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The closing-loop and splitting-loop operations of sectionalizing switches and tie switches serve as crucial means for self-healing in distribution network feeder areas. However, the inrush currents generated during closing-loop operations impact the secure and stable operation of distribution networks. To address these challenges, this paper analyzes the effects of steady-state circulating currents and closing-loop inrush currents caused by tie-switch operations on loop-closing branches. Leveraging the dynamic compensation characteristics of AC flexible interconnection devices (FIDs), we elucidate the working principles of FID-based distribution network self-healing and propose an inrush-current-free closing-loop method utilizing FIDs. For distribution networks incorporating wind and solar resources, constraints characterizing line power flow, nodal voltage, branch capacity, and network topology are established, forming a multi-objective optimization model for self-healing that considers renewable energy accommodation capacity. Finally, case studies demonstrate the effectiveness of the proposed self-healing scheme in enhancing renewable energy accommodation capabilities.
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1 INTRODUCTION
With the large-scale integration of renewable energy sources such as wind, solar, and energy storage into distribution networks, the characteristics of wind-solar resources and electricity demand for different distribution areas exhibit distinct patterns. There exists a significant amount of regional, large-scale, spatiotemporal energy exchange between these distribution areas (Gui et al., 2024; Kabirifar et al., 2021). Through feeder automation and distribution network reconfiguration technologies, the distribution network can achieve interconnection between sub-zones, thereby effectively utilizing inter-zone energy exchange to improve operational efficiency. However, interconnection of distribution networks requires switching actions using sectionalizers and tie switches to form and de-form loops. Currently, conventional loop closing methods are limited by mechanical constraints, exhibit slow response times, and may generate loop closing inrush currents. These inrush currents not only pose a threat to the safe and stable operation of the distribution network but could also lead to protection relay operations, causing loop closing failures (Xiaodong et al., 2022; Cai et al., 2022). FID can be deployed in typical scenarios such as multi-source islanded power supply, rapid fault transfer, and voltage sag mitigation. In low-voltage distribution networks, different transformer areas exhibit distinct characteristics in distributed renewable integration and load demand. Significant complementary energy flows exist across adjacent LV areas at regional spatiotemporal scales. Implementing interconnections between LV areas to leverage these complementary flows enhances operational efficiency, enables grid interoperability with mutual backup capabilities, and achieves peak-shaving energy exchange–where effective assessment methods for inter-area complementarity serve as a crucial prerequisite. In medium-voltage distribution networks, flexible interconnection technology achieves impact-free loop closing, substantially reducing constraints during network reconfiguration. This facilitates rapid self-healing, while flexible network reconfiguration optimizes distribution system operations and improves renewable energy accommodation. Therefore, developing flexible interconnection devices with simpler topologies, more straightforward control strategies, and lower costs–followed by exploring their operational modes across diverse MV/LV distribution network scenarios–holds significant importance.
To maximize the integration capacity of the distribution network for renewable energy sources such as wind power, solar power, and to enhance its ability to supply new types of flexible loads like electric vehicle charging stations, researchers have proposed the concept of a Flexible Interconnected Device (FID) (Fuad et al., 2020; Deakin et al., 2022; Zhang et al., 2020). The FID, based on power electronic technology, provides flexible power regulation and interconnection capabilities to the distribution network through an adjustable voltage source converter. By utilizing flexible interconnection technology, seamless loop closing can be achieved, inter-phase power flows can be balanced, the constraints on self-healing in the network can be reduced, the operational state of the distribution network can be optimized, and the level of wind and solar energy consumption can be improved (Yiyi et al., 2022; Alwash et al., 2023; Zolfaghari et al., 2022; Qian et al., 2024).
Self-healing technology for distribution networks can be mainly divided into two types: closed-loop power supply self-healing technology and open-loop power supply self-healing technology. Open-loop power supply is the primary mode of power delivery in distribution networks, and its self-healing relies on feeder automation and distribution network reconfiguration technologies. During the loop closing operation, the node voltages on both sides of the loop closing point fluctuate constantly due to the influence of node load and the connection of distributed energy sources. This causes a voltage difference at the loop closing point, which results in loop closing inrush currents that severely affect the loop closing success rate and the safety of the distribution network system.
In recent years, with the development of flexible interconnected devices such as the Soft Open Point(SOP), technical solutions have been proposed to address issues such as circulating power and electromagnetic ring networks brought by closed-loop power supply methods (Li et al., 2023; Zhang et al., 2023; Luo et al., 2023; Yang et al., 2024; Jian et al., 2024), and their self-healing technologies have been widely researched. Reference (Chen et al., 2024) proposes a distributed traveling wave-based fault location and distance measurement technology for distribution ring networks, enhancing the accuracy and reliability of fault location in power supply ring networks. Reference (Yutao et al., 2024) uses a four-port SOP to form a power supply ring network containing a DC network, and then proposes a two-stage self-healing solution for interlinked distribution network faults, utilizing the power flow regulation ability of FID to assist in fast load transfer and network reconfiguration. Reference (Yifei et al., 2024) connects energy storage devices to the DC side of SOPs in distribution ring networks, allowing the SOP to supply load power using the energy storage device’s inverter to provide AC power when both power sources on either side of the supply ring network fail. Reference (Yuduo et al., 2022) develops a random optimization model for the fault recovery of a flexible interconnected distribution network in the case of coordinated operation of multiple closed-loop power supply systems. The methods proposed in these papers can improve the self-healing ability of the ring network power supply system. In addition, PV-integrated distribution networks have also been studied in the context of optimal network reconfiguration. For example, reference (Abdalla et al., 2021) proposes a strategy that optimizes the reconfiguration of PV-connected systems to enhance power supply continuity and voltage stability. However, they still fail to address the economic issues of ring network power supply.
Many experts and scholars have also proposed using various control methods within the distribution network to regulate the voltage at the loop closing point and achieve proactive loop closing. Reference (Zhang et al., 2018) controls the operating mode of the distribution system and the action sequence of circuit breaker groups, limiting the duration of the loop closing inrush current. This research solves the issue of seamless loop closing and power transfer when the voltage phase angle difference at the loop closing point is 30°, and concludes that by coordinating the control of the phase angle difference and the loop closing and opening time intervals, the loop closing inrush current can be effectively suppressed. Reference (Zhou et al., 2020) considers the integration of distributed wind and solar resources in distribution network feeders and utilizes their output to regulate the voltage at the loop closing point. It derives the loop closing constraints after the integration of distributed energy sources into the feeder loop closing point and builds a distribution network reconfiguration model based on this. Reference (Zhi et al., 2022) adjusts the distribution network’s operating mode or optimizes power flow distribution to regulate the voltage at the loop closing point proactively. Reference (Abdalla and Mostafa, 2022) proposes the use of Smart Ring Main Units (SRMUs) to provide self-healing capability and develops a methodology for determining the optimal number and locations of SRMUs. This methodology integrates the optimal cost-benefit ratio from the perspective of Distribution Companies (DISCOs) and the optimal network operation cost. From the above analysis, current research on loop closing operations mainly focuses on how to adjust the voltage difference between the nodes on either side of the loop closing point to meet the loop closing criteria. However, there is relatively little research on interconnection devices that can achieve seamless loop closing economically and efficiently without causing inrush currents. In terms of topology, existing flexible interconnection devices can achieve flexible power regulation through back-to-back AC/DC/AC converters with two sets of VSCs for rectification and inversion, but this increases the device cost. Three-port AC interconnection devices incorporate energy storage to support DC voltage. Although configuring large-scale energy storage in long-term interconnected operation of distribution networks can enhance regulation flexibility, it further raises costs.
Aiming at the self-healing problem in low-voltage distribution networks, this paper first analyzes the impacts of steady-state circulating current and inrush current generated by the loop closing method based on tie switches on the loop closing branch. Then, based on the dynamic compensation characteristics of the AC flexible interconnection device, a shock-free loop closing method using the AC flexible interconnection device is proposed. For distribution networks with wind and photovoltaic resources, constraint conditions characterizing line power flow, node voltage, branch capacity, and network topology are constructed, and a multi-objective optimization model for self-healing in distribution networks considering wind and photovoltaic accommodation capacity is established.
2 ANALYSIS OF SELF-HEALING IN DISTRIBUTION NETWORKS
In an open-loop operating distribution network, self-healing is first achieved through feeder automation technology when a system fault occurs. This process involves the coordination of action sequences between normally closed sectionalizers on the feeder and normally open tie switches between feeders, enabling load transfer and automatic restoration of power to the affected areas after a fault. A schematic diagram of the self-healing process in a distribution network is shown in Figure 1.
[image: Diagram illustrating a power distribution system across three panels labeled (a), (b), and (c). Panel (a) shows nodes and substations with closed sectionalizing and open contact switches. Panel (b) modifies node and switch configurations, highlighting open sectionalizing and closed contact switches. Panel (c) depicts substations M and N with a distribution automation master station, connected via a communication network to fault-tolerant units (FTUs) and feeders.]FIGURE 1 | Distribution network self-healing process diagram. (a) Distribution network under normal operation (b) Distribution network after initial power restoration following a fault (c) Schematic diagram of feeder automation.The preliminary power restoration process after a fault in the distribution network is shown in Figures 1a,b. When a fault occurs on branch L6-7, the load at node 7 will lose power supply. After fault isolation via feeder automation, the normally open tie switch on branch L4-7 can transfer the load of node 7 to node 4, achieving preliminary power restoration. Feeder automation technology is based on the Feeder Terminal Unit (FTU) shown in Figure 1c. In this system, QFM and QFN represent the substation circuit breakers at the exits of feeder M and feeder N, respectively. QSM1, QSM2, and QSM3 are the sectionalizers on feeder M, while QSN1, QSN2, and QSN3 are the sectionalizers on feeder N. S1 is the tie switch between feeder M and feeder N. If a fault occurs at point f, the FTUs installed next to each switch will transmit the switch status and fault parameters to the feeder automation master station via the communication network. The master station performs fault location and then sends control signals to the FTUs corresponding to sectionalizers QSN1 and QSN2. The FTU will open QSN1 and QSN2, isolating the fault, and finally, the tie switch will be closed to achieve preliminary power restoration in the non-faulted area. As a core device for distribution network automation, the FTU (Feeder Terminal Unit) forms a “data collection-transmission-control” closed loop with the upper-layer network architecture, primarily achieving real-time monitoring and control of feeder circuits. Its working principle is mainly articulated through three dimensions: data acquisition, logical processing, and control execution. However, this paper only briefly describes the operational relationship between the FTU and the communication network, which is not the primary focus of our research.
Network reconfiguration requires a series of loop-closing and opening operations. For example, to further transfer the load of node 7, loop closing between nodes 2 and 4, or between nodes 2 and 5, can be performed. Whether the loop closing operation is successful determines whether network reconfiguration and load transfer can be completed smoothly. However, due to the voltage difference at the loop closing point, loop closing operations generate loop-closing inrush currents. If the inrush current is too large, it may trigger the protection relays, severely affecting the loop closing success rate and the safety of the distribution network system. Below, we analyze the steady-state circulating currents and loop-closing inrush currents generated by the loop-closing method based on tie switches in the distribution network.
The schematic diagram of the loop-closing process in the distribution network is shown in Figure 2a. In the diagram, U˙M and U˙N represent the voltages at the loop-closing nodes M and B, respectively; I˙loadM and I˙loadN represent the load line currents at nodes M and N before loop closing; ZM-N is the line impedance of the loop-closing branch LM-N; and the circulating current I˙M−N=ΔU˙/ZM−N is formed by the vector difference of the loop-closing voltage ΔU˙=U˙M−U˙N. In Figure 2b, eM and eN represent the system voltages on the high-voltage sides of two distribution transformers respectively. The high-voltage side power sources may originate from either the same medium-voltage feeder or different medium-voltage feeders. RM−N and LM−N denote the resistance and reactance of the interconnection line respectively.
[image: Diagram showing two electrical circuit models. (a) Features nodes M and N with impedances \(Z_{M-N}\) and current directions \(I_{M-N}\), \(I_{loadM}\), and \(I_{loadN}\). (b) Displays voltage sources \(e_M\) and \(e_N\), grounded symbols, resistance \(R_{M-N}\), inductance \(L_{M-N}\), and current \(i_{M-N}\) direction.]FIGURE 2 | The steady-state and transient process diagram of distribution network loop closure. (a) Schematic of the steady-state process of distribution network loop closure (b) Schematic of the transient process of distribution network loop closure.Assuming that the load currents before and after loop closing remain unchanged, after the loop is closed, due to the presence of steady-state circulating currents, the load line current at node M will be I˙loadM−I˙M−N, and the load line current at node B will be I˙loadM+I˙M−N. It can be observed that, when using conventional loop-closing methods, the load line current will be much higher than the pre-loop-closing load current due to the superposition of the circulating current.
The transient process of loop closing in the distribution network is shown in Figure 2b. Due to the presence of line inductance, the loop-closing current not only has a periodic component but also contains sub-periodic components generated by the zero-state response of the line inductance. The total loop-closing current expression is:
i=IsM−N⁡sinωt+θM−N+IsM−N⁡sin⁡θM−Ne−tTM−N(1)
where IsM−N represents the amplitude of the steady-state circulating current; ω is the angular frequency of the power system; θM−N is the initial phase angle of the loop-closing current, determined by the voltage phase angle difference between the nodes on either side of the loop-closing point and the power factor angle of the loop impedance; and TM−N=LM−N/RM−N is the time constant of the decay for the non-periodic component of the loop-closing current in the branch M-N.
In Equation 1, the first term represents the steady-state circulating current, and the second term represents the transient inrush current. Therefore, the loop-closing inrush current is given by:
iM−N=IsM−N⁡sin⁡θM−Ne−tTM−N(2)
From Equation 2, it can be seen that the loop-closing inrush current is a function of the initial phase angle θM−N and time t. When θM−N=90° and t = 0.01 s, the maximum instantaneous value of the loop-closing inrush current is Equation 3:
isM−N=IsM−N1+e−−0.01TM−N(3)
From the above analysis, it can be concluded that the presence of the loop-closing voltage vector difference generates steady-state circulating currents and transient inrush currents during loop closing, which severely affects the safe operation of the distribution network.
According to Kirchhoff’s law, the loop-closing current in the loop branch, which includes transient inrush components, will cause the line currents of other branches that are not involved in the loop closing to also contain non-periodic components. Under the influence of these components, non-periodic components will also be superimposed on the node voltages after loop closing. This will lead to voltage fluctuations at each node and even cause voltage violations. Therefore, to eliminate the negative impact of the loop-closing process, it is essential to limit or eliminate the voltage difference on both sides of the loop-closing switch as much as possible.
3 SELF-HEALING WORKING PRINCIPLE OF DISTRIBUTION NETWORKS WITH AC FLEXIBLE INTERCONNECTION DEVICES
The single-phase topology of the FID main circuit is shown in Figure 3. This topology consists of three parts: the switch module, converter module, and power supply module. In this paper, a flexible interconnection scheme is proposed, where the FID is connected in series with the tie switch Sc. Through the coordinated operation of the FID and tie switch, flexible loop closing in low-voltage distribution network areas and self-healing of the distribution network are achieved.
[image: Diagram of an electrical circuit featuring an energy supply module, converter module, and switching module. The energy supply module includes a capacitor \(C_{dc}\) and voltage \(U_{dc}\). The converter module shows diodes, transistors, and inductors \(L_{t}\), \(L_{f}\). The switching module has switches \(S_{1}\), \(S_{2}\), \(S_{3}\) and a contact switch \(S_{c}\) connecting to interconnection lines at points M and N. Current and voltage paths are labeled \(i_{L}\), \(i_{se}\), \(U_{t}\), \(U_{se}\), and \(\bar{U}_{M}\), \(\bar{U}_{N}\).]FIGURE 3 | FID main circuit single-phase topology.In Figure 3, U˙M and U˙N represent the loop-closing node voltages of area M and area N, respectively. Below, the switch module, converter module, and power supply module in the FID will be introduced.
The switch module consists of a bypass switch S1 and two loop-closing switches S2 and S3. By closing the loop-closing switches S2 and S3, the FID can be connected in series between areas M and N to compensate for the loop-closing voltage difference, thereby reducing the voltage across the tie switch Sc and achieving flexible loop closing. Once the loop-closing is completed, if there are no other control requirements for the interconnection line, the bypass switch S1 is used to bypass the FID and remove it from operation. This helps reduce distribution network line losses and extend the lifespan of the FID.
The converter module consists of three single-phase full-bridge voltage-source converters and a filter circuit. Its main function is to output a flexible and adjustable output voltage U˙se in terms of both amplitude and phase angle according to control commands, thus achieving impact-free loop closing between areas and controlling the power flow in the interconnection line, harmonic mitigation, and three-phase unbalance control, among other functions (Tang et al., 2024; Tang et al., 2023; Tang et al., 2022a; Tang et al., 2022b). In the topology, Cf represents the AC filter capacitor, Lf represents the AC filter inductor, U˙r is the modulation voltage generated by the FID converter’s inverter, I˙se is the current flowing into the FID, and I˙L is the current passing through the FID filter inductor.
The power supply module is connected to the DC side of the converter module through the DC capacitor Cdc. Its main function is to provide active power support to the device before the FID loop-closing. Therefore, energy sources such as supercapacitors, uninterruptible power supplies (UPS), and photovoltaic-storage hybrid systems can be used as the energy supply for the FID. Since the focus of this paper is on the AC characteristics of the interaction between the FID and the distribution areas, in the subsequent analysis, the power supply module will be equivalently modeled as a DC voltage source.
If a fault occurs at node M, causing the load to lose power, the initial restoration of power can be achieved by directly closing the mechanical tie switch through feeder automation. If the restoration occurs during the loop-closing stage of the distribution network reconfiguration, the entire impact-free loop-closing process can be divided into the following three stages.
First Stage: Keep the mechanical tie switch open and rely on the voltage compensation characteristics of the interconnection device to control the loop-closing voltage vector difference ΔU˙. As shown in Equation 4:
ΔU˙=U˙M−U˙N−U˙se(4)
To achieve no circulating current and no inrush current at the moment of loop-closing, the loop-closing voltage vector difference ΔU˙ should be controlled to be zero. The output voltage of the interconnection device system should be Equation 5:
U˙se=U˙M−U˙N(5)
At this point, by closing the access switches S2 and S3, the interconnection device is connected to the interconnection feeder, and the distribution network achieves impact-free loop-closing. Of course, in a practical distribution network system, during the process where the interconnection device outputs an equivalent voltage source, the load at nodes M and N, as well as their voltages, change over time. Thus, there will still be a voltage difference at the moment of loop-closing. However, considering that the voltage fluctuations at 10 kV distribution network nodes are typically not significant, it can still be regarded as an impact-free loop-closing.
After the access switches are closed, the interconnection line current is Equation 6:
I˙M−N=ΔU˙ZM−N=U˙M−U˙N−U˙seRM−N+jXM−N(6)
At this point, it can be observed that the current in the interconnection line is zero, and load transfer cannot proceed. Therefore, the impact-free loop-closing process enters the second stage.
Second Stage: Keep the mechanical tie switch open and control the interconnection device’s equivalent output voltage to steadily decay to zero. As a result, the interconnection line current I˙M−N will gradually rise U˙M−U˙N/ZM−N from zero, allowing for flexible load transfer.
Assuming that the voltages at nodes A and B remain constant during the load transfer in the second stage, the interconnection device’s equivalent output voltage decays linearly over time, which can be expressed as Equation 7:
Uset=Use0−KVtθset=θse0−KθtUse0=UM2+UN2−2UMUN⁡cos⁡δMNθse0=−arcsinUM⁡sin⁡δMNUse(7)
In Equation 7, KV and Kθ represent the decay coefficients for the output voltage’s amplitude and phase angle, respectively. To ensure that the amplitude and phase angle decay synchronously and proportionally to zero, the following constraint conditions Equation 8 must be added:
Vse0KV=θse0Kθ(8)
When the interconnection device’s equivalent output voltage is zero, its equivalent output impedance is theoretically also zero. However, in reality, the components of the interconnection device, such as IGBTs, DC capacitors, and filters, are not ideal. They will generate active power losses, which can affect the lifespan of the interconnection device. Therefore, the impact-free loop-closing process enters the third stage, during which the interconnection device is taken out of operation.
Third Stage: Directly close the mechanical tie switch, because at this point, the voltage across the tie switch is equal to the output voltage of the parallel voltage source converter, which is approximately zero, so no inrush current is generated. Then, disconnect the access switches S2 and S3, and lock out the interconnection device. With this, the impact-free loop-closing process is complete.
The active power balance relationship is
PTm+PGm=PLm+PaidPaid+PTn=PLn(9)
where PTm represents the active power transmitted by feeder M; PTn represents the active power transmitted by feeder N; PGm represents the distributed generation output of feeder M; Paid represents the mutual active power support after feeder interconnection; PLm and PLn represent the load power of feeders M and N respectively.
The rated capacity ratio of distribution transformers is defined as Equation 10
STmSTn=mn(10)
To reduce the capacity requirements of distribution transformers and alleviate grid expansion pressures, the primary objective of power mutual support is to achieve rational allocation of transformer capacity. Assuming interconnected feeders have the same power factor cos⁡φm = cos⁡φn, he control objective is:
PTm=mm+nPLm+PLn−PGmPTn=nm+nPLm+PLn−PGm(11)
Substituting Equation 11 into Equation 9 yields the required active power exchange Equation 12 that the interconnection device should transfer to achieve the aforementioned objective:
Paid=mPLn−nPLm+nPGmm+n(12)
In extreme cases, the mutual power transferred by the interconnected devices reaches its maximum value, which occurs when one distribution transformer is under no-load while the other is fully loaded, with a power factor of 1 for the feeder area, and the full load equals the transformer’s capacity, Equation 13 is:
PLn=STnPGm−PLm=0orPLn=0PLm−PGm=STm(13)
The transferred mutual power reaches its maximum value Equation 14:
Paid_⁡max=mSTnm+n=nSTmm+n(14)
Therefore, when designing the capacity of the interconnection device, the reference value for active power regulation should be set according to the above equation. This allows for full utilization of the interconnected feeders' transformer capacity and achieves optimal allocation of transformer resources.
4 THE SELF-HEALING MODEL BASED ON AC FLEXIBLE INTERCONNECTION DEVICES
Due to the randomness of wind and solar power generation, it is difficult to directly use the fluctuating output of wind and solar resources in the distribution network as an optimization objective. Therefore, this section starts from the constraints of the distribution network reconfiguration, analyzes the objective functions that can improve the wind and solar power consumption capability, and studies the reconfiguration method for distribution networks with wind and solar resources.
In the process of distribution network optimization reconfiguration, the following constraints need to be satisfied:
	(1) Power balance constraint: To ensure the power balance of the entire network, there are distribution network power flow constraints Equations 15, 16:

Pg,i−PL,i−Ui∑j=1NbusUjGi−j⁡cos⁡θij+Bi−j⁡sin⁡θij=0(15)
Qg,i−QL,i−Ui∑j=1NbusUjGi−j⁡sin⁡θij−Bi−j⁡cos⁡θij=0(16)
where Pg,i and Qg,i represent the active and reactive power outputs of the distributed generation (DG) connected at node i, respectively. PL,i and QL,i represent the active and reactive power of the load at node i, respectively. Ui and Uj represent the node voltages at nodes i and j, respectively. Nbus is the total number of nodes in the distribution network. Gi−j and Bi−j represent the conductance and susceptance of the branch between nodes i and j, respectively. θij is the voltage phase difference between nodes i and j.
	(2) Node voltage constraints: To ensure that the node voltages of the reconfigured distribution network do not exceed their limits, the following node voltage constraints Equation 17 must be satisfied:

Ui,⁡min≤Ui≤Ui,⁡max(17)
In the equation, Ui,⁡min and Ui,⁡max represent the lower and upper voltage limits of node i respectively.
	(3) Branch capacity constraints: To ensure that the power on the reconfigured branches does not exceed the allowable limits, the following branch capacity constraints Equation 18 must be satisfied:

Si−j≤Si−j,⁡max(18)
where Si−j represents the apparent power flowing through branch Li-j. Si−j,⁡max represents the maximum allowable current-carrying capacity of branch Li-j.
	(4) Network topology constraints: Based on the operational characteristics of the distribution network, the optimized reconfiguration of the network topology must meet the requirements of neither islanding nor the formation of a ring network.

∑Li−j∈Ckui−j≤Ck−1 ∀Ck∈C(19)
∑Li−j∈Pkui−j≤Pk−1 ∀Pk∈P(20)
∑Li−j∈Eui−j=Nbus−Nrt(21)
In Equation 19, ui−j represents the switch status of the branch between nodes i and j, where 0 indicates the branch is open, and 1 indicates the branch is closed. Ck represents any ring in the network. Ck represents the number of branches that form the ring Ck. C is the set of all rings in the network. In Equation 20, Pk is the set of all paths between root nodes. Pk represents the number of branches that form the path Pk between root nodes. P is the set of all paths between root nodes. In Equation 21, Nrt is the total number of root nodes in the system.
From the distribution network flow constraints, it can be seen that the output of wind and photovoltaic power connected to each node is subject to voltage constraints. For medium and low-voltage distribution networks, the node voltage constraint is the most important factor limiting the absorption capacity of distributed photovoltaic (PV) systems. Especially when large-scale distributed PV systems are integrated into the distribution network, the power generation from these systems can cause reverse power flow, which raises the node voltage. Before the upper-level transformer reaches its capacity limit, the node voltage of the distribution network is often already exceeding the limit. Therefore, by optimizing the electrical network’s flow distribution through network reconfiguration and improving the system’s node voltage distribution, the absorption capacity of distributed PV systems in the distribution network can be effectively enhanced. Below is a detailed analysis of the relationship between node voltage and the output of wind and photovoltaic power.
For the wind and solar power generation systems connected to the medium-voltage distribution network, the equivalent circuit is shown in the Figure 4.
[image: Diagram of a wind-solar power generation system connected to a medium-voltage distribution network bus. Arrows indicate power flow: \(P_t + jQ_t\), \(P_G\), \(Q_G\), \(P_{\text{load}} + jQ_{\text{load}}\), and \(Q_C\). Components include series resistance \(R_L\), reactance \(X_L\), and a point of common coupling (PCC).]FIGURE 4 | Grid-connected equivalent circuit of wind-solar power generation system.Due to the capacity of wind and photovoltaic (PV) power generation systems being much smaller than that of the distribution network, it can be assumed that the distribution system is an infinitely large capacity power system in this analysis. In the figure, The voltage of the medium-voltage distribution network bus, denoted as U˙s, is assumed to remain nearly constant. The line impedance between the distribution bus and the Point of Common Coupling (PCC), represented as ZL=RL+jXL, connects the two points. The active and reactive power transmitted from the distribution bus to the load at the PCC node through the feeder are denoted by Pt and Qt, respectively. The node voltage at the PCC is represented as U˙PCC. The active and reactive loads at the PCC node are represented by Pload and Qload, respectively. The active and reactive power delivered by the wind and photovoltaic generation systems to the distribution network through the PCC are represented by PG and QG, respectively. Additionally, QC represents the reactive power emitted by local reactive power compensation devices connected in parallel to regulate the PCC node voltage.
The total power transmitted from the distribution bus to the PCC node load through the feeder is Equation 22:
S→=Pt+jQt(22)
From this, the voltage drop caused by the feeder impedance when supplying power from the distribution bus to the PCC node can be expressed as Equation 23:
ΔU˙s−PCC=RL+jXLPt+jQtU˙PCC*(23)
Taking the phase of the PCC node voltage as the reference phase, the above equation can be expressed as Equation 24:
ΔU˙s−PCC=RLPt+XLQtUPCC+jXLPt−RLQtUPCC(24)
The real part of the above equation represents the longitudinal component of the voltage drop, while the imaginary part represents the transverse component of the voltage drop. The transverse component of the voltage drop in the medium-voltage distribution network feeder can be neglected,
ΔU˙s−PCC≈RLPt+XLQtUPCC(25)
The power balance at the PCC node gives
Pt=Pload−PG(26)
Qt=Qload−QG−QC(27)
Substituting Equation 26 and Equation 27 into Equation 25, we obtain
UPCC≈Us+RLPG−PloadUPCC+XLQG+QC−QloadUPCC(28)
The arrangement of reactive power compensation devices connected in parallel at different PCC nodes varies significantly in terms of their capacity, so the reactive power they generate is neglected, i.e., QC=0. Since the no-impact ring closing method based on the flexible interconnected integrated device proposed in this paper resolves the issue of voltage fluctuations during the ring closing process, the output of wind and photovoltaic resources can track the m QG=0 aximum power point, and the grid-connected inverters operate at a unity power factor, i.e., Therefore, the total reactive power demand at the PCC node is entirely met by the distribution network system. Equation 28 can be further expressed as:
UPCC≈Us+RLPG−PloadUPCC−XLQloadUPCC(29)
From Equation 29, it can be seen that due to the presence of line resistance, the active power delivered by the wind and photovoltaic generation systems to the distribution network will cause an increase in the PCC node voltage. That is, the wind and photovoltaic consumption capacity is to some extent dependent on the voltage quality at the PCC node: If, after network reconfiguration, the node voltage at a point where wind and photovoltaic resources are connected approaches the upper voltage limit, a slight increase in the output of the wind and photovoltaic systems will cause the PCC node voltage to exceed the limit, resulting in poor wind and photovoltaic consumption capacity. Therefore, it can be concluded that the closer the node voltage at the PCC point is to the upper voltage limit after the distribution network reconfiguration, the poorer the wind and photovoltaic consumption capacity of the distribution network will be; conversely, the closer the node voltage is to the lower voltage limit, the stronger the wind and photovoltaic consumption capacity of the distribution network will be.
However, in order to balance the wind and photovoltaic consumption capacity with the system’s safe and stable operation, the optimization objective for distribution network reconfiguration should be to make the node voltage as close as possible to the rated voltage. The corresponding objective function can be set as Equation 30:
F1=min∑j=1NbusλjVj−Vj_eVj_e2(30)
where Vj_e represents the rated voltage of node j; λj=SG_j/SG_N is the weight factor reflecting the proportion of wind and photovoltaic generation capacity at node j; SG_j is the rated capacity of the wind and photovoltaic generation system connected to node j; SG_N is the total rated capacity of all wind and photovoltaic generation systems connected to the distribution network.
In addition, there is the objective function Equation 31 reflecting the minimization of network losses:
F2=min∑Li−j∈Eui−jRi−jPi−jj2+Qi−jj2Vj2(31)
where Nbr is the total number of branches in the distribution network; Pi−jj and Qi−jj are the active and reactive power flowing through node j of branch Li−j.
The objective function reflecting load balancing is Equation 32:
F3=min∑Li−j∈EIi−jIi−j_⁡max2(32)
where Ii−j is the actual current flowing through branch Li−j; Ii−j_⁡max is the maximum allowed current for branch Li−j.
The objective function reflecting the minimum number of switch operations is Equation 33:
F3=min∑Li−j∈Eui−j1−ui−j0(33)
where ui−j1 and ui−j0 are the switch states of branch Li−j before and after reconfiguration, where 0 indicates the switch is open and 1 indicates the switch is closed.
To perform multi-objective optimization reconfiguration in the distribution network, considering the different priorities of the four objective functions, it is necessary to first normalize the objective functions. The normalized objective function is expressed as Equation 34:
F¯i=Fimax−FiFimax−Fimin(34)
where Fimax and Fimin represent the maximum and minimum allowed values of the objective functions Fi, respectively, and i = 1, 2, 3, 4.
The final objective function, considering all sub-objective functions, is expressed as Equation 35:
F=min∑i=14λFiF¯i(35)
where λFi represents the weight factor of each objective function, which takes values between 0 and 1, with the condition that ∑i=14λFi=1.
5 SIMULATION VERIFICATION
Using the IEEE 33-bus distribution system shown in Figure 5 as an example, this paper builds the model on the MATLAB platform and employs a genetic algorithm to solve the aforementioned multi-objective optimization reconfiguration model for the distribution network. Many existing studies have applied genetic algorithms to solve distribution network reconfiguration models, and appropriate modifications and adjustments have been made to meet the radiality and connectivity requirements of the distribution network reconfiguration (Yizhou et al., 2020; Xinghai et al., 2023). This paper will not go into further details on these modifications.
[image: Diagram showing a network of switches connected by blue and red lines. Blue lines represent closed switches, indicated by asterisks, and red dashed lines denote open switches. The network is labeled with numbers from 0 to 37. A legend in the top right explains the color coding for closed and open switches respectively.]FIGURE 5 | IEEE 33-bus distribution system. In the figure, the black numbers (0–32) represent node identifiers, with node 0 being the power source node set to 11kV, and the rated voltage of other nodes being 10 kV. The red numbers (1–37) represent branch identifiers; the blue lines indicate that the sectionalizing switches/contact switches on the branches are closed, while the orange lines indicate that these switches are open.
Figure 5 shows the initial state of the distribution network, where each node is connected to the power source node, and the power supply to the loads is normal. To verify the fault recovery capability of the distribution network through optimized reconfiguration, the switch on branch 22 is opened to simulate a network fault, causing the loads at nodes 22, 23, and 24 to lose power.
The results of the network reconfiguration are shown in Figure 6, where nodes 22, 23, and 24 are restored to power, demonstrating fault recovery through the distribution network reconfiguration.
[image: Two diagrams labeled (a) and (b) show electrical network configurations. Blue lines with asterisks represent closed switches, and dashed red lines with asterisks represent open switches. Both diagrams indicate connections among numbered points and switches, labeled with numbers in red and blue. Circled numbers in purple identify significant points.]FIGURE 6 | Optimization reconfiguration results after branch 22 fault. (a) Optimized reconstruction scheme 1. (b) Optimized reconstruction scheme 1.However, it should be noted that Figure 6 presents two optimized reconfiguration schemes, which differ significantly. This is because in the generation of reconfiguration scheme 1, the given sub-objective function weight factors are: λF1=0, λF2=0.7, λF3=0.1, λF4=0.2; whereas in reconfiguration scheme 2, the sub-objective function weight factors are: λF1=0, λF2=0.2, λF3=0.1, λF4=0.7. This means that for the multi-objective optimization reconfiguration model of the distribution network, the weight factors of each sub-objective can be adjusted to vary the emphasis on different optimization goals, yielding different results.
In reconfiguration scheme 1, the highest priority is given to minimizing the number of switch operations, resulting in a network loss of 356 kW and only one switch operation. In reconfiguration scheme 2, the priority is given to minimizing network losses, leading to a network loss of 255 kW and five switch operations. It can be observed that compared to scheme 1, the network loss in scheme 2 is reduced by 39.61%, while the number of switch operations increases by 400%.
To verify the multi-objective optimization reconfiguration method for distribution networks considering wind and solar energy absorption capacity proposed in this paper, the node voltage quality can be optimized based on the wind and solar power resources connected to each node in the distribution network, thereby enhancing the absorption capacity of wind and solar resources. In this section, wind and solar power systems of equal capacity are connected to nodes 10, 11, 12, 13, and 14 of the distribution network shown in Figure 5. The weight factors for the wind and solar power system capacity share in the objective function F1F_1F1 for nodes 10, 11, 12, 13, and 14 are set as: λ10=λ11=λ12=λ13=λ14=0.2, while the weight factors for the remaining nodes are all set to 0.
Below, the distribution network fault is simulated by disconnecting the line switch of branch 25, causing the load at nodes 25, 26, 27, 28, 29, 30, 31, and 32 to be cut off.
The results of the network reconfiguration are shown in Figure 7, where both reconfiguration schemes successfully restore the load supply at nodes 25, 26, 27, 28, 29, 30, 31, and 32. To observe the optimization effect on the voltage quality of the nodes connected with wind and solar resources through control variables, in reconfiguration scheme 1, the weight factors for the sub-objective functions are set as: λF1=0.05, λF2=0.75, λF3=0.3, λF4=0.1, and in reconfiguration scheme 2, the weight factors are set as: λF1=0.75, λF2=0.05, λF3=0.1, λF4=0.1. In scheme 1, the priority is given to minimizing the network loss, while in scheme 2, the priority is given to optimizing the voltage quality at the wind and solar resource-connected nodes, with other objective functions being assigned the same priority. The network loss in reconfiguration scheme 1 is 153 kW, while in reconfiguration scheme 2, it is 183 kW, which is consistent with the expected pattern based on the setting of the network loss weight factors for different schemes.
[image: Two schematic diagrams compare optimized reconstruction schemes 1 and 2 for fault restoration. Both feature nodes connected by switches, marked as closed or open. Below each diagram, graphs display voltage levels in kilovolts before and after fault restoration, illustrating improvements with solid blue lines for post-restoration and dashed red lines for pre-restoration. Each graph shows voltage fluctuations across nodes 1 to 35.]FIGURE 7 | Wind-Solar Power Generation System Integration: Fault Optimization and Reconfiguration Results for Branch 25. (a) Optimized reconstruction scheme 1. (b) Optimized reconstruction scheme 1.To demonstrate the optimization effect on node voltage quality, Figure 7 presents the voltage conditions of each node in the distribution network after each reconfiguration scheme. It can be observed that in reconfiguration scheme 2, compared to scheme 1, the voltages of nodes 10, 11, 12, 13, and 14, where wind and solar generation resources are connected, have significantly decreased and are now closer to the system’s rated voltage. This indicates that before the node voltages reach the upper limit, the wind and solar generation systems have more output capacity, meaning the wind and solar consumption capability is stronger.
6 CONCLUSION
This paper first analyzes the impact of steady-state circulating currents and closing-loop inrush currents generated by tie-switch-based loop-closing methods on loop-closing branches in distribution network self-healing scenarios. Leveraging the dynamic compensation characteristics of AC FIDs, an inrush-current-free loop-closing method using FIDs is proposed, and the working principles of FID-based distribution network self-healing are elucidated. For distribution networks with wind and solar resources, constraints characterizing line power flow, nodal voltage, branch capacity, and network topology are established, forming a multi-objective optimization model for self-healing that considers renewable energy accommodation capacity. Case studies demonstrate the scheme’s effectiveness in enhancing renewable energy accommodation, yielding the following conclusions.
	(1) The network reconfiguration scheme with minimal power losses reduces network losses by 39.61% compared to the scheme with minimal switching operations, while increasing switching operations by 400%, validating the effectiveness of optimized reconfiguration for self-healing;
	(2) Nodes with wind/solar generation exhibit significant voltage reductions closer to the rated voltage. Prior to voltage limit violations, renewable generation systems achieve greater power output margins—indicating enhanced accommodation capacity—verifying the efficacy of the proposed multi-objective optimization method.

In the next phase of research, further exploration is still required regarding the application scenarios and control strategies of FID in distribution networks based on its voltage compensation characteristics and power flow regulation capabilities. Potential research directions include three-phase imbalance compensation, nodal voltage support, and harmonic suppression in distribution networks.
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