node indicator evaluation.
TABLE 4 | Indicator assessment results.
[image: Table 4]The subjective and objective weights of the four indicators of node degree, node compactness, node importance, and node betweenness of these nodes are determined using the AHP and CRITIC methods, respectively. The judgment matrix’s creation is shown in Eq. 26.
[image: image]
The obtained subjective weights are the degree of node [image: image], the tightness of nodes [image: image], the importance of nodes [image: image], and the betweenness of nodes [image: image].
The parameters and objective weights calculated by the CRITIC objective weighting method are shown in Table 5.
TABLE 5 | CRITIC weighting calculation results.
[image: Table 5]The combination weights are the degree of node [image: image], the tightness of nodes [image: image], the importance of nodes [image: image], the betweenness of nodes [image: image].
On the basis of reconfiguration, the probability of normal operation and reconfiguration is considered. The comprehensive index of nodes is derived with a 50% likelihood of normal operation and a 5% probability of each reconfiguration. As illustrated in Figure 4, a comprehensive index of nodes with various operating modes is evaluated.
[image: Figure 4]FIGURE 4 | Node centrality index after adding probability.
It can be seen from Figure 4 that the nodes with the highest comprehensive index value in each cluster are 2, 4, 12, 29, 55, 64, 66, 79, 96, 110, and 116, respectively. As a result, μPMU devices are installed at these 11 nodes, and the state estimate results are compared using the probability of different operation modes and without using the probability of different operation modes, as shown in Table 6.
TABLE 6 | State estimation results considering operation mode probability.
[image: Table 6]Table 6 shows that the proportion of reconstruction is small after considering the operation probability, and the comprehensive index of reconstruction configuration is small in the node evaluation, because the probabilities of all operation modes are the same without considering the operation probability. As a result, when considering the operation probability, the state estimate results are better than when not considering the operation probability. However, the state estimation accuracy in the system reconstruction without considering the operation probability is higher than when considering the operation probability because without considering the operation probability, the proportion of each after operation is the same as the normal operation, and thus the weight of the comprehensive index of all nodes is the same. The weight of the comprehensive index of the μPMU configuration node in the reconstruction is small when considering the operation probability, whereas the weight of the comprehensive index of the μPMU configuration node in the normal operation is large, resulting in a high state estimation accuracy without considering the probability.
CONCLUSION
In this article, the μPMU configuration optimization of topology changes after distribution network reconfiguration is considered. The probability of various operating modes is estimated based on reconfiguration, and the μPMU configuration and node comprehensive assessment are re-carried out. Using the IEEE-118 distribution network node as an example, the following conclusions may be drawn:
1) A μPMU configuration optimization approach is provided that considers topology changes following reconfiguration. μPMU configuration optimization that takes into account distribution network reconfiguration and the probability of different operating modes is more in line with the actual condition of distribution network systems, making the scheme more practical and relevant.
2) The state estimation accuracy of the reconstructed operation mode is improved, and the μPMU configuration optimization method obtained in this article meets the accuracy requirements for the state estimation results of the normal operation mode. It is also suitable for distribution systems with large nodes.
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