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This article proposes a hybrid collaborative energy storage configuration method for active distribution networks based on improved particle swarm optimization to address the challenges of increased frequency regulation difficulty, increased voltage deviation, and reduced safety and stability when integrating wind and photovoltaic power generation into active distribution networks. The paper analyzes the factors that affect the energy storage configuration caused by the integration of renewable energy generation, analyzes the charging and discharging scheduling strategies of the energy storage system, and establishes corresponding mathematical models. The paper proposes an improved particle swarm optimization algorithm. Simulation and case analysis show that the algorithm can stably achieve optimized configuration, stable frequency regulation, and reduce carbon emissions of the energy storage system.
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1 INTRODUCTION
In the past 50 years, the challenges and uncertainties faced by the global energy system have been at their highest level. Developing a green economy and reducing dependence on traditional energy is an important measure for countries around the world to achieve carbon emissions reduction. It is urgent to encourage the development of the new energy industry, change the traditional economic structure, and develop wind and solar energy to change the current energy institutions (Pathak et al., 2023). According to the 2022 edition of the BP World Energy Statistical Yearbook, energy storage is estimated to be a solution to the energy crisis.
Active distribution network hybrid collaborative energy storage configuration refers to the combination of different types of energy storage technologies (such as battery energy storage, supercapacitors, compressed air energy storage, etc.) with traditional power distribution network systems, achieving flexible scheduling and optimized operation of the power grid through intelligent control and collaborative management (Du et al., 2023). The development of this configuration can be traced back to the demand for the popularization of renewable energy in the power system and the development of energy storage technology. In history, with the increase of renewable energy and the popularization of distributed generation, traditional distribution network systems have faced greater challenges, such as voltage stability, power balance, etc. The introduction of energy storage technology can effectively alleviate these problems (Kroičs and Ģirts, 2022). In terms of development, with the advancement of technology and the increasing demand for clean energy, the hybrid collaborative energy storage configuration of active distribution networks will gradually be more widely applied and developed. A heuristic approach for inserting multiple-complex coefficient filters (DSTATCOM) into the distribution system, as presented by Kumar et al. (2024), has shown significant improvements in power quality (Kumar et al., 2024).
This article proposes a hybrid collaborative energy storage configuration method for active distribution networks based on improved multi-objective optimization. The method considers the optimization control strategy of energy output and energy storage system output participating in grid frequency regulation, and proposes a distributed energy storage capacity optimization configuration method; Establish a two-layer optimization model, improve and enhance the optimization algorithm of the model, achieve close coupling between planning and operation, and make the configuration scheme set more effective.
2 ANALYSIS OF ENERGY STORAGE SYSTEMS AND OPERATING FACTORS
2.1 Energy storage system grid structure
The grid structure of energy storage systems usually includes the following main components: energy storage devices, including battery energy storage, supercapacitors, compressed air energy storage, and various types of energy storage devices (Behabtu et al., 2020; Gugulothu et al., 2023). Power conversion device: used to convert the energy stored in energy storage devices into electrical energy, or to convert electrical energy into an acceptable form for energy storage devices. Control and Management System: Responsible for monitoring the operational status of the energy storage system, implementing charge and discharge control of energy storage equipment, and optimizing scheduling of the energy storage system through intelligent algorithms (Guo et al., 2021). As highlighted by Kumar et al. (2024), the use of metaheuristic techniques, such as Particle Swarm Optimization (PSO) and their hybrids, can significantly enhance the stability and efficiency of the energy storage system (Kumar et al., 2022). Connection interfaces with the power system: including power interfaces connected to the distribution or transmission network, as well as interfaces connected to renewable energy generation systems, electric vehicle charging facilities, and other equipment (Ali et al., 2023). Security protection system: used to monitor and protect the energy storage system from potential failures or safety risks during operation, ensuring the safe and stable operation of the system. These components together constitute the grid structure of the energy storage system, realizing the application and operation of energy storage technology in the power system. The grid structure of the energy storage system is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Grid structure of energy storage system.
2.2 Analysis of the impact of photovoltaic energy on energy storage configuration
As noted by Kumar et al. (2021a), the integration of renewable energy sources such as photovoltaic (PV) systems into the grid requires careful management to maintain system stability and power quality (Kumar et al., 2021a; Kumar et al., 2021b). Taking the fluctuation of active power in photovoltaic power generation as an example, the fluctuation of wind power and load can be obtained similarly. With the increasing popularity of photovoltaics, if photovoltaic power is directly injected into the public grid without any control, this high-frequency power fluctuation will lead to voltage fluctuations, thereby reducing the reliability and power quality of the power system. Therefore, the power fluctuation of photovoltaic power should be limited within a certain range (Paul et al., 2021). At present, due to the fluctuation of photovoltaic power generation usually occurring less than 1 min apart, the use of energy storage system output is often used to control the smooth fluctuation of photovoltaic power. Usually, when the fluctuation of photovoltaic power does not exceed the maximum allowable power of HESS (Hybrid Energy Storage System), only the power of HESS is used to smooth these power fluctuations while keeping the photovoltaic converter operating in MPPT mode. That is, smooth downward power fluctuations through discharge (positive power, [image: image]), and on the contrary, smooth upward power fluctuations through charging (negative power, [image: image]).
Taking the power fluctuation of photovoltaics within 1 min as an example, as shown in Figure 2, power fluctuation can be defined as the difference between the maximum and minimum power values measured at the PCC(Point of Common Coupling) within 1 min.
[image: Figure 2]FIGURE 2 | Photovoltaic power fluctuation.
As shown in Figure 2, at time t, [image: image] represents the power value of PCC before the grid provides the smoothing command, and [image: image] represents the power value of PCC after the grid provides the smoothing command; The photovoltaic power fluctuations before and after suppression are represented by [image: image] and [image: image], respectively. Based on the historical data of active power in the power grid, Equation 1 can be used to calculate [image: image]:
[image: image]
Based on the historical data of active power in the power grid, Equation 2 can be used to calculate [image: image] by defining the set A of power values measured at PCC.
[image: image]
Among them, [image: image] and [image: image] respectively represent the maximum and minimum values of set A; [image: image] and [image: image] indicators representing the maximum and minimum values of set A, A is a set of power values measured in PCC before providing a smoothing command, with a time scale of 1 min for set A; [image: image] is the start time; [image: image] For the sampling interval, [image: image].
2.3 Charging and discharging scheduling strategy for energy storage systems
ESS (Electric Storage System) is usually charged during load valleys and discharged during peak periods (Chaspierre et al., 2022). Assuming that the charging and discharging strategy of BESS (Battery Energy Storage System) is shown in Figure 3.
[image: Figure 3]FIGURE 3 | Charging and discharging strategies for energy storage systems.
Figure 3, based on the equivalent load curve, [image: image] and [image: image] are divided into two consecutive charging time periods, where [image: image] and [image: image] respectively represent the charging amount during the corresponding charging time period; [image: image], [image: image], [image: image] are three consecutive discharge time periods; [image: image], [image: image], [image: image] are the discharge levels during their continuous discharge time periods. At present, most studies usually use the charging and discharging power within each time period as the control variable to solve for the charging and discharging strategy (Ivanov et al., 2021). Therefore, there are situations where the charging and discharging states of energy storage systems may occur within the same time period. In this case, only equal charging and discharging amounts can be ensured within the cycle, i.e., [image: image], without considering the changes in SOC of energy storage. Due to the simultaneous determination of charging and discharging power at different time periods within the cycle, it is difficult to ensure the difference between the discharge amount of the energy storage system during the discharge time period and the remaining electricity before discharge, which may lead to the occurrence of situation [image: image]. This situation is not realistic.
While considering the charging and discharging power, the constraints on the discharge capacity during the continuous discharge time period are considered, given the known charging and discharging time periods. Divide the continuous charging and discharging periods using time of use electricity prices: the low electricity price period corresponds to the low load period, and charge the energy storage system during this stage; During periods of high electricity prices corresponding to peak load periods, the energy storage system discharges. However, under the high penetration rate of volatile energy, the load will be locally supplied by volatile energy, so the demand for peak valley difference of the load will be affected, and the advantage of peak shaving and valley filling in energy storage systems cannot be fully utilized. Therefore, considering the impact of volatile energy on peak and valley load demand, a mathematical model is established to obtain the division of HESS charging and discharging time periods based on the solution situation.
3 COLLABORATIVE CONFIGURATION OF HYBRID ENERGY STORAGE
3.1 Frequency modulation control process
The system frequency fluctuation mainly involves two situations: an increase in frequency and a decrease in frequency. When the frequency increases, it is only necessary to reduce the output of the wind turbine. That is, adjusting the pitch angle reduces the amount of wind energy captured by the wind turbine. Therefore, this article mainly studies the situation of frequency reduction in the power grid. When the frequency of the power grid suddenly drops, the frequency regulation control strategy of the wind storage joint system is as follows: (1) When the system frequency deviation [image: image] is higher than the upper limit of frequency deviation, the frequency deviation is set to 0.2 Hz in this article, reducing the output of the wind farm until the frequency deviation is below 0.2 Hz. (2) When the system frequency deviation [image: image] is lower than the lower limit of frequency deviation (−0.2 Hz), the system needs to increase active power. When the wind turbine is in MPPT mode, the frequency regulation task of the system mainly relies on HESS to provide active power output to compensate for the power shortage of the system. Therefore, at high wind speeds, wind turbines use the adjustment of blade pitch angle a to achieve load reduction operation. When [image: image] occurs, the wind turbines use the reserved 20% active power output to complete frequency regulation tasks while meeting the requirements of [image: image]. (3) When [image: image] occurs, that is, when the reserved output power of the wind turbine cannot compensate for the power shortage of the system, the wind storage joint system issues control instructions to allow the HESS to discharge and output active power to participate in frequency regulation until the grid frequency returns to the standard fluctuation range. (4) When frequency drops occur in low wind speed areas or during start-up wind speed areas, wind turbines can only operate in MPPT mode, and the system can only use HESS to complete frequency regulation tasks, which needs to meet the requirements of [image: image]. (5) After completing the frequency regulation task, the rotor speed needs to be restored to the value of the conventional generator. At this time, when a frequency restoration is required, the wind turbine needs to absorb energy from the power grid for the rotor speed recovery process. To avoid another frequency drop in the power grid during this period, the wind turbine uses the output of the energy storage system to complete the rotor speed recovery. (6) When HESS (Hybrid Energy Storage System) participates in frequency regulation, HESS conducts the charging phase according to the operating strategy (Verma et al., 2023). After completing the frequency recovery of the power grid, it is necessary to check again whether the SOC (State of Charge) at this time is within the normal operating range of the energy storage system. Only when the SOC of the energy storage system returns to the normal range, can the frequency regulation process of the wind-storage joint system be considered complete (Alasali et al., 2022).The specific frequency regulation control process diagram of the wind storage joint system is shown in Figure 4:
[image: Figure 4]FIGURE 4 | Frequency modulation control flowchart.
3.2 Particle swarm optimization
The initial population of the particle swarm algorithm is randomly generated. Assuming that the problem to be solved has an m-dimension, the position and velocity of the i-th particle are defined in Equations 3, 4, respectively.
[image: image]
[image: image]
The current experience fitness is defined by Equation 5.
[image: image]
The global optimal solution for the entire population after updating the velocity and position of the current particle is Equation 6:
[image: image]
The velocity and position of particles are updated using Equations 7, 8:
[image: image]
In the formula: [image: image] represents the inertia weight of the particle, represents the degree to which the particle’s velocity is affected by the previous velocity, and the value of [image: image] can balance the relationship between global and local search capabilities (Yong et al., 2023). The smaller the value, the smaller the former’s capability is. Therefore, in order to avoid searching only locally during the solving process, the value of inertia weight is worth exploring, making it suitable for various optimization problems (Lei et al., 2022). The traditional method for updating inertia weights is Equation 9; [image: image] And [image: image] represents the learning factor, the former represents the influence of the experiences of other particles, and the latter represents the influence of the experiences of the particles themselves; [image: image] And [image: image] represents the number randomly produced between [1,0].
[image: image]
Equation 9 that needs to be supplemented in the paper is as follows:
[image: image]
The solution steps are: initialize the population information, which includes the number of populations, the positions and velocities of each particle; Each particle is fed into the fitness function for solving [image: image]; Update the local optimal solution, [image: image] compare the fitness function value of the particle with the current local optimal solution [image: image], and replace it if it is better than it. Update the global optimal solution, by comparing the fitness function value of particles with the current global optimal solution, and replacing it if it is better than it. Update speed and location; If the end condition is met, exit.
4 ANALYSIS OF EXAMPLES
4.1 Calculation examples and results
Select historical data from a city in western China for analysis in 2022, with a 600 kW wind turbine and a 30 MW load. Selecting 1 year as the data collection unit, the sampling interval for photovoltaic power and load power is 10 min. Verify the typical day data taken in the previous section in a 33 node power system. Install wind power with a rated power of 600 KW at nodes 6 and 32 respectively, and plan to install one energy storage system. The installation location can be selected from any node from node 1 to node 33. In the process of configuring energy storage, calculate the average value of the energy storage configuration capacity in the objective function, and finally converge to 612,931 yuan with the comprehensive cost as the goal. Record the iterative trend of Pareto solution set, and the convergence process curve is shown in Figure 5.
[image: Figure 5]FIGURE 5 | Convergence curve of fitness function.
4.2 Economic and carbon emission analysis
The one-time investment cost of this system for energy storage is RMB 9 million, and the maintenance cost is RMB 3.17 million. After configuring the energy storage system, there are still some photovoltaic power stations whose actual output power is too small to meet the load demand, and the energy storage capacity has also been discharged to the lowest point. Therefore, the network loss cost is RMB 120100, the electricity purchase cost is RMB 1.421 million, and the total cost after adding the weight coefficient is RMB 1.2672 million. The economic costs and corresponding carbon emission data of each part are shown in Table 1.
TABLE 1 | Economic costs and carbon emission indicators.
[image: Table 1]In summary, particle swarm optimization can optimize the operating strategy of energy storage systems, reducing the cost of purchasing electricity and charging and discharging energy storage equipment. By dynamically adjusting the operating parameters of the energy storage system, energy storage equipment can be more effectively utilized, reducing the cost of system operation. Particle swarm optimization algorithm can help energy storage systems achieve maximum revenue in market operations. By optimizing the charging and discharging strategies of the energy storage system, the system can charge during high electricity price periods and discharge during low electricity price periods, thereby maximizing the system’s revenue (Wei et al., 2023). The particle swarm optimization algorithm can optimize the energy conversion efficiency and storage efficiency of energy storage systems, reducing losses during energy storage and release, thereby improving the overall energy utilization efficiency of the system.
4.3 Power system performance analysis
The node voltage deviation and node voltage amplitude before and after the participation of the energy storage system are shown in Figure 6. While the overall voltage profile has shown improvement after integrating the hybrid collaborative energy storage system, it is important to note that there has been an increase in voltage deviation (Figure 6). This phenomenon can be attributed to the dynamic nature of renewable energy sources, such as wind and solar power, which introduce variability into the grid. The integration of energy storage systems can sometimes amplify these fluctuations if not properly managed.
[image: Figure 6]FIGURE 6 | Node voltage amplitude before and after energy storage system participation.
When not connected to the energy storage system, the voltage deviation meets the requirements. After connecting to the energy storage system, the voltage deviation meets the requirements and is reduced compared to the voltage deviation before connection. The voltage quality is improved, and the voltage fluctuation is also improved to a certain extent. Before the integration of the energy storage system, the voltage levels were subject to natural fluctuations due to varying load demands and generation patterns from renewable sources. Post-integration, the energy storage system attempts to stabilize these voltages by absorbing excess power during peak generation periods and releasing stored energy during high demand or low generation times. However, this process can lead to transient overshoots or undershoots in voltage levels, contributing to increased deviation.
The voltage amplitude before and after connecting to the energy storage system meets the requirements, and the voltage amplitude increases and the fluctuation decreases at each moment after connecting to the energy storage system.
5 CONCLUSION
This article considers the power grid losses caused by the integration of energy storage systems into active distribution networks and their impact on improving the voltage of distribution networks. It provides a theoretical basis for the capacity optimization configuration of two-stage hybrid energy storage systems in the future. An IEEE33 node system is used, for example, analysis, and the improved chaotic particle swarm optimization algorithm and PSO algorithm are used as model solving methods. Establish a double-layer optimization configuration model based on the impact of volatile energy on energy storage systems. On the basis of a multi-objective optimization model, the upper layer uses wind, light, and load daily prediction values to plan the distribution network and the hybrid energy storage system of lead-acid batteries and supercapacitors. The goal is to optimize the comprehensive cost, network loss, and node voltage deviation, and an improved multi-objective optimization particle swarm optimization is used to solve the initial capacity configuration value; The optimal model for adjusting the system frequency deviation index of energy storage system output based on wind power output in the lower layer, solving the correction value of the configuration capacity of supercapacitors, and introducing a quantum particle swarm with chaotic mechanism to further optimize the output of various units in the power grid.
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