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With distributed energy sources connected to the distribution grid on a large scale for distributed photovoltaic power randomness, this paper proposes a flexible interconnection system optimization operation strategy. First, the virtual synchronous control technology is improved to improve the DC bus voltage stability; second, it analyzes the system operation mode to judge the output logic of PV and storage units, takes DC bus power balance as the underlying logic, and puts forward the power coordination optimization strategy and fault power supply restoration strategy with full consideration of factors such as the load balance degree of the distribution station area, the economic operation of the main transformer, and the amount of power lost in the faulty station area. It also establishes a multi-objective optimization model to obtain the power commands of each port and achieves the power flexibility mutualization of the flexible interconnected system through the accurate regulation of the soft normally open point (SNOP). Finally, a simulation model of the flexible interconnection system is built using MATLAB/Simulink to verify the effectiveness of the proposed optimization strategy.
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1 INTRODUCTION
Promoting renewable energy substitution is an important way to achieve the goal of “carbon peak and neutrality targets.” In this context, the large-scale and high penetration rate of distributed energy access to the distribution system and the randomness of its output have posed new challenges to the traditional distribution network. The traditional distribution network in China generally adopts the operation mode of “closed-loop design and open-loop operation,” and the natural distribution of the current of each distribution station area during normal operation cannot actively balance the load, increasing the comprehensive loss of transformers in the station area and endangering the safe and stable operation of the distribution network in the case of extreme imbalance of the load. Traditional distribution stations are usually equipped with normally open contact switches, but when a fault occurs, the normally open contact switches are unable to regulate the power, which further worsens the problem of unbalanced loads in the station area. Therefore, the traditional distribution network is unable to solve the problems of balanced loads in the station area, light and heavy load operation of the main transformer, and transferring faults to the power supply (Koutsoukis et al., 2016). The soft normally open point (SNOP) can realize the power flexibility and mutual aid well, balance the load of the station area during normal time, and transfer part of the load to the faulty station area during fault time. Therefore, SNOP has significant advantages in improving new energy access capacity, balancing the load of each station area, and reducing system operation loss (Qin et al., 2016).
Currently, scholars’ research on SNOP in the flexible interconnection system focuses on the aspects of station load balancing, the main transformer avoiding falling into light and heavy load operations, and the restoration of power supply to faulty stations. Huo et al. (2018) proposed a control strategy based on SNOP to achieve the control objective of load balancing in the station area; Lou et al. (2019) proposed an adaptive power restoration strategy for SNOP considering distributed power sources, but they did not consider the problem of balancing the load on the feeders of each station when restoring the power supply in case of failure. Yin et al. (2018) proposed a non-stop switching strategy based on SNOP in case of failure. Zhang et al. (2020) proposed an optimization scheme for the power mutualization of faulty feeders. Most of them required switching control strategies when feeder faults occurred, thus increasing the control complexity. In this paper, we want to consider both load balancing and the restoration of the power supply to a faulty station. Based on this paper, we developed an optimization strategy for the multi-mode operation of the system. However, most of the schemes in the above literature require switching the control strategy in the event of a fault, thus increasing the control complexity. Wu et al. (2019) pointed out that the virtual synchronous machine-based SNOP control strategy can achieve switching between different operation modes and does not need to switch the control strategy, so this paper adopts the virtual synchronous control technique. Zhang et al. (2015) proposed a control method aiming at the overall load balance of low-voltage distribution substations. Tu et al. (2015) proposed an SNOP control method considering the economic operation of the main transformer, which effectively avoids the problems of load imbalance and the light–heavy operation of the main transformer. However, they did not consider the situation of the new energy access system under control. Qi et al. (2023) proposed a system strategy that aggregates multiple distributed resources, such as distributed PV, energy storage, and controllable loads, which reduces voltage fluctuations and maintains the safe and stable operation of the system. Assem et al. (2023) discussed and evaluated an optimal DC bus voltage regulation method that maintains the balance through the storage system, which results in smaller voltage fluctuations for grid-connected renewable energy sources such as PV. Wang et al. (2023) discussed a joint optimization model for wind–PV–load-storage microgrids in multiple scenarios and provided the optimal economic dispatch scheme in multiple scenarios. Based on this, this paper proposes a multi-mode operation strategy for photovoltaics and storage.
In summary, there are few studies that can simultaneously take into account the control objectives such as load balancing in the station area, avoiding the main transformer from falling into light and heavy load operation, and considering new energy access and power supply recovery in the faulty station area. Based on this, this paper takes the five-port flexible interconnection system as the research object and first improves the virtual synchronous control to improve the DC bus voltage stability. Second, it introduces the output logic of the photovoltaic and storage units in each operation mode after they are connected to the system, and for the unbalanced load of each station area and the main transformer of the station area light or heavy load operation and other problems, optimization strategies based on the virtual synchronous machine control are proposed for the normal and fault modes. Finally, the effectiveness of the proposed strategies is verified by simulation experiments on the flexible interconnection system.
2 DISTRIBUTION SUBSTATION FLEXIBLE INTERCONNECTION SYSTEM
The distribution substation flexible interconnection system is formed by SNOP interconnecting DC distribution substations with AC distribution substations. Through the power control of the voltage source converter (VSC), all kinds of dispatchable sources and loads in the flexible interconnection system are coordinated and deployed to avoid the problems of unbalanced loads and light or heavy loads on transformers. This paper takes the five-port flexible interconnection system as the research object, and the system is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Five-port flexible interconnection system.
In Figure 1, Gi denotes the 10 kV distribution network; Si denotes the circuit breaker; Ti denotes the station transformer with a ratio of 10.5/0.4 kV; SNi denotes the rated capacity of the main transformer of each station, which is 315, 400, and 630 kVA, respectively; and PaLi denotes the total amount of active loads (kW) in each station. The direction of power flowing into SNOP in the system is specified to be positive.
In Figure 1, the DC power distribution station area consists of a PV unit, an energy storage unit, and DC loads such as charging piles. The PV unit works in the MPPT mode to output as much power as possible; the DC distribution station topology is shown in Figure 2.
[image: Figure 2]FIGURE 2 | DC distribution station topology.
The traditional flexible interconnection control strategy to ensure stable operation of the system is the key to the stability of the DC bus voltage, and DC bus voltage and DC bus transmission of active power are closely related to the following analysis of the DC bus side of the active power balance.
The flexible interconnection system operates each distribution station to achieve flexible power interconnection through the DC bus, and its topology is shown in Figure 3. The DC side current is analyzed and obtained according to Kirchhoff’s current law:
[image: image]
[image: Figure 3]FIGURE 3 | Five-port flexible interconnection system topology.
Multiplying both sides of Eq. 1 by Udc simultaneously gives
[image: image]
A further transformation of Eq. 2 above gives
[image: image]
In Eq. 3, when the DC bus voltage is stable, the power of each port is balanced, and each port outputs power according to the instruction. Thus, both the output power and the instruction value are the same, as can be obtained from Eq. 4:
[image: image]
If the DC bus voltage is disturbed, there will be unbalanced power. When each port converter uses traditional virtual synchronous control, the DC bus voltage can only be controlled by the energy storage unit, resulting in both unbalanced power and the energy storage unit being responsible for maintaining the stability of DC bus voltage. Distributed PV units are usually equipped with energy storage capacity ranging from 5% to 20% of their total capacity, so the stability of the DC bus voltage system is poorly controlled by the storage unit alone. In the system, frequent power transfers can easily cause deterioration in system control accuracy, which can lead to DC bus voltage instability and system control failure. By transforming Eq. 3, we can obtain
[image: image]
Further variations of Eq. 5 are available as follows, as shown in Eq. 6:
[image: image]
where ki is the scale factor. [image: image], and in this paper, each scale factor is set according to the transformer capacity of each distribution station, as shown in Eq. 7:
[image: image]
By substituting Eq. 4 into the collation, we obtain Eq. 8
[image: image]
Analyzing the above equation, it can be seen that [image: image] can be introduced to compensate for the active power command of each port to achieve fast tracking of DC bus voltage by virtual synchronous control, and the control strategy is shown in Figure 4.
[image: Figure 4]FIGURE 4 | Virtual synchronous generator control.
In order to verify the role of the proposed control strategy in improving the DC bus voltage stability of the flexible interconnection system, the power fluctuation of the PV due to the change in light intensity at 1 s is set as the disturbance of the DC bus voltage. Under the same working conditions, the traditional virtual synchronous control strategy and the U compensation control strategy proposed in this paper are simulated, and the DC bus voltage waveform is obtained, as shown in Figure 5.
[image: Figure 5]FIGURE 5 | DC bus voltage waveform under PV fluctuation.
It can be seen that when the PV output fluctuates, the traditional control strategy can easily lead to DC bus voltage instability due to the weak regulation ability of the energy storage unit, while the control strategy proposed in this paper can use the converter of each port to quickly track the DC bus voltage, reduce the burden of the energy storage unit’s regulation and control, and then maintain the DC bus voltage constant during the power transmission process, which improves the stability of the flexible interconnection system. At the same time, the virtual synchronous control technique can provide frequency and voltage support for the downstream loads in the event of feeder failure without switching the control strategy, which reduces control difficulty.
3 MULTI-MODE OPERATION STRATEGY FOR PHOTOVOLTAICS AND STORAGE
When the system is running, factors such as the load state of the station, the PV output, and the charge state of the storage will change over time, which in turn leads to the system being in different operation modes, creating difficulties for the system’s multi-mode operation optimization strategy. Therefore, it is necessary to integrate the photovoltaic and storage units and analyze the corresponding photovoltaic and storage joint operation modes and switching logic when the system is running in each mode. First of all, the power transfer relationship of the system in each mode should be analyzed to determine the operating state of the system, which provides a reference for the control of the photovoltaic and storage units.
3.1 Critical power analysis of the system
It is defined that when the load of a station exceeds 75% of the capacity of the main transformer of the station, the main transformer of the station is put into heavy load operation, and when it is lower than 25% of the capacity of the main transformer of the station, the main transformer of the station is put into light load operation. The critical power of the system can be expressed as follows in Eq. 9:
[image: image]
where Ppv is the generation power of the PV unit; PaLi is the load power of the AC distribution station i; PdL is the load power carried by the DC distribution station; ST is the rated capacity of the transformer; cosφ indicates the transformer power factor, which is taken to be 0.95; and n is the total number of normal feeders connected to SNOP. The first term in the formula indicates the maximum power that can be supplied when all n main transformers are critically reloaded (Duan et al., 2020). When Pnet ≥ 0, it is said that the system operates in the critical power redundancy state; otherwise, it is said that the system operates in the critical power deficit state.
3.2 Photovoltaic and storage mode switching
Due to the volatility of the PV unit output, if it is directly consumed by the AC distribution station, it will cause a large disturbance to the system and destroy the stability of the system (Zhang et al., 2022). The reasonable scheduling of energy storage devices can alleviate the impact of PV output uncertainty on the distribution network and play the role of peak shaving and valley filling (Pei et al., 2022). However, there is a lack of capacity allocation of energy storage units or no configuration of energy storage units, so this paper adopts the energy storage unit on the PV unit for “dynamic peak shaving and valley filling.” The PV unit and the energy storage unit are integrated; according to the PV unit’s output prediction, reasonable overall output power is set, which is defined as the photovoltaic and storage joint output reference power Pdc, and then determined according to the system state. In this paper, the final output power obtained from the energy storage unit and the PV unit is defined as the photovoltaic and storage joint output power, PDC, in order to achieve the control goal that the PV output is jointly consumed by the energy storage unit, the DC load, and the AC distribution station area and reduce the perturbation caused by the fluctuation of the PV output power to the system.
The specific charging and discharging action states of the energy storage unit depend on the output power of the PV unit and the overall power transfer of the system. If the system meets condition A1, the energy storage unit charge state meets B1, and the PV unit output does not reach the photovoltaic and storage joint output reference power Pdc; that is, the photovoltaic unit output meets condition C1. At this time, the energy storage unit discharges in order to achieve the reference value of the photovoltaic and storage joint output power; however, if the system critical power shortage is in condition A2, the photovoltaic unit output meets condition C2 and the energy storage unit charge state satisfies condition B1. In order to avoid further shortages of system power, at this time, the energy storage unit is not charged, and the joint output power of photovoltaic and storage is only photovoltaic power. In a certain operating mode, the charge state of the energy storage unit will also have differences, leading to different photovoltaic and storage joint operating modes, along with various modes of operation switching, as shown in Figure 6.
[image: Figure 6]FIGURE 6 | Operational mode switching.
In Figure 6, Pbat. m is the maximum charge/discharge power of the energy storage unit; when the PV unit is configured with the energy storage unit, Pbat. m is set according to the actual maximum charge/discharge power of the energy storage unit; when the PV unit is not configured with the energy storage unit, Pbat. m is taken to be 0. It should be pointed out that when conditions A2 and B2 are satisfied, the photovoltaic storage unit operates in Mode 4, regardless of the state of condition C. The judgment conditions for each state in Figure 6 are shown in Table 1:
TABLE 1 | System status judgment criteria.
[image: Table 1]First, system power redundancy and, second, the charging state of the energy storage unit should be determined, which can be divided into five categories of the photovoltaic storage unit operation modes, as shown in Table 2, and ultimately, the joint output power PDC of the photovoltaic and storage systems can be determined. This approach aims to reduce the difficulty of the coordinated control of flexible interconnected systems while at the same time effectively reducing the PV power fluctuations caused by the system perturbation.
TABLE 2 | Operation of each mode.
[image: Table 2]3.3 Simulation verification
In order to verify the effectiveness of the regulation strategy, this paper first substitutes the optical storage joint output reference power, and then, according to the specific operating state of the system to discriminate the final determination of the optical storage joint output power, the specific working conditions are set as follows in Table 3:
TABLE 3 | Working condition setting.
[image: Table 3]In this paper, a simulation comparison of the system under two types of photovoltaic and storage operation modes is designed. One is the regulation strategy proposed in this paper, and the other operation mode is the traditional strategy of coordinated operation of PV and storage, and the simulation results are shown in Figures 3–8.
[image: Figure 7]FIGURE 7 | Simulation results: (A) energy storage output power and (B) photovoltaic and storage joint output power.
[image: Figure 8]FIGURE 8 | Optimize processes of the flexible interconnection system.
Figure 7A shows the energy storage output power of the two control strategies, and it can be seen that when the traditional strategy of the coordinated operation of PV and storage operation is used to run, the battery charging and discharging power reaches more than 20 kW. On the other hand, the battery charging and discharging power can be controlled within 5 kW during the operation of photovoltaic storage joint regulation, so it can be proved that the photovoltaic and storage joint regulation strategy can effectively solve the problem of insufficient energy storage configuration. Figure 7B shows the active power output to the AC side of the two control strategies. It can be seen that the strategy proposed in this paper enables flexible scheduling on the AC side. When the PV power is sufficient and the load demand is low, the AC distribution station can be used to absorb the surplus power. When the PV power cannot meet the demand of the load, the AC distribution station can be called upon to supply the power to SNOP. This approach can effectively reduce the burden of the battery balancing power and improve the stability of the system.
4 OPTIMIZATION STRATEGY FOR THE MULTI-MODE OPERATION OF THE SYSTEM
Photovoltaic and storage joint operation can be more randomly distributed photovoltaic output power into a stable and controllable photovoltaic and storage joint output power, which facilitates the optimization strategy for its real-time scheduling. This paper takes the DC bus power balance as the underlying logic and proposes the power coordination optimization strategy and feeder failure power supply restoration strategy for the system operation mode.
4.1 Optimization strategies for normal mode operation
Each station carries different loads in the system, and it is impossible to balance the loads of each station before connecting to SNOP. The situation will endanger the safe operation of the distribution network when it is serious, and improving the degree of balancing of loads at each station is conducive to energy saving and consumption reduction to ensure the economic and safe operation of flexible interconnection systems (Lin et al., 2022). In this paper, the standard deviation of the station load ratio is used to measure the degree of load balancing in the station area, and the smaller the standard deviation is, the higher the degree of load balancing in the station area. The standard deviation η of the main transformer load rate can be expressed as Eqs. 10–12.
[image: image]
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where [image: image] is the loading rate of station i; [image: image] is the average loading rate of the station; [image: image] is the loading power of station i; [image: image] is the power of the converter connected to station i, taking the inflow SNOP as positive and the outflow as negative; and [image: image] is the active capacity delivered by the transformer in station i.
SNOP interconnects the low-voltage side of the transformer, and the line loss can be ignored, while the main transformer of each station area is the key equipment of the distribution station area. The majority of the station area loss is transformer loss, which is about 70% (Chunming et al., 2023), and the comprehensive transformer loss is closely related to the transformer loading rate, so it is necessary to consider the variability of the economic operation of different models and capacities of transformers. The GB/T13462 economic operation of power transformers puts forward the concepts of transformer integrated power loss and integrated power loss rate, which are calculated as Eqs 13, 14.
[image: image]
[image: image]
where [image: image] indicates the transformer’s no-load loss (kW); [image: image] indicates the transformer-rated load power loss (kW); [image: image] is the transformer’s integrated power loss; [image: image] is the transformer load ratio; [image: image] indicates the transformer-rated capacity (kVA); and [image: image] is the transformer’s integrated power loss rate.
In summary, power co-ordination optimization should be constructed with the objective of minimizing the standard deviation of the load factor of the station area and the integrated power loss of the transformer as the power co-ordination optimization model, and its objective function is Eqs 15, 16.
[image: image]
[image: image]
Formula 13 can be plotted as a concave function of the relationship between the transformer-integrated power loss rate and load rate. If the main transformer load rate of each station is too low or too high, it will increase the loss rate of the transformer. In addition, the optimal economic operation interval of different series of transformers varies; for example, the optimal economic operation interval of the S9 series transformer is [0.25,0.75]. Therefore, the optimal economic operation constraint of the transformer can be derived as Eq. 17.
[image: image]
In addition, the constraints of the power-coordinated optimal control model are included as follows:
(1) Feeder power balance constraints
[image: image]
(2) DC bus power balance constraints
[image: image]
(3) SNOP capacity constraints
[image: image]
where [image: image] is the converter capacity of each SNOP port.
4.2 Optimization strategies for failure mode operation
SNOP access to the distribution system can reduce the outage time, cut off the fault current through blocking in the event of a fault, and cooperate with the relay protection device to quickly remove the fault. SNOP can also transfer the load of the faulty station area to minimize the loss of power in the faulty station area as an objective. In the specific implementation of the transfer objective, the degree of load balancing in the station area and the integrated power loss of the transformer should also be considered. Therefore, taking the failure of station i as an example, the objective function of the feeder fault power supply restoration strategy model is Eqs 21–23:
[image: image]
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After the fault in station i is removed, the system topology will be changed, and the constraints that should be satisfied by the feeder fault recovery strategy model need to be altered as follows.
(1) Feeder power balance constraints is Eqs 24, 25
[image: image]
[image: image]
In addition, it should also be considered that the power supply of important loads in the faulty station area cannot be interrupted, and important loads are introduced without power supply constraints.
(2) Important load uninterrupted power constraints is Eq. 26.
[image: image]
where [image: image] is the important load in station i. The rest of the operating constraints are the same as in the power coordination optimization model, as shown in Eqs 18–20, where the transformer’s optimal economic operating constraints only consider the main transformer of the station where no faults have occurred.
Both optimization models in this paper are multi-objective optimization models, and hierarchical analysis can be used to deal with the objective function in order to achieve the transformation from multi-objective to single-objective, as shown in Eq. 27.
[image: image]
where [image: image] are the weight coefficients corresponding to the optimization objective function; [image: image] are normalized as [image: image] (i.e., converted to values in the interval [0,1]) to eliminate the effect on the optimization results due to the differences in the order of magnitude and scale of the values of each objective function.
The objective function during normal operation is to minimize the standard deviation of the station load rate and minimize the integrated power loss of the transformer; in this paper, we take objective functions 1 and 2 to be equally important and set the weight vector of each objective as Eq. 28.
[image: image]
When the feeder fault occurs and the system is working in the load transfer stage, the objective function includes the minimum power loss in the fault area, the minimum standard deviation of the load rate in the station area, and the minimum integrated power loss of the transformer, in which the minimum power loss in the fault area is more important than the other two objectives, and the remaining two objectives are taken as equally important (Zhan et al., 2023); accordingly, the discriminant matrix is obtained, and the weight vector of each objective can be obtained after normalization computation.
In the feeder failure, the system works in the load transfer stage. The objective function includes the minimum power loss in the fault area and the minimum comprehensive power loss of the transformer, in which the minimum power loss in the fault area and the minimum standard deviation of the load rate of the station area are taken to be equally important and are more important than the other objective [10], according to which the discriminant matrix is obtained as Eq. 29
[image: image]
The consistency indicator and consistency ratio are defined, respectively. As shown in Eqs 30, 31.
[image: image]
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where [image: image] is the maximum feature root and n is the unique non-zero feature root. Taking RI = 0.58 after the consistency test and obtaining CR < 0.1, there is satisfactory consistency, and the normalization calculation obtained after the weight vector of each target is Eq. 32.
[image: image]
The active power reference value of each converter in a multi-state switch is obtained by solving the objective function, which leads to the coordinated control of the system.
4.3 Optimizing processes
The flow chart of the operation optimization strategy of the flexible interconnection system is shown in Figure 8. First, basic parameters such as transformer, PV output data, and energy storage unit charge state are collected to provide conditions for determining the operation mode of the system; then, the photovoltaic and storage joint operation mode is judged, and the final photovoltaic and storage joint output power is determined; second, it is judged whether there is any feeder failure in the system, and a system optimization model is established based on the judgment results, which are solved using the CPLEX commercial solver; and finally, according to the solved decision variables (the output power of each port of SNOP), the precise regulation of the flexible interconnected system is realized.
5 EXAMPLE ANALYSIS
The simulation model is established in the MATLAB/Simulink environment, and the flexible interconnection system is shown in Figure 1.Duan et al. (2020) performed the comparison experiment, and the simulation and experimental parameters are shown in Table 4.
TABLE 4 | Flexible interconnected system simulation parameters.
[image: Table 4]5.1 Normal mode simulation verification
In order to verify the feasibility of this paper’s load regulation strategy and energy balance control method, this paper, based on the full consideration of a variety of complex operating conditions and extreme power mutations in the distribution area, designs the simulation of the power reality information, as shown in Table 5. It can be seen that in each AC distribution station area in [0,1) s, transformer T3 operates under a light load. At 1s, there is a load mutation in station area 1, increasing to 250 kW. In [1,2) s, transformer T1 operates under a heavy load, while transformer T3 continues to operate under a light load. At 2 s, the load in station area 1 returns to 150 kW. Furthermore, there is a load mutation in station area 3, increasing to 200 kW. Station area 4 increases its load by 50 kW, while station area 5 reduces its load by 75 kW. In [2s], station area 1 returns to a load of 150 kW, station area 3 maintains its load at 200 kW, station area 4 increases its load by 50 kW, and station area 5 reduces its load by 75 kW. With a 75 kW load, in [2,3) s, transformer T5 operates under a light load. At 3s, the load in station 4 mutates to 250 kW, and in [3,4) s, transformer T4 operates under a heavy load. The DC distribution platform simulates charging pile load mutations and PV output volatility. The charging pile load is designed to be 5 kW in the [0,2) s interval and increases to 50 kW at 2s. The PV output is designed to fluctuate between 15 kW and 25 kW. The energy storage unit’s initial SOC is set to 60%, with a maximum charge and discharge power of 5 kW. The photovoltaic and storage joint output reference power Pdc in this paper is set to 20 kW. In this paper, the reference power Pdc is set to 20 kW, and the joint output power PDC is 20 kW at all stages after the determination. The following figure shows the joint output power waveform of the photovoltaic and storage systems, as shown in Figure 9.
TABLE 5 | Simulation power fact sheet.
[image: Table 5][image: Figure 9]FIGURE 9 | Photovoltaic and energy storage output power.
After determining the joint output power of photovoltaic and storage at each stage, it is substituted into the power coordination optimization model, and the power command of each VSC is obtained using the CPLEX solver, and the result is shown in Eq. 33.
[image: image]
The output power waveform of each converter is shown in Figure 10. When the SNOP power command is changed, each port can track the power command quickly and precisely.
[image: Figure 10]FIGURE 10 | SNOP active power waveforms: (A) post-regulation and (B) comparison experiment.
Figure 11 shows the transformer load rate waveform. Figure 11A shows the unregulated transformer load rate, and the transformer is caught in the light and heavy load operations. Figure 11B shows the comparative experiment, which results in the overloading of the transformers due to the failure to take into account the difference in the capacity of each transformer. Figure 11C shows the transformer load rate after adopting the power coordination and optimization strategy, and the main transformer load rate of each station can be kept in the optimal economic operation interval [0.25,0.75] after regulation.
[image: Figure 11]FIGURE 11 | Transformer load factor waveforms: (A) pre-regulation, (B) comparison experiment, and (C) post-regulation.
Figure 12 shows the standard deviation of the load rate of each station before and after optimization compared with the comparison test. It can be seen that the comparison test did not take into account the differences between the distribution stations, and the load distribution was unbalanced. After optimization, the load balance of the distribution stations was significantly improved, which is conducive to the safe and economic operation of the flexible interconnection system.
[image: Figure 12]FIGURE 12 | Standard deviation of n feeder load factor.
Figure 13 shows the DC voltage waveform of the flexible interconnection system, and the results show that the battery can effectively stabilize the DC side voltage at 750 V. The load of the station area changes at 1 s, 2 s, and 3 s, and the power command of each port of the SNOP also changes, and the DC voltage fluctuates to a certain extent. Among them, the DC side voltage fluctuation is most obvious at 2 s due to the sudden increase in the DC side load, but the maximum fluctuation amplitude does not exceed 20 V (the fluctuation ratio is less than 5%).
[image: Figure 13]FIGURE 13 | DC bus voltage waveform.
5.2 Failure mode simulation verification
In order to verify the feasibility of the feeder fault recovery strategy, the working condition settings of the DC distribution station and each AC distribution station are the same as those in Section 4.1 and will not be repeated here. At 2 s, a fault occurs in station 2, in which the important load is 30 kW, and the load-cutting operation is required when it cannot be completely transferred to the capacity limitation of the converter port. After the determination of the fault condition, the combined photovoltaic and storage output power PDC of each stage is still 20 kW in each converter output power command, as shown in Eq. 34, and the simulation results are shown in Figure 14.
[image: image]
[image: Figure 14]FIGURE 14 | SNOP active power waveforms: (A) post-regulation and (B) comparison experiment.
As shown in Figure 14, the ports are still able to track power commands quickly and accurately under fault conditions.
Figure 15A shows the transformer load ratio waveform. After the fault occurred, the main transformer load ratio of station area 2 dropped to 0, the load of station area 2 all lost power, and the main transformer of the rest of the station area easily fell into light and heavy load operations without regulation. Figure 15B shows the ease with which the table transformer can fall into light or heavy load operations under the comparative experiment. After adopting the control strategy of this paper, the load of station area 2 will be reasonably allocated to the normal station area for load transfer to supply and effectively avoid transformer fall into the light and heavy load operations; at this time, the transformer load ratio is shown in Figure 15C.
[image: Figure 15]FIGURE 15 | Transformer load factor waveforms: (A) pre-regulation, (B) post-regulation, and (C) comparison experiment.
Figure 16 shows the comparison of the power loss of each station before and after optimization. Before the optimization of station 2 failure, which involves a complete power outage, all power is lost. However, after the use of the control strategy proposed in this paper, the remaining normal stations can redistribute their power to supply the faulty station loads. The four normal distribution stations in this paper they are capable of transferring all the faulty station loads and can ensure that the load of each station is balanced, as shown in Figure 17.
[image: Figure 16]FIGURE 16 | Load loss of faulty stations before and after regulation.
[image: Figure 17]FIGURE 17 | Standard deviation of n feeder load factor.
Figure 18 shows the DC voltage waveform. The failure of feeder 2 of the station at 2 s has the largest disturbance to the system, and the DC side voltage fluctuation is also the most obvious. However, the maximum fluctuation amplitude of the DC side voltage is not more than 35 V (the fluctuation ratio is less than 5%).
[image: Figure 18]FIGURE 18 | DC bus voltage waveform.
Figures 19, 20 show the waveforms of AC voltage and angular frequency on the faulted feeder, respectively. The AC side voltage and frequency of the station can still be stabilized at 380 V/50 Hz after the fault and are not affected by the sudden change in the load of the station at the moment of 3 s.
[image: Figure 19]FIGURE 19 | Angular frequency of the fault station.
[image: Figure 20]FIGURE 20 | AC voltage of the faulted station.
6 CONCLUSION
Based on the improved virtual synchronous control strategy, this paper proposes a joint multi-mode operation strategy for photovoltaic and storage. Optimization strategies are proposed for the normal and fault modes, and the simulation verifies the reasonableness and effectiveness of each strategy. The conclusions are as follows:
(1) The joint operation and control strategy of photovoltaic and storage proposed in this paper can effectively improve the controllability of distributed PV and the real-time scheduling of distributed PV to participate in the system power mutual benefit.
(2) The optimization strategy proposed in this paper is based on the constraints of the economic operation interval of the transformers and the control objectives of balanced load on the feeder line and minimum integrated power loss of the transformer. The model is solved to ensure the balanced regulation of the load in the station area, effectively avoiding the light–heavy load operation of the main transformer in the station area and, at the same time, improving the economy of the system.
(3) The virtual synchronous control strategy in this paper can effectively maintain the stability of the DC bus voltage, and at the same time, when a fault occurs, there is no need to switch the control strategy so that it can provide support for the faulty line and ensure power supply for important loads.
It should be noted that, in practice, VSC transmission efficiency will change along with the power command, and the existing model should be improved by considering the changes in VSC efficiency; at the same time, there are still many problems to be solved in terms of how to set the reference power for the joint output of photovoltaic and storage. In-depth research on the above aspects will be carried out later.
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