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With large-scale access to distributed new energy, the power flow form of the distribution network tends to be complex. The distribution loop network rate increases, resulting in serious circulation of the distribution network, which places significant pressure on the loss of the distribution network. The problem of network loss change caused by distributed new energy grid connection, coupled with the inconsistency between load fluctuation and output power change of distributed new energy, will have a significant impact on the safety, reliability, and economic operation of the distribution network. Therefore, it is urgent to have good economic and technical means of power flow control. This paper proposes a minimum network loss optimization control strategy for active distribution networks based on a distributed power flow controller. First, according to the characteristics of the distribution network load and the new energy power supply along the distribution line, the multiple sub-modules of the distributed power flow controller are arranged in sections in the distribution loop network line. The regulation effect of the distributed power flow controller on the voltage and power flow of the distribution loop network is analyzed. The loop network current equation and power loss equation after the distributed power flow controller are constructed, and the power equation with the minimum active loss of the active distribution loop network is derived. Second, the control strategy for minimum network loss of the active distribution network based on the distributed power flow controller is proposed. Finally, the simulation model of the active distribution loop network is constructed by PSCAD/EMTDC. The loss of the loop network before and after the distributed power flow controller is simulated and analyzed, and the effectiveness of the proposed strategy is verified.
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1 INTRODUCTION
With improvement in people’s living standards, new requirements have been put forward for power supply reliability of the power grid. The traditional closed-loop design and open-loop operation of the distribution network will change, and the index of the closed-loop rate of the distribution network is proposed (Qi et al., 2020; Hao et al., 2023; Jinwei et al., 2023; Rizvi and Abu-Siada, 2023). Since the two feeders that form a closed loop may come from different sub-stations or different outlets of the same sub-station, after the formation of the loop network operation, there must be a circulating current potential. The loop potential will form a circulating current in the loop network, increasing line loss of the distribution network. For building a new power system, new energy sources such as wind and solar power with uncertain output are connected to the medium- and low voltage distribution networks on a large scale (Islam et al., 2015; Luthra et al., 2015; Alam et al., 2018; Kumar et al., 2020). The traditional one-way power load node becomes an active load node containing new energy sources such as wind and solar power. When the wind and solar power are in excess, the active load node will feed to the medium-voltage distribution network, resulting in power flow reversal. The reverse power flow not only has the risk of exceeding the voltage limit of the active load node (Tang et al., 2021a; Wu et al., 2021; Aihong et al., 2022; Ruan et al., 2023) but also flows in the medium-voltage distribution network. It will cause additional line losses and further affect the economic operation of the distribution network. Therefore, it is extremely necessary to adopt power flow control measures in the active distribution network to eliminate the circulating power that causes the loss of the ring network.
With rapid development of power electronic technology, flexible control devices based on power electronic converters are widely used in power systems to improve system flexibility, reliability, and power quality (Hu et al., 2018). Currently, some researchers offset the circulating power in the distribution loop network by controlling the output voltage of the power electronic converter, thereby reducing the active power loss of the system. Chen et al. (2019) analyzed the influence of the unified power flow controller (UPFC) on voltage quality, reactive power parameters, and energy saving of the power system in detail from two aspects of reactive power compensation and power flow regulation. The UPFC is used to make the line power flow distribution more reasonable, reduce voltage drop, and improve voltage quality and transmission capacity so as to reduce the power loss in the system. Gao et al. (2020) pointed out that the static synchronous series compensator (SSSC) can change the equivalent impedance of the line and improve the stability of the system and proposed an additional active resistance control strategy to control the line impedance, thereby changing the voltage difference between the two ends of the line to reduce line loss. Although the use of centralized flexible control equipment such as the UPFC and SSSC can effectively reduce line losses and improve the power quality of the system, centralized control equipment has problems such as large footprint, low flexibility, and high cost. It is difficult to promote the application in the active distribution network with complex grid structures and multi-branch lines. In addition, some researchers reduce the active power loss of the line through coordinated scheduling (Wang et al., 2020; Li et al., 2023). Wang et al. (2023) proposed a day-ahead-day cooperative scheduling method for the active distribution network based on the optimal economic operation area. The goal is to maximize the number of random scene optimization results contained in the upper and lower bounds of equipment output in the whole period, effectively reduce the active power loss during system operation, and improve the economy of operation. Zekuan et al. (2023) proposed a reactive power distribution method for wind turbines considering the minimum active power loss in wind farms, and the improved particle swarm optimization algorithm is used to solve the problems in the constructed reactive power optimization model so as to realize reasonable distribution of the reactive power output of each wind turbine and reduce the active power loss of the system. Although the active power loss of the system can be reduced by means of scheduling, the regulation period is long, and the flexibility is poor. In summary, the existing methods for reducing line loss in active distribution networks are difficult to take into account both flexibility and rapidity.
The distributed power flow controller (DPFC) has been successfully applied to many engineering projects in recent years (Tang et al., 2021b) due to its economy and flexibility of layout operation and maintenance. Moreover, the distributed power flow controller is composed of multiple sub-modules. It can be distributed according to the characteristics of multi-section and multi-branch of the distribution line and accurately regulates the power flow distribution of different sections of the line, which is very suitable for the distribution network. This paper applies the distributed power flow controller for power flow control of the active distribution network, constructs the distribution network line voltage and distribution network power flow equation with the distributed power flow controller, studies the regulation principle of the distributed power flow controller to the active distribution network power flow, and constructs the distributed power flow controller. The loop network current equation and power loss equation are used to derive the relationship between line active loss and line circulating current, and the power equation with the minimum network loss is obtained. The optimal control strategy of the distributed power flow controller with minimum active loss of the distribution loop network is proposed.
2 ANALYSIS OF OPERATION POWER DISTRIBUTION CHARACTERISTICS OF THE DISTRIBUTION LOOP NETWORK
In the wave of large-scale access of new energy to the distribution network, a large number of distributed power sources with randomness and unpredictability are added into the distribution network, making it an active distribution network with a two-way power flow. Figure 1 shows the dual-power active distribution loop network after the distributed power source is connected to the distribution network (Tang et al., 2020).
[image: Figure 1]FIGURE 1 | Dual-power active distribution loop network equivalent diagram.
As shown in Figure 1, the dual-power loop network line is divided into n segments. [image: image] and [image: image] are the voltage at both ends of the line; [image: image] is the constant current of load branch [image: image]; [image: image] is the line current flowing through the trunk [image: image]; [image: image] is the equivalent impedance of the dry route [image: image], [image: image].
According to Figure 1, the loop equation is
[image: image]
[image: image]
We assume that the voltages of equivalent load nodes are all [image: image], Simultaneously, Eqs 1, 2 multiplied by [image: image] give
[image: image]
The complex power output at both ends of the line is obtained as follows.
[image: image]
It can be seen from Eq. 4 that the output power at both ends of the feeder of the dual-power distribution loop network caused by the access of distributed power sources is composed of two independent parts. The first part of the power is related to the equivalent load of each branch and the impedance of the whole system, which is the power transmitted by the distribution network to the power load. The second part of the power is related to the voltage difference between the two ends of the feeder and system impedance, independent of the power load, and only flows in the ring network. The second part of the power will cause additional line loss, which not only causes the heating of the distribution line but also affects the economic operation of the distribution network. This part is called circulating power.
3 ANALYSIS OF THE EFFECT OF THE DISTRIBUTED POWER FLOW CONTROLLER ON POWER FLOW REGULATION OF THE DISTRIBUTION NETWORK
It can be seen from Eq. 4 that the voltage difference between the two ends of the line is the main reason for line loss. In order to eliminate the circulating power and reduce the active loss of the line, the existing method involves installing the expensive centralized unified power flow controller and other power flow control equipment at the first or end of the line. However, the centralized power flow control equipment has the problems of large area, poor flexibility, and low-cost performance, which is not suitable for the active distribution network with intensive load and a complex grid structure. The distributed power flow controller is composed of multiple sub-modules. Due to the modular design of the distributed power flow controller, it can be distributed on the transmission line, the tower, or the sub-station, which can meet the actual multi-scene control requirements of the distribution network project (Zhang et al., 2020). The access mode and topology of the distributed power flow controller system are shown in Figure 2.
[image: Figure 2]FIGURE 2 | Access mode and topology of the distributed power flow controller system.
The distributed power flow controller is composed of three DPFC sub-modules, which are mounted in three-phase lines, as shown in Figure 2. Each sub-module of the distributed power flow controller is composed of a bypass switch, thyristor bypass switch, filter circuit, voltage source converter, and DC capacitor. Each sub-module can be controlled independently, which avoids the disadvantages of redundancy in centralized three-phase equipment and solves the problem of difficult phase separation control.
In this paper, each sub-module of the distributed power flow controller is arranged in each section of the active distribution network according to the needs, as shown in Figure 3.
[image: Figure 3]FIGURE 3 | Schematic diagram of the distributed power flow controller connected to the distribution line.
Tang et al. (2018) showed that the distributed power flow controller can be equivalent to the impedance mode, power mode, and voltage source mode. The distributed power flow controller is equivalent to a voltage source with variable phase angle and amplitude. Thus, Figure 3 can be equivalent to Figure 4.
[image: Figure 4]FIGURE 4 | Equivalent circuit of the dual-power loop network with the distributed power flow controller.
At this time, the voltage difference between the two ends of the line is expressed as
[image: image]
where [image: image] is the voltage injected into the feeder by the distributed power flow controller and [image: image] is the number of sub-modules of the distributed power flow controller, [image: image].
It can be seen from Eq. 5 that by controlling the size and phase angle of the injected voltage, the voltage difference between the first and last ends of the line is eliminated, and the circulating power of the line is reduced, thereby reducing line loss.
4 MINIMUM NETWORK LOSS OPTIMIZATION CONTROL STRATEGY BASED ON THE DISTRIBUTED POWER FLOW CONTROLLER
When multiple DPFC devices are arranged in the active distribution ring network to regulate the power flow, if the DPFC compensates a specific voltage to the feeder, the line power flow can be optimized to minimize network loss of system operation. It can be seen from Eqs 4, 5 that the voltage difference between the two ends of the line can be changed by controlling the output voltage of the distributed power flow controller, and then the output power at both ends of the line can be changed. In order to eliminate the circulating power of the line and reduce line loss, a minimum network loss optimization control strategy based on the distributed power flow controller is proposed by establishing the relationship between the output voltage of the distributed power flow controller and line loss. We define that the trunk current with minimum loss of the ring network is expressed as [image: image] after the distributed power flow controller is adjusted. From Figure 4, the trunk current [image: image] of the distribution ring network can be obtained as
[image: image]
where [image: image] is the equivalent resistance of the dry route [image: image].
Let the output compensation voltage of the distributed power flow controller be [image: image]:
[image: image]
where [image: image] is the compensation voltage output by the sub-module [image: image] of the distributed power flow controller, [image: image].
After the distributed power flow controller is put into operation, the loop network trunk current [image: image] is
[image: image]
The circulating current [image: image] in the distribution loop network satisfies the following relationship:
[image: image]
Since [image: image] can be expressed by a relationship containing [image: image] and [image: image] is the constant current of the equivalent load branch, they are all fixed values, so only [image: image] and [image: image] can be considered in the subsequent calculation, that is
[image: image]
Substitute Eq 6, 8 into Eq. 10 to obtain
[image: image]
where [image: image] is the equivalent inductance of the branch [image: image] and [image: image] is the total equivalent resistance of the system.
In order to minimize the active power loss of the distribution ring network, [image: image] needs to be 0; that is, it needs to meet
[image: image]
When the total output compensation voltage [image: image] of the distributed power flow controller is controlled to make [image: image], the active power loss of the distribution loop network can be minimized.
It can be seen from Figure 3 that each sub-module of the distributed power flow controller is dispersedly connected to the distribution network branch. Each branch parameter is different, and the voltage difference [image: image] at both ends of the distributed power flow controller sub-module is also different. Let the voltage difference between the two ends of the branch where the sub-module [image: image] of distributed power flow controller be [image: image], then the loop equation of [image: image] is
[image: image]
Since the equivalent load model in the dual-power distribution ring network is a constant current source load, that is, [image: image] and [image: image] are fixed values, the voltage difference [image: image] is positively correlated with the branch line impedance. Therefore, this paper proposes that the output [image: image] of each sub-module of the distributed power flow controller is
[image: image]
The distributed power flow controller can reduce the circulating current of the line by outputting a specific compensation voltage. When the circulating current is 0, the active power loss in the distribution loop network is the smallest. The specific implementation steps of the minimum network loss optimization control strategy of the active distribution network based on the distributed power flow controller are shown in Figure 5. The line parameters and operation data of the active distribution network are collected, and Eq. 12 is solved. When the active power loss of the active distribution ring network is the smallest, the distributed power flow controller outputs the total compensation voltage. Then, according to the impedance of each segmented line, Eq. 14 obtains the output of each sub-module of the distributed power flow controller. Finally, the instruction is issued to each sub-module to minimize the active power loss of the line.
[image: Figure 5]FIGURE 5 | Minimum network loss control strategy block diagram of the distributed power flow controller.
5 SIMULATION ANALYSIS
Based on PSCAD/EMTDC, this paper establishes the simulation model of the active distribution ring network with distributed power supply, as shown in Figure 6. The distributed power supply adopts the controlled current source model, and the output of the A side port is set to 1.25 MW. The internal impedance of the B port is set to j1.884 Ω, and the internal impedance of the A port is set to j3 Ω. The line impedance of each section and the load parameters of each node are shown in Table 1. The simulation model on PSCAD/EMTDC is shown in Figure 7.
[image: Figure 6]FIGURE 6 | Simulation model.
TABLE 1 | Simulation model parameter table.
[image: Table 1][image: Figure 7]FIGURE 7 | Simulation model of the dual-source ring network based on PSCAD/EMTDC.
Seven distributed power flow controllers and distributed power access node 4 are arranged on each section line. In the simulation process, the process of DG not being put into operation is defined as state 1, the process of DG being put into operation but DPFC not being put into operation is defined as state 2, the process of DG and DPFC being put into operation is defined as state 3, and the state change time is set to 1 s and 1.5 s.
The compensation voltage of the DPFC is 0.956 kV calculated by Eq. 12. The voltage change of each node of the line after compensation is shown in Figure 8.
[image: Figure 8]FIGURE 8 | Voltage distribution of each node under state 1 to state 3.
Figure 8 shows that in the case of state 2, due to the access of DG to node 4, the voltage of node 4 is slightly larger than that of state 1 under state 2, but at this time, the voltage of node 2 is lower than the lower limit of voltage fluctuation of 9.30 kV. In state 3, due to the DPFC output compensation voltage regulating the circulating power of the dual power supply loop network, the voltage of each node is re-adjusted within the fluctuation specified value.
When DG is put into operation and the DPFC is not put into operation, the voltage level of node 2 will decrease by more than 7%. It shows that the voltage at the end of the distribution network branch is prone to exceed the lower limit of stable operation. When the DPFC is put into operation, there is no voltage over-limit at each node, which indicates that the strategy employed in this paper can balance the problem of voltage over-limit at some nodes, caused by DG access, in the active distribution network and improve voltage stability.
For the process of minimum network loss optimization control based on the DPFC, the power output on both sides of the active dual power loop network is shown in Figure 9.
[image: Figure 9]FIGURE 9 | Output of power supply on both sides when node 4 is connected to DG.
It can be seen from Figure 9 that in state 1, the output of the two power sources is 1.925 MW and 1.320 MW, respectively. In the case of the DG input at 1 s, that is, state 2, the output of the two power sources decreases, but the output difference decreases from 0.605 MW to 0.50 MW. In the case of 1.5 s DPFC input for power flow optimization compensation, that is, state 3, the output difference further decreases to 0.1 MW. It can be seen that the distributed power flow controller can effectively reduce the circulating power of the ring network and balance the output of the power sources on both sides when it is put into operation, with the minimum network loss as the goal.
It can be seen from Figure 10 that the total active power of the load is 2.84 MW because the system is a constant power load. Under the condition that both DG and the DPFC are not put into operation, the active power loss of the network is 0.4 MW, and the corresponding active power loss rate of the network is 12.33%. In state 2 after the DG is put into operation, the network loss is alleviated, and the network loss rate is reduced to 8.95% because DG access changes the power output on both sides. After the DPFC is put into control with the minimum network loss as the target, the network loss rate is further reduced to 8.33%.
[image: Figure 10]FIGURE 10 | Comparison of network active power loss in each state when node 4 is connected to DG.
In order to compare the impact of DG access to different locations on the system network loss, the DG access location is changed from node 4 to node 3, and the DG non-input process is defined as state 11. The DG input but DPFC non-input process is defined as state 22. The process of both DG and DPFC input is defined as state 33, and the state change time is also set to 1 s and 1.5 s. The simulation results are shown in Figures 11–13.
[image: Figure 11]FIGURE 11 | Voltage distribution of each node in different states when node 3 is connected to DG.
[image: Figure 12]FIGURE 12 | Output of power supply on both sides when node 3 is connected to DG.
[image: Figure 13]FIGURE 13 | Comparison of network active power loss in each state when node 3 is connected to DG.
It can be seen from the simulation results that when DG is connected at node 3, the output of the two power sources will decrease under the condition of DG input 22, as in the case of DG access at node 4, but under the condition of both DG and DPFC input 33, the output of the power sources on both sides is different from that of DG access at node 4. In state 11, the active power loss rate of the network is 12.33%. In state 2, after the DG is put into operation at node 3, network loss is alleviated because the DG access changes the power output on both sides, and the network loss rate is reduced to 8.72%. In state 33 with the minimum network loss as the target, the network loss rate is further reduced to 8.33%.
The comparison of network loss is shown in Table 2. By comparing the scenarios with and without the DPFC, it can be found that the DPFC can effectively reduce the circulating power of the loop network and the active power loss of the network and balance the output of the power supply on both sides. In addition, no matter where the distributed power supply is connected, the distributed power flow controller can reduce the active power loss of the line to 8.33%. At this time, the corresponding active power loss is 0.365 MW, which effectively reduces line loss and improves the economic operation benefit of the distribution loop network.
TABLE 2 | Comparison of network loss.
[image: Table 2]6 CONCLUSION
The power distribution characteristics of the loop network operation of the distribution network are analyzed. The distributed power flow controller is distributed on each section of the distribution network. The voltage equation and power equation of the distributed power flow controller acting on the power flow control of the distribution network are established. The line loss index before and after the distributed power flow controller is put into operation is analyzed. An optimal control strategy based on the minimum network loss of the distributed power flow controller is proposed to effectively reduce the circulating power in the line. The simulation results show that compared with other centralized flexible control equipment, the distributed power flow controller can compensate the circulating power potential of the line in sections and is not affected by the distributed power supply. It can not only adjust the voltage of each node but can also effectively reduce the circulating power, reduce the line loss to 8.33%, and effectively improve the safety, stability, and economic reliability of the active distribution network.
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