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In order to solve the problem of variable steady-state operation nodes and poor coordination control effect in photovoltaic energy storage plants, the coordination control strategy of photovoltaic energy storage plants based on ADP is studied. Establish the photovoltaic energy storage power station model including photovoltaic system model, super capacitor system model and battery system model; Set the maximum limit of active power change as the power constraint condition for coordinated control of photovoltaic energy storage station; The optimal control problem of multi voltage and reactive power resource coordination is fully considered, the optimal voltage control model is established by using ADP algorithm, and the optimal coordinated control strategy is obtained by online learning the collected dynamic operation information. The experimental results show that this strategy can improve the coordinated control effect of the photovoltaic energy storage station, ensure the photovoltaic energy storage station in a stable operation state, improve the service life of the energy storage device in the photovoltaic energy storage station, and stabilize the steady-state operating node voltage within the ideal fluctuation range.
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1 INTRODUCTION
Environmental problem is the main problem that our country society faces at present, energy shortage problem is the important problem that our country electric power domain faces. The use of clean energy is an important way to improve energy scarcity (Xiao et al., 2020). Solar energy is an important energy in clean energy. Solar energy has the characteristics of high safety and abundant reserves. The application of Solar energy in power system can effectively improve environmental problems and energy crisis (Liu et al., 2020). Photovoltaic power generation system using solar energy as clean energy has the characteristics of high randomness and intermittence, and photovoltaic output randomness and intermittence are high (Tang et al., 2020). In order to ensure the stable and reliable power supply of photovoltaic power generation systems, photovoltaic power generation systems shall be equipped with energy storage systems to store sufficient energy, and photovoltaic power storage systems shall be used to ensure the efficient operation of photovoltaic power generation systems.
The fluctuation of photovoltaic output in photovoltaic storage power station affects the security and economy of power system. In photovoltaic energy storage power plants, there exist the problems of variable steady-state operation points and incomplete or inaccurate information of power system parameters (Dong XW. et al., 2021). In order to solve the above problems in photovoltaic storage power plants, high-performance coordinated control strategy is very important (Zhang et al., 2020).
At present, there are many researches on photovoltaic power grid coordinated control. Lu Jinling and others put forward the coordinated control strategy for hybrid photovoltaic power grid (Lu et al., 2021). The filter control model is constructed to distribute power. According to the charged state, the working state of the energy storage converter is controlled and the charging and discharging or idle mode is switched in time. The improved variable step size disturbance observation method is used to coordinate the stable operation of the control system. Cui Hongfen et al. studied coordinated control strategies for a wind-based storage grid (Cui et al., 2020). The black-start control model of storage power station is established, and the coordinated control strategy of unit load tracking power is designed. When the output is enough, the unit can reduce the charging power according to the power change. Srilakshmi K and others connect to the DC bus using a three-level parallel voltage source converter (VSC). The Jaya gray wolf hybrid algorithm (GWJA) was used to optimize the gain values of the fractional order proportional integral differential controller (FOPIDC) and the parameter values of the HAPF. Satisfactory performance has been achieved under different load combinations such as electric vehicle charging loads, nonlinear loads, and solar irradiation conditions (Srilakshmi et al., 2024a). Srilakshmi K and Gaddamedechi Sdengen et al. designed a Unified Power Quality Controller (UPQC) by using the Enhanced Most Valuable Player Algorithm (EMVPA) to optimize the selection of active filters and PID controller (PIDC) parameters. This integration helps to achieve reliable power supply, efficient utilization of power generation, and effective demand satisfaction, achieving appropriate and effective power sharing (Srilakshmi et al., 2024b). Srilakshmi K and Rao G S et al. used Levenberg Marquardt (LM) backpropagation (LMBP) trained artificial neural network control (ANNC) technology to generate reference signals for converters in UPQC. A hybrid algorithm (FFHSA) combining Harmony Search Algorithm (HSA) and Firefly Algorithm (FFA) has been implemented for optimizing the selection of parameters in Adaptive Neural Fuzzy Interface System (ANFIS) to maintain a constant DC link capacitor voltage (DLCV) (Srilakshmi et al., 2024c). These methods can coordinate the control of photovoltaic power grid, but the effect of coordination control is poor because of over-dependence on parameter information and failure to consider the variable steady-state operating points.
The smooth control algorithm considering ADP is selected as the coordinated control strategy of photovoltaic energy storage plants, which can adjust the output power instability of photovoltaic power plants to meet the photovoltaic grid-connected conditions.
So in order to improve the coordination control effect of photovoltaic energy storage plant, this paper studies the coordination control strategy of photovoltaic energy storage plant based on ADP. The optimal energy storage power of photovoltaic energy storage power station is obtained based on the real-time data such as the charge state of the storage system. This paper constructs an optimal voltage control model through ADP algorithm and obtains the optimal coordinated control strategy. The experimental results show that the proposed strategy can improve the coordination control effect of the PV(Photovoltaic) storage plant, meet the demand of the PV storage plant’s charging and discharging power.
The contributions of this abstract are as follows.
(1) Optimize steady-state operation nodes. By using the ADP algorithm, real-time learning of dynamic operation information of the power plant can be achieved, and control strategies can be adjusted accordingly to ensure that the photovoltaic energy storage power plant can operate stably in the ideal state.
(2) Improving the effectiveness of coordinated control. Traditional coordinated control methods often struggle to cope with the complex and ever-changing operating conditions inside photovoltaic energy storage stations. This article ensures the rationality and effectiveness of the control strategy by setting the maximum limit of active power variation as a power constraint condition. At the same time, the coordinated control problem of multiple voltage and reactive power resources was fully considered. By establishing an optimal voltage control model, precise control of the power station voltage was achieved, significantly improving the coordinated control effect of photovoltaic energy storage power stations.
(3) The comprehensiveness of model establishment. The article establishes a comprehensive photovoltaic energy storage power station model that includes photovoltaic systems, supercapacitor systems, and battery systems. This comprehensive modeling method provides a foundation for understanding and analyzing the operating mechanism of photovoltaic energy storage power stations, and provides a reference for future coordinated control strategy design.
The second part of the article introduces the coordinated control strategy of photovoltaic power stations, establishes a mathematical model of photovoltaic energy storage power stations, and provides a basis for subsequent control strategy design. The third part of the article is the design of coordinated control strategy under the ADP algorithm, which sets the maximum limit of active power change as the power constraint condition for coordinated control of photovoltaic energy storage stations, and fully utilizes the advantages of the ADP algorithm to establish an optimal voltage control model. The fourth part of the article is an experiment. Through a series of experiments, the effectiveness of the proposed coordinated control strategy is verified, and its impact on the steady-state operating node voltage of photovoltaic energy storage stations, the service life of energy storage devices, and voltage distribution is analyzed. The fifth part of the article summarizes the research results of this article, and points out the limitations of the research and future research directions.
2 COORDINATED CONTROL STRATEGY OF PHOTOVOLTAIC POWER STATION
2.1 Photovoltaic energy storage power station model
2.1.1 Overall structure of photovoltaic energy storage power station
Photovoltaic energy storage power station is a combined operation system including distributed photovoltaic system and energy storage system. The overall structure of a photovoltaic storage power station is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Photovoltaic energy storage power station.
From the diagram 1, it can be seen that the photovoltaic storage power station uses AC (Analogue Controller) bus to connect the photovoltaic system, power grid and storage system. Photovoltaic cells are connected to DC bus through photovoltaic inverter, and storage battery and super capacitor are connected to DC bus through converter respectively. Three kinds of bidirectional DC/DC converter circuits decide whether the energy storage unit is in charge or discharge mode. The DC bus is connected with DC/AC converter, connected with AC bus to supply power for AC side load, and connected with large power grid through static switch and transformer at public connection point.
The supercapacitor of photovoltaic energy storage power station can be used in charge and discharge cycle of high frequency and small capacity.
2.1.2 Modeling of photovoltaic systems
The mathematical model expression of the photovoltaic system in the photovoltaic energy storage power station is as follows:
[image: image]
In formula (1), [image: image] and [image: image] represent the number of series capacitors and parallel capacitors in a photovoltaic system respectively. [image: image] and [image: image] represent the total voltage and current, respectively. [image: image] and [image: image] denote capacitance. [image: image] and [image: image] represent the open-circuit voltage and short-circuit current, respectively.
During the practical operation of photovoltaic storage power station, the changes of solar light intensity and ambient temperature around the photovoltaic system have changed. According to the output characteristics of photovoltaic cells in photovoltaic storage power stations, the output power of photovoltaic cells in photovoltaic storage power stations varies with environmental temperature and light intensity (Bi et al., 2021). When photovoltaic cells are under coordinated control under different operating conditions, the output power point should be stable to the maximum power point, and the photovoltaic power station should be kept in optimal working state.
2.1.3 Modeling of supercapacitor systems
The mathematical model expression of the supercapacitor system of the photovoltaic energy storage power station is as follows:
[image: image]
In formula (3), [image: image] and [image: image] represent the individual capacitance value and the equivalent total capacitance of a supercapacitor system, respectively. [image: image] represents the number of capacitors in parallel in a supercapacitor system. [image: image] represents the number of capacitors in series in a supercapacitor system.
2.1.4 Battery system modeling
The mathematical model expression of the battery system in the energy storage system of the photovoltaic energy storage power station is as follows:
[image: image]
In formula (5), [image: image] and [image: image] represent the internal potential and open circuit voltage of the battery respectively. [image: image] and [image: image] represent the number of charges and the capacity of the battery, respectively. Both [image: image] and [image: image] are the characteristic parameters of storage battery in the energy storage system of photovoltaic power station.
2.2 Coordinated control of power constraints for photovoltaic energy storage power stations
When a photovoltaic energy storage power station is under coordinated control, the photovoltaic energy storage power station shall be set for a fixed period of time in order to ensure the safety of the photovoltaic energy storage power station being connected to the power grid (Wang et al., 2021). We take the maximum output of photovoltaic power and output power of storage power station as the power constraint condition of coordination control.
According to the Two Rules for the Southern Region (2017 Edition) issued by the Southern Regulatory Bureau of the National Energy Administration, the grid connection power limit results of photovoltaic storage power plants are shown in Table 1.
TABLE 1 | Power limit requirements.
[image: Table 1]From the results of grid-connected power constraints in Table 1, it can be seen that the time scales for setting power constraints of photovoltaic energy storage power stations mainly include 60s and 600s.
At different time scales, the expression of the power constraint of the photovoltaic energy storage power station is as follows:
[image: image]
[image: image]
In the above formulas, [image: image] and [image: image] represent the photovoltaic installed capacity and the actual output power of the photovoltaic system respectively. [image: image] represents the sampling period of photovoltaic data in a photovoltaic storage plant.
The influence of different working conditions on supercapacitors and storage batteries in photovoltaic power stations is fully considered. The remaining capacity and maximum charging and discharging power of photovoltaic energy storage plants are easily affected by working conditions (Dong HY. et al., 2021), and the constraints for the coordinated control of photovoltaic energy storage plants are determined as follows:
[image: image]
In formula (6), [image: image] and [image: image] represent the limited charging and discharging power of supercapacitors and storage batteries respectively.
3 COORDINATED CONTROL OF PHOTOVOLTAIC ENERGY STORAGE POWER STATION BASED ON ADP ALGORITHM
ADP algorithm is a heuristic method, ADP algorithm does not need the parameters of photovoltaic energy storage power plant information, only through the acquisition of photovoltaic energy storage power plant dynamic information. The optimal coordination control strategy can be obtained by online learning of dynamic information, which is an important method applied to power system coordination control (Yan and Fan, 2020). The flowchart of coordinated control for photovoltaic energy storage power stations based on ADP algorithm is shown in Figure 2.
[image: Figure 2]FIGURE 2 | Flow chart of coordinated control for photovoltaic energy storage power stations based on ADP algorithm.
The photovoltaic energy storage power station is set at a random operating point. In the state of linearized continuous operation, the operating model expression of the photovoltaic energy storage power station is as follows:
[image: image]
In formula (7), [image: image] represents the control parameters of the ADP algorithm. [image: image] represents the weight matrix for the coordinated control of a photovoltaic power station. [image: image] represents the dynamic voltage of a photovoltaic energy storage plant.
The expression of using the state feedback method to maintain the voltage of the photovoltaic energy storage power station in a stable operating state is as follows:
[image: image]
In formula (8), [image: image] represents the optimal control strategy for a photovoltaic energy storage plant.
According to the Bellman optimization principle, the optimal control strategy expression of photovoltaic energy storage power station is obtained as follows:
[image: image]
In formula (9), [image: image] and [image: image] represent the deviation of state variables and the unique positive definite solution of the algebraic Riccati equation, respectively.
In formula (9), the expression for [image: image] is as follows:
[image: image]
In formula (10), [image: image] represents the control transpose parameter of the ADP algorithm. [image: image] represents the weight transposition matrix for coordinated control of photovoltaic power plants. Due to the influence of various factors such as environment and temperature on the operation status of photovoltaic energy storage stations, its parameter information is often difficult to accurately obtain, resulting in significant fluctuations in the operation status. Formula (10) iteratively solves the Riccati equation using the ADP algorithm to obtain the optimal voltage coordination control strategy for photovoltaic energy storage power stations.
The solution of Riccati equation can be obtained by using exact matrix and matrix parameters. The parameter information of photovoltaic energy storage power station cannot be accurately obtained, and the operation of photovoltaic energy storage power station is greatly affected by the environment and temperature, resulting in great fluctuation of the operation state of photovoltaic energy storage power station (Yu et al., 2020). Fully considering the problem that the dynamic information parameters of photovoltaic energy storage power plants cannot be accurately obtained, the coordination control of photovoltaic energy storage power plants is realized by solving formula (10) by the voltage safety optimal control method of ADP.
The ADP algorithm is used to solve formula (9), and the power constraint conditions of the photovoltaic energy storage system are fully considered. [image: image] is used to express the iteration times of ADP algorithm, and the expression of optimal voltage coordination control strategy for photovoltaic energy storage system is as follows:
[image: image]
In formula (14), [image: image] represents a disturbance to a photovoltaic energy storage plant. By introducing the operation time parameters of photovoltaic energy storage power plants, formula (11) is converted as follows:
[image: image]
In formula (15), [image: image] and [image: image] respectively represent the number of time periods during the operation of photovoltaic energy storage power stations and the length of time periods recorded.
Based on the above formula, the expression of [image: image] in formula (9) is as follows:
[image: image]
Using ADP algorithm to learn dynamic information online. The steps of iterative solution to realize the coordinated control of photovoltaic energy storage power station are as follows.
(1) Set [image: image] and use [image: image] to indicate the control strategy of the PV power station.
(2) formula (13) is used to solve the [image: image] of the coordination control of photovoltaic energy storage plants.
(3) Update [image: image] with formula (11).
(4) Set the number of terations to [image: image] and repeat the above steps until the [image: image], [image: image] conditions are met. Among them, [image: image] is the precision requirement of power constraint of photovoltaic storage power station.
(5) The optimal control strategy of coordination control for photovoltaic storage power station is [image: image].
In the actual operation of a photovoltaic storage power station, the iterative solution time needs to be predetermined before the coordinated control strategy is determined (Meng et al., 2021). In this paper, an 8-min solution process is set up, i.e., the optimal control strategy of voltage safety is updated every 8 min.
4 CASE ANALYSIS
To validate the efficacy of the proposed ADP-based coordinated control strategy for photovoltaic power stations, we implemented the strategy within a practical photovoltaic facility. Taking into account the unique operational characteristics of the energy storage equipment in such stations, we examined how the strategy responded under diverse operating scenarios. This thorough assessment involved applying the strategy to the coordination and control of the photovoltaic storage power station, and the operational parameters of this system are detailed in Table 2.
TABLE 2 | Operating parameters of photovoltaic energy storage power station.
[image: Table 2]Figure 3 shows the change of light intensity during the operation of the photovoltaic energy storage power station.
[image: Figure 3]FIGURE 3 | Variation of light intensity.
The photovoltaic power of photovoltaic storage power station is obtained according to the change of illumination intensity. The photovoltaic power statistics of a photovoltaic storage power station are shown in Figure 4.
[image: Figure 4]FIGURE 4 | Photovoltaic power.
The experimental results of Figure 3 and Figure 4 show that the output power of the distributed photovoltaic system can be effectively controlled at the maximum power point when the light intensity varies. The experimental results of Figure 3 and Figure 4 show that the proposed strategy can realize the coordinated control of photovoltaic energy storage system with good control performance.
When this strategy is used to coordinate the control of photovoltaic energy storage plant, the change of charge state of the battery is shown in Figure 5.
[image: Figure 5]FIGURE 5 | Change curve of battery state of charge.
When this strategy is used to coordinate the control of photovoltaic storage power station, the change of the charge state of the supercapacitor is shown in Figure 6.
[image: Figure 6]FIGURE 6 | State of charge curve of supercapacitor.
As depicted in Figures 5 and Figure 6, the experimental outcomes demonstrate that the charge-state profiles of both storage batteries and supercapacitors in photovoltaic power stations are successfully managed within a stable operational range, thus preventing any occurrence of overcharging or overdischarging. This underscores the exceptional coordination and control capabilities of the implemented strategy, ensuring that the photovoltaic energy storage plant maintains a reliable and consistent operation while enhancing the longevity of the storage system.
In order to verify the performance of the strategy, the node voltage changes of the PV power station during normal charging and discharge are calculated by comparing the methods of (Srilakshmi et al., 2024a; Srilakshmi et al., 2024b). When the bus voltage fluctuates excessively, it will affect the stable operation of photovoltaic power station. The results of voltage variation of each node in the PV power station are shown in Figure 7.
[image: Figure 7]FIGURE 7 | Node voltage change during normal charging.
The results of voltage variation of each node in the PV power station are shown in Figure 8.
[image: Figure 8]FIGURE 8 | Node voltage change during normal discharge.
The experimental results of Figure 7 and Figure 8 show that there are voltage overshoot in several nodes of the feeders when the feeders are charged and discharged normally without this strategy. When using other control methods, there are still more nodes than the upper limit when the energy storage system is charging normally and more nodes than the lower limit when the energy storage system is discharging normally. The node voltage of the feeders can be restored to normal state after the photovoltaic power station is controlled by this strategy. Figure 7 and Figure 8 show that the proposed strategy can ensure the voltage of the PV power station to be stable in a fixed range under normal charging and discharging conditions.
5 CONCLUSION AND FUTURE WORK
5.1 Conclusion
The ADP-based coordination control strategy has been rigorously examined, enabling adaptive optimization of charging and discharging power. Specifically, this strategy addresses the fluctuations in photovoltaic power by optimizing the charge and discharge capabilities of the battery system within photovoltaic power stations. The comprehensive testing has validated that this approach facilitates efficient charging and discharging cycles, enhancing energy storage capacity while preventing potentially damaging overcharging and over discharging. Furthermore, the coordinated control strategy dynamically adjusts the power output of the energy storage system, minimizing operational fluctuations. This ensures that the photovoltaic storage power station maintains stable voltages within an optimal range, extending the lifespan of the storage system and optimizing the voltage distribution across the entire storage power network. Ultimately, this approach also contributes to an improved dissipation level in distributed photovoltaic energy storage plants.
5.2 Future work
This article has the following points for future research directions.
(1) Improvement and optimization of ADP algorithm. Further research the application of ADP algorithm in coordinated control of photovoltaic energy storage power stations, explore the improvement and optimization methods of the algorithm, such as improving the convergence speed of the algorithm and reducing computational complexity. Research and integrate ADP algorithm with other advanced control algorithms, such as reinforcement learning and deep learning, to further improve the performance of control strategies.
(2) Deepening and refining the model. With the advancement of technology and in-depth research, the model of photovoltaic energy storage power stations can be further refined in the future, including considering more influencing factors and more components. Introduce more advanced simulation tools and methods to more accurately simulate the operation of power plants and optimize control strategies.
(3) Innovation and application of energy storage technology. Research the application and performance optimization of these new technologies in photovoltaic energy storage power stations, as well as the capacity configuration and energy management strategies of energy storage systems, in order to improve the utilization and economic benefits of energy storage systems.
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