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With the high penetrated photovoltaics (PVs) accessing distribution networks (DNs) in the future, the overvoltage of distribution network will be more serious, and the voltage control will be more complex. To solve this problem, a cluster partition-based zonal voltage control method for DN is proposed in this study. First, a cluster partition method using a comprehensive performance index is proposed: in terms of DN structure, a global density quality function index is introduced to measure the coupling degree of nodes in clusters. In terms of cluster function, the inconsistency coefficient index is presented to reflect the PV output characteristics, and a node membership function index is presented to limit the scale of the cluster. Then, the DN cluster partition is carried out under the fast Newman (FN) algorithm. Second, a second-order cone programming (SOCP) model of voltage control is established to maximize the PV consumption in each cluster. To achieve the coordinated optimization of clusters, an iterative optimization strategy among clusters is proposed. Finally, the effectiveness and rationality of the proposed method are verified in a 10 kV actual feeder system in Zhejiang Province, China.
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1 INTRODUCTION
In order to promote the realization of peaking and carbon neutrality goals, China will carry out the development of roof-distributed PVs for the whole county. However, the integration of large-scale PVs aggravates the overvoltage in the DN (Wang et al., 2021), and the voltage control model turns into a high-dimensional complex model (Liao et al., 2017; Li et al., 2018), which is difficult to solve. Therefore, the investigation of voltage control strategies for active distribution networks (ADNs) with a high penetration of PVs is necessary to improve the consumption of PVs. Zonal voltage control (Han et al., 2019) provides an effective solution for solving the complex voltage control. Under the network partition, the high-dimensional voltage control model can be transformed into several subproblems which are easy to be solved (Xiao, 2020). Zonal voltage control mainly exists in two aspects: network partition and subnetwork voltage regulation.
To implement the zonal voltage control, the network partition is first carried out. In terms of the network partition index, the DN structure and power balance are the main basis for a network partition. Hu et al. (2021) used the reactive voltage sensitivity matrix to express the electrical coupling degree between nodes, and the sensitive nodes are found out to complete the network partition. Dou et al. (2018) proposed a division index system of virtual cluster, including the spatial location, output characteristics, and response mode of PVs. Kou et al. (2019) proposed the network partition indexes which include the net load of nodes and active and reactive power regulation capacity of PVs. Chai et al. (2007) proposed the cluster performance index. The index considers the electrical distance between nodes and regional voltage regulating ability, which can ensure each cluster solves the voltage violations within the clusters. In the context of PV accessing in the whole counties, the scale of PVs in DNs is continuous expanded, the influence of PVs on network partition cannot be ignored. Therefore, it is not enough to employ the electrical distance and power balance as the network partition index. If the consistency of PV output and nodal voltage in the cluster can be considered during the network partition, the output of the subnetwork will be more smooth and controllable. In terms of network partition algorithms, there are three main types: intelligent algorithms, clustering algorithms, and community discovery algorithms of complex networks. Bi et al. (2019) proposed an improved genetic algorithm, which can find the optimal network partition according to the state of tie switch. Although the amount of calculation is reduced, this algorithm has a long time scale, which is not suitable for real-time optimization. Yan et al. (2021) used the Tabu search algorithm to complete the network partition. But this algorithm cannot automatically generate the optimal number of clusters, which can lead to an inaccurate result. Wang et al. (2021) proposes a fast-unfolding clustering algorithm for cluster partitioning, which employs the complex network modularity function to avoid setting the threshold value. When the network structure changes, the algorithm is no longer applicable. In different scenarios, and the time scale and accuracy of the network partition are different. For the zonal voltage control of DNs, the voltage control belongs to a real-time optimization, which requires a short-time scale of network partition. Therefore, determining how to establish a network partition algorithm with fast computing speed and accurate performance is the key to achieving zonal voltage control.
After DNs are partitioned into several subnetworks, the zonal voltage control method can be applied. The zonal voltage control mainly focuses on the optimization within subnetworks and the coordination among subnetworks. Xiao et al. (2017) adopted the zonal voltage control strategy of “maximize reactive power regulating first, and then minimize active power curtailing.” Although the control process is simplified, the active power–reactive power interaction between subnetworks is not considered. According to the overvoltage degree, Li et al. (2021) proposed a voltage regulation control strategy based on the energy storage cluster. Autonomous optimization is realized by utilizing the energy storage system in clusters, but the coordination between clusters is not considered. Chai et al. (2019) used the alternating direction method of multipliers (ADMM) to optimize the zonal voltage between upstream and downstream clusters, which only achieves the coordination between adjacent clusters. With the high penetrated PVs accessing distribution networks, it is necessary to further establish a reasonable and effective coordination strategy among clusters. Therefore, realizing the independent voltage control in each subnetwork and the coordinating control among the subnetworks deserves deep research.
In light of the aforementioned issues, this study proposes a cluster partition-based zonal voltage control method for DNs. The main contributions of this study are summarized as follows:
1) Based on the community partition theory, a cluster partition method combined with the cluster comprehensive performance index and FN algorithm is proposed. The electrical information of the network structure and the impact of PVs on the partitioning solutions are considered, and the size of each subnetwork can be restricted.
2) A SOCP-based voltage control model aiming at the maximum PV consumption in the cluster is established. The high-dimensional voltage control model of the whole DN is transformed into several subproblems within the clusters, which are easily solved.
3) An iterative optimization-based active power coordination strategy among clusters is proposed to realize the coordination among different clusters. The maximum PV consumption for all clusters can be guaranteed.
The remainder of this study is organized as follows. In Section 2, a comprehensive performance index-based cluster partition method is proposed. In Section 3, an independent optimization model in the cluster is proposed. In Section 4, the active power coordination and interaction strategy among clusters is proposed. The case study is described in Section 5, and a 10 kV actual feeder network is used for simulation verification, followed by discussion and conclusions in Section 6.
2 COMPREHENSIVE PERFORMANCE INDEX-BASED CLUSTER PARTITION METHOD
2.1 Comprehensive Performance Index of Cluster Partition
In order to solve the problem that the factors of the existing cluster partition index are not comprehensive, in this study, based on the DN structure and cluster function, the comprehensive performance index is proposed to complete the cluster partition. The comprehensive performance index is composed of the global density quality function index, the inconsistency coefficient index, and the node membership function index.
The global density quality function is selected to measure the coupling degree of nodes in clusters according to the DN, so as to satisfy the structural principle which means that the nodes with a strong coupling degree should be divided into the same clusters, and nodes with a weak coupling degree should be divided into different clusters. First, the global internal density quality function [image: image] and the global external density quality function [image: image] are defined, where [image: image] represents the coupling degree of nodes within the cluster and [image: image] represents the coupling degree of nodes between clusters.
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where k is the number of clusters, Vk represents the k-th cluster, Axy represents the weight of the edges of nodes x and y, [image: image] represents the sum of edge weights of all nodes in the cluster K, [image: image] represents the sum of edge weights of all nodes in different clusters, Aij represents the weight of the edges of nodes i and j, and [image: image] represents the sum of edge weights of all nodes in the whole network.
In this study, the edge weight of the DN is determined by the active voltage sensitivity matrix SPU, which can be got from Xiao et al. (2017). In order to reflect the coupling degree between nodes, the average value of edge weight is used to represent the weight Aij:
[image: image]
where the value of [image: image] and [image: image] belongs to (0,1). As [image: image] is close to 1, it indicates that the nodes in a cluster have a strong coupling degree. As [image: image] is close to 0, indicates that the nodes in different clusters have a weak coupling degree. The global density quality function index QGD is defined as follows:
[image: image]
The value of QGD belongs to (0,1). As QGD is close to 1, it indicates that in the same clusters, the nodes have a strong coupling degree and in the different clusters, the nodes have a weak coupling degree, that is, the larger the value of QGD, the better the partition result.
Due to the strong fluctuation of PV output, it is difficult to ensure that the clustering results can satisfy the DN topology constraints. If the PV nodes with inconsistent output are partitioned into the same cluster, the PV output in each cluster will be smoother, and the regulation ability of clusters can be increased. Therefore, the inconsistency coefficient index X is proposed to describe the variation trend of PV output in the cluster at different times.
[image: image]
where Pi and Pj are the output sequences of PV i and PV j in the network, T is the sampling number of PV output in the whole day, and ΔT is the sampling time interval, which is set to 15 min. The expression of ft(Pi, Pj) is given as follows:
[image: image]
where ft(Pi, Pj) is the inconsistency of the output curve trend between PV i and PV j during the t-th to the t-1 sampling point within a cluster. When the output curve trend of two PVs is inconsistent (one rising and one falling), ft(Pi, Pj) is taken as 1, and ft(Pi, Pj) is taken as 0 when they are consistent.
A suitable scale of cluster will affect the difficulty of subsequent zonal voltage control. The balance of nodal size in clusters will reduce the complexity of zonal voltage control. Therefore, in order to judge the nodal size of each cluster, a node membership index is established:
[image: image]
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where V[x] represents the cluster which node x belongs to, that is, x [image: image] V[x]; |V[x]| represents the sum of total edges between nodes in the cluster, where node x belongs to; μ(x, V[x]) indicates the membership degree of the nodes connected to x in the same cluster V[x]; V-V[x] represents the cluster which does not contain node x; |V-V[x]| indicates the sum of edges between nodes within clusters, except V[x]; and μ(x, V-V[x]) indicates the membership degree of node y in cluster V-V[x].
Based on the aforementioned indexes, the comprehensive performance index is defined as follows:
[image: image]
where ω1, ω2, and ω3 are the weights of global density quality function index, inconsistency coefficient index, and node membership index, respectively, which meet 0≤ω1; ω2; ω3 ≤ 1 and ω1+ω2+ω3 = 1.
2.2 Cluster Partition Algorithm
Community structures are formed by the aggregation of network nodes, which generally utilize regional coupling of physical, chemical, or social interaction relations (Cohen, 2009). The community should satisfy that the nodes with a strong coupling degree belong to the same clusters, and nodes with a weak coupling degree belong to different clusters. A power network is also a complex network composed of points and edges, in which the point corresponds to the node in the network, and the edge corresponds to the connecting line between nodes (Liu, 2019). The community not only reflects the structural characteristics of the network but also reveals the internal relations of the network. Based on the community discovery algorithm, the community structure, which has a close connection within the community and a sparse connection between communities, can be analyzed. The FN algorithm is a complex network community partition algorithm based on a local search proposed by Newman et al. (2004). The steps of using the FN algorithm to divide clusters are as follows:
Step 1: Each node in the network is regarded as a separate cluster, and the initial comprehensive performance index value ω0 is calculated according to Eq. 10.
Step 2: For node i, node j is selected randomly from the remaining nodes to merge into a node pair. The comprehensive performance index ω1 is calculated. Then calculate the value Δω = ω1-ω0.
Step 3: Step 2 is repeated for all node pairs. The node pair with the largest Δω will be merged into a cluster and referred to as an individual node.
Step 4: Steps 1-3 are repeated until the comprehensive performance index value for all node pairs does not increase. The optimal cluster partition and the associated comprehensive performance index value can be obtained.
3 ZONAL VOLTAGE CONTROL MODEL IN CLUSTERS
3.1 Objective Function
For the overvoltage in the DN, a SOCP-based voltage control model is established with the objective function to maximize the PV consumption. Based on the cluster partition, combined with the regulation capacity of energy storage, the objective functions of clusters can be established as follows:
[image: image]
where [image: image] is the number of installed PVs in cluster K, [image: image] is the output power of PV i at time t, PESS,t is the energy storage power at time t, and Ploss,t is the network loss at time t.
3.2 Constraints of the Proposed Model

1) Power flow constraints of DN
The traditional nonlinear power flow model can be transformed into a SOCP power flow model by second-order cone relaxation (Peng et al., 2021).
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In the aforementioned constraints, Eq. 12 represents the second-order cone relaxation transformation of branch power flow, where Lij,t represents squared current magnitude of line i-j at time t; Pij,t and Qij,t represent the active power and reactive power of the line from node i to node j at time t, respectively; Ui,t represents the voltage amplitude on node i at time t; ui,t represents the square of the voltage amplitude on node i at time t; and χ represents all line sets. Eqs 13–15 represent the injection power balance equation of active and reactive nodes, where Ф(j) and Λ(j) represent the parent branch set and child branch set of node j, respectively; PPV,j,t represents the adjusted active power generation of the j-th PV node at time t; [image: image] represents the output active power of the j-th PV at time t, which is the constant value; QPV,j,t represents the reactive power regulation amount of the PV inverter of the j-th PV at time t, which is the constant value; П represents a collection of all nodes; [image: image] represents the collection of all nodes in cluster K; PL,j,t and QL,j,t represent the active and reactive load demand of the j-th node at time t; PESS,j,t represents the energy storage absorbed power at the j-th node at time t; and rij and xij represent the resistance and reactance of line i-j. Eqs 16, 17 represent the node voltage amplitude and branch current constraints, where [image: image] represents the maximum current of line i-j.
2) Upper and lower limits of PV output:
[image: image]
where [image: image] is the upper limit value of active power output of PV i at time t.
3) Energy storage state constraints:
[image: image]
[image: image]
where SOC,t is the energy storage state of charge at time t; SOC,max and SOC,min are the upper and lower limits of the energy storage state of charge, respectively; PESS,t is the energy storage power at time t; and PESS,N is the rated power of energy storage.
4 ITERATIVE OPTIMIZATION-BASED ACTIVE POWER COORDINATION STRATEGY OF CLUSTERS
To realize the coordination among clusters, an iterative optimization-based active power coordination strategy among clusters is proposed, which takes advantage of the weak coupling between clusters. The specific process of the proposed strategy is shown in Figure 1.
Step 1: Based on the cluster partition, check whether the node voltage in each cluster exceeds the voltage limit. If the node voltage is within the normal range, it ends; if there exists overvoltage, proceed to the next step.
Step 2: The clusters with overvoltage are recorded as [image: image]. Then, each cluster in CV optimizes the objective of Eq. 11 to obtains the optimal output power of PV [image: image], and the charging power of stored energy [image: image].
Step 3: Based on the intra-cluster optimal solution [image: image] and [image: image], a power flow calculation is carried out for the DN after the active power cutting of the PV in cluster CV. When the voltage of the whole network is qualified, it ends. Otherwise, go to the next step.
Step 4: Taking [image: image] as the initial value, each cluster in CV optimizes the objective of Eq. 11 again to obtains the best output power of PV [image: image], and the charging power of stored energy [image: image].
Step 5: Perform a power flow calculation based on the optimized results in step 4. If the voltage of the whole network is qualified, it ends; otherwise, proceed to the next step.
Step 6: Repeat steps 2-5 until all node voltages are within the normal range.
[image: Figure 1]FIGURE 1 | Flowchart of the proposed voltage control.
5 CASE STUDY
5.1 Case Study System
In order to verify the effectiveness of the proposed method, an actual three phase balanced 10 kV radial active distribution network in Zhejiang Province, China, was employed. The feeder has 34 nodes in total. Among them, bus 0 is employed as the reference node, its voltage value is set to 1.05 p.u. The total load in the feeder is 7.3MVA, and a total of 4 MW PVs and 1.2 MW energy storage are added to the network. The topology of the feeder is shown in Figure 2.
[image: Figure 2]FIGURE 2 | Topology of 10 kV feeder under study.
In this network, the capacity of installed PVs and energy storages are shown in Tables 1, 2, respectively.
TABLE 1 | Capacity of installed PVs.
[image: Table 1]TABLE 2 | Capacity of installed energy storage.
[image: Table 2]First, the feeder is modeled by OpenDSS simulation platform, and then the cluster partition and the zonal voltage control are carried out under MATLAB. In order to verify the effectiveness of the proposed method, the day with the largest PV output in 2021 is taken as a typical scenario to be analyzed. The daily maximum PV output is shown in Figure 3.
[image: Figure 3]FIGURE 3 | Daily maximum outputs of PVs.
5.2 Cluster Partition of the Feeder
Different partition results can be obtained under the comprehensive performance index with different weights. In the cluster partition, different weights can be set for each index according to the experimental conditions. In this study, three weight combinations (numbered C1, C2, and C3) are employed to illustrate the influence of a comprehensive performance index on cluster partition. Table 3 shows the cluster partition results obtained by different weight combinations.
TABLE 3 | Results of cluster partition under different weight combinations.
[image: Table 3]It can be seen from Table 3 that as a certain weight creasing, the influence of the corresponding index will be enhanced in the cluster partition. For example, from the weight combination C1 to C2, the weight ω1 becomes smaller; meanwhile, the global density function index becomes smaller. It can be known that the value of ω1 in Eq. 10 will be smaller, which means the influence of the global density function index is reduced. Therefore, the weights ω1, ω2, and ω3 should be set according to the experimental conditions. According to the actual needs in this study, the cluster partition is analyzed by setting ω1 = 0.4, ω2 = 0.3, and ω3 = 0.3. The cluster partition results are shown in Figure 4.
[image: Figure 4]FIGURE 4 | Cluster partition results under the proposed method.
It can be seen from Figure 4 that the feeder is partitioned into 6 clusters using the proposed cluster partition method, and there are no isolated nodes exist. Meanwhile, each cluster has the PVs or energy storage, which means each cluster has an adjustable capacity for zonal voltage. To further verify the effectiveness of the proposed method, the modular degree, function ρ (Li and Yang, 2019) is employed to compare with the comprehensive performance index. Table 4 shows the cluster partition results under the two different indexes.
TABLE 4 | Results of cluster partition under different indexes.
[image: Table 4]From Table 4, it can be seen that the feeder can be partitioned into several clusters under the two indexes, and there are no isolated nodes exist. But it should be noticed that under the function ρ, two clusters have no PVs or energy storage, and the nodal size of the cluster is more unbalanced than the clusters obtained by comprehensive performance index, which means the proposed a comprehensive performance index can generate a more reasonable cluster partition for subsequent zonal voltage.
5.3 Cluster Partition-Based Zonal Voltage Control
Without any voltage regulation measures, the nodal voltage of the feeder is shown in Figure 5. It can be seen from Figure 5 that the voltage of some nodes exceeds the limit at 13:00 noon. To illustrate that the proposed method can effectively adjust the node voltage to a safe operating range, the operating condition of the feeder at 13:00 noon is selected as a typical scenario to be analyzed. In typical scenarios, the actual output of each PVs is shown in Table 5.
[image: Figure 5]FIGURE 5 | Voltage profile of 10 kV feeder during a day.
TABLE 5 | Actual outputs of PVs under the proposed method.
[image: Table 5]In the typical scenario, the solar irradiance comes to the largest during a day, and some nodal voltages exceed the allowable upper limit, which is shown in Figure 6. Under the proposed method, the cluster containing overvoltage nodes is recorded as [image: image]. Under the proposed voltage control method, the profile of nodal voltage and PV outputs are shown in Figures 7, 8, respectively.
[image: Figure 6]FIGURE 6 | Voltage profile of 10 kV feeder at 13:00.
[image: Figure 7]FIGURE 7 | Optimized nodal voltage under the proposed method.
[image: Figure 8]FIGURE 8 | PV outputs under different scenarios.
It is shown in Figure 7 that under the proposed voltage strategy, there is no overvoltage existing in the whole network. Meanwhile, Figure 8 shows that the minimum curtailed PV output is 21.34 kW and the maximum is 198.94 kW, which achieves the goal of maximum PV consumption and avoids the waste of resources.
6 CONCLUSION
Aiming at the overvoltage problem caused by the high penetrated PVs, a cluster partition-based zonal voltage control method for the DN is proposed in this study. Considering the structure of DNs, output characteristics of distributed PV in clusters, and the cluster scale, a comprehensive performance index-based cluster partition method is proposed in this study. Based on the community discovery algorithm, the FN algorithm is employed to carry out the partition. The electrical information of the network structure and the impact of PVs on the partitioning solutions are considered, and the size of each subnetwork can be restricted. Based on the cluster partition, an SOCP-based voltage control model aiming at the maximum PV consumption in the cluster is established, and an iterative optimization-based active power coordination strategy among clusters is proposed. The maximum PV consumption for all clusters can be guaranteed, and the overvoltage problem caused by high penetrated PVs can be effectively solved.
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