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Grid-forming (GFM) wind storage systems (WSSs) possess the capability of actively building frequency and phase, enabling faster frequency response. The frequency regulation power of GFM WSSs is provided by both the rotor of wind turbine and the battery storage (BS) in parallel with DC capacitor. However, with existing control strategies, the energy storage immediately responds to both small and large grid disturbances. The frequent responses significantly decrease the lifespan of energy storage. To address this issue, a cooperative strategy between rotor and energy storage is necessary. This paper proposes an advanced strategy of GFM WSSs for cooperative DC power support. The cooperative principle is that for small disturbances, the BS is disabled and total frequency regulation power is provided by the rotor, while for large disturbances, the BS is enabled to cooperatively provide power support with the rotor. The proposed cooperative strategy can decrease the charging and discharging times of BS with a small range of rotor speed fluctuation, and then the service life of BS can be significantly extended. Simulation results validate the effectiveness and superiority of the proposed strategy.
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1 INTRODUCTION
With the development of wind power generation, its penetration in grids is increasing (Liu et al., 2021; Bao et al., 2022; Huang et al., 2023). Currently, the predominant control method for most wind turbines is grid-following (GFL) control, which relies on a phase-locked loop (PLL) to synchronize with the frequency/phase of the AC grid. However, this approach faces challenges in maintaining stable operation under weak grid conditions and lacks grid support capability Xiong et al. (2020). Consequently, wind power systems utilizing grid-forming (GFM) control have obtained wide attention due to their capability of rapid frequency regulation (FR), facilitated to autonomously forming frequency/phase (Jiao and Nian, 2020; Zhao et al., 2021).
The FR of GFM wind power systems takes a frequency regulation (FR) cost of the frequency response resources (Xiong et al., 2019). Releasing the rotational kinetic energy of the rotor can enhance grid frequency stability (Lin and Liu, 2020). However, utilizing rotor power for FR purposes requires sacrificing the maximum power point tracking (MPPT) of the wind power system and tapping into the limited amount of stored energy, thus somewhat diminishing the FR effect (Xiong et al., 2015). Battery storage (BS) offers notable advantages such as rapid response times and precise tracking of active power commands. Through optimized control system designs, wind farms can attain swift inertia response capabilities and continuous active power support, underscoring the necessity of equipping wind farms with a certain percentage of BS (Astero and Evens, 2020).
For wind storage systems (WSSs), scholars both domestically and internationally have proposed various control methods. In Shadoul et al. (2022), flywheel energy storage is integrated on the DC side of WSSs. Here, the BS assumes control over the DC bus voltage during grid-connected operation, facilitating virtual synchronous control of the grid-side converter. This approach ultimately enhances system inertia responsiveness, smoothens the active output of WSSs, and ensures the stability of the DC bus voltage. Yang et al. (2023) addresses the practical constraints of wind farms and BS systems, using model prediction to design WSSs for small-scale grid-oriented FR control. However, this strategy necessitates the determination of the grid inertia time constant, a parameter often challenging to ascertain in large grids. Mohamed et al. (2022) integrates considerations of DC voltage maintenance on the energy storage side and virtual synchronization control of the grid-side converter (GSC). Furthermore, it accounts for the load state of the BS and coordinates main unit control, converter control, and BS side control to maintain energy balance. This is achieved through rotational speed control of the machine-side converter (MSC) and adjustment of blade pitch angles to ensure energy equilibrium. Zeng et al. (2021) establishes a connection between the BS and the wind farm exit bus. It devises a strategy based on fuzzy control for the BS to emulate the FR inertia of the wind farm. However, this strategy overlooks the utilization of the frequency support capability inherent in WSSs. Sang et al. (2021) proposes a voltage source-type configuration network control method that utilizes DC-side energy. It integrates the concepts of virtual synchronous control and DC capacitor inertial synchronous control within the grid-side converter for WSSs equipped with additional supercapacitors on the DC-side. Additionally, it introduces a virtual capacitor control strategy in the supercapacitor storage-side converter. Sun et al. (2022) uses fuzzy control to devise a strategy for superconducting BS to aid wind turbines in MPPT operation, aiming to conserve BS capacity allocation. However, this strategy overlooks the potential coordination between BS and rotor kinetic energy to provide frequency support. Ahsan and Mufti (2020) investigates the coordination strategy of BS and wind turbines to deliver FR response. It explores scenarios based on whether the frequency rate of change meets FR power demand. This involves designing load shedding operations for WSSs to participate in FR control using fuzzy control. Meng et al. (2023) proposes a virtual synchronous generator cooperative control scheme for wind farms and their GFM BS devices on the AC side. This scheme enables the WSSs to function as a voltage source, providing both system damping and inertia. Yao et al. (2024) developed a wind farm FR model and an adaptive primary FR control strategy for a BS system, utilizing the frequency change rate as the output conversion characteristic. In summary, existing control methods for GFM WSSs often result in frequent actions of the energy storage, with insufficient consideration for the service life of the battery. Notably, the general design life of batteries is typically 4–5 years, a duration often insufficient for high FR demand scenarios (Dhiman and Deb, 2020).
To address the aforementioned challenges, this paper investigates the cooperative principle of DC power support in GFM WSSs and introduces a cooperative control strategy. The fundamental principle of the proposed control is as follows: for small disturbances, the BS is disabled and total frequency regulation power is provided by the rotor, while for large disturbances, the BS is enabled to cooperatively provide power support with the rotor. This control approach aims to minimize the time of BS charging and discharging, consequently enhancing the service life of BS, while ensuring minimal fluctuations in rotor speed.
The remaining sections of this manuscript are as follows. Section 2 describes the control methods for GFM WSSs. Section 3 analyzes the cooperative principle of DC-side power support in GFM WSSs and introduces a cooperative control strategy tailored for these systems. Finally, Section 4 validates the effectiveness and superiority of the proposed control method.
2 CONTROL STRATEGY OF GFM WSS
As shown in Figure 1, the typical PMSG based GFM WSSs consists of wind generation modules and BS modules. Wind generation module mainly consists of wind turbine (WT), PMSG, MSC, dc-capacitor, and GSC. The BS module mainly consists of battery, battery storage converter (BSC).
[image: Figure 1]FIGURE 1 | Circuit topology of GFM WSS.
2.1 GFM control strategy for WTs
The power balance relationship on the DC side of the WSSs is given by
[image: image]
where [image: image] is the BS output power; [image: image] is the power released by the DC capacitor; [image: image] is the WSSs output power and [image: image] is the wind power captured by WT, which is shown in Eq. 2,
[image: image]
where [image: image] is the air density; [image: image] is the blade radius of the wind turbine; [image: image] is the wind energy utilization coefficient; [image: image] is the blade tip speed ratio; [image: image] is the pitch angle; and [image: image] is the inlet wind speed.
The MSC uses DC-link voltage control to stabilize the DC voltage, as depicted in Figure 2. In dc-link voltage strategy, the d-axis current command value [image: image] is set to 0, while the q-axis current command value [image: image] is determined by the DC capacitor voltage loop.
[image: Figure 2]FIGURE 2 | MSC control structure.
The GSC uses droop control to construct the voltage and frequency, which realizes the grid-configuration operation, as depicted in Figure 3. It should be noted that for GFM WSSs, the GFM control is implemented by the GSC. Consequently, WSSs output power is no longer determined by [image: image] captured by WT, but depends on the grid load.
[image: Figure 3]FIGURE 3 | GSC control strategy.
Droop control simulates the active-frequency and reactive-voltage droop characteristics of a synchronous generator, and the control equations for its frequency and voltage are shown in Eq. 3,
[image: image]
where [image: image] is the grid angular velocity reference value; [image: image] is the grid angular velocity; [image: image] is the grid rated angular velocity; [image: image] is the active droop coefficient; [image: image] is the WSSs rated output power; [image: image] is the grid voltage reference value; [image: image] is the rated grid voltage; [image: image] is the reactive droop coefficient; [image: image] is the WSSs reactive power; [image: image] is the WSSs rated reactive power.
2.2 BS control strategy
GFM WSSs BS distribution methods include AC-side BS and DC-side BS. For the former, it can be considered as utilizing the BS system of GFM control to assist the operation of the wind generation systems, while the wind generation systems still adopt GFL control. The significant advantage of the DC-side BS in GFM WSSs is that the DC voltage can be stabilized with the help of an additional BS on the DC side, which effectively aids in realizing the GFM control of the turbine. Compared to the AC-side BS, the DC-side BS of WSSs can save one inverter, thus reducing the cost. Additionally, the DC-side BS is more integrated in structure and control, which has the potential to enhance the transient and steady-state control capabilities of the unit and optimize its operational flexibility while meeting active support energy demand (Liu et al., 2020). Therefore, in this paper, the DC-side distribution BS is adopted to provide FR support power for the system.
The BSC control structure is shown in Figure 4. The current command value for the BS is derived from the DC capacitor voltage loop. Subsequently, the PWM control signal for the BSC is generated from the current loop.
[image: Figure 4]FIGURE 4 | BSC control structure.
2.3 Challenge of GFM WSSs
From Eq. 1, for wind generation systems without BS, in the event of a small disturbance, the system can respond by utilizing the wind turbine rotor to release or absorb energy, thereby adjusting rotational speed. However, during large disturbances, the spare power available from the rotor may not suffice to counteract the disturbance. Consequently, the energy supplied by the rotor to the DC capacitor may fail to match the energy it releases, resulting in instability of the capacitor voltage.
In conventional wind storage systems, the BS responds to disturbances of any magnitude, ensuring stabilization of the DC voltage and maintenance of rotor speed within normal ranges. However, frequent activation of the BS can lead to unnecessary wear and tear on the battery. Presently, the cycle life of Li-ion batteries ranges from 3,000 to 5,000 cycles. Excessive activation of the BS for each disturbance significantly shortens the battery’s service life (Liu et al., 2020). Therefore, imprudent utilization of the BS can have adverse effects on the economic operation of the wind storage system.
In summary, to fulfill the system’s power support requirements while minimizing the usage times of BS, there is a pressing need for a cooperative control strategy. This strategy aims to facilitate effective collaboration between the wind turbine rotor and the BS, enabling them to respond appropriately to varying degrees of disturbances encountered by the wind storage system within the power system.
3 COOPERATIVE DC POWER SUPPORT STRATEGY OF GFM WSS
3.1 Cooperative principle
From the analysis presented above, it becomes apparent that BS in WSSs should only be activated in response to large disturbances, while small disturbances do not necessitate their activation. It is not desirable for BS to respond to every disturbance encountered. Building upon this insight, this paper proposes a cooperative control strategy for DC-side power support in wind storage systems. This strategy utilizes frequency as a threshold to discern the size of the disturbance, determining when BS activation is warranted.
When a disturbance results in a frequency deviation of the WSSs that is below the frequency threshold [image: image], it is categorized as a small disturbance. In such cases, the BS does not respond, and the DC voltage is maintained stable solely by the rotor. Figure 5 illustrates the power and energy needed to support the GSC during small disturbances. As depicted in Figure 5A, the frequency deviation caused by small disturbances remains below the frequency threshold [image: image], indicating that all the GSC power [image: image] is sustained by the rotor. Figure 5B displays the corresponding GSC energy [image: image] during small disturbances over time, revealing that the entire energy demand is sustained by the rotor throughout the disturbance period.
[image: Figure 5]FIGURE 5 | Small disturbance power support. (A) Power required by the GSC. (B) Energy required by GSC.
When the disturbance causes the frequency deviation of the WSSs to exceed the frequency threshold [image: image], it is classified as a large disturbance. At this point, the DC voltage is stabilized by both the rotor and the BS to achieve cooperative support on the DC side. Since the system’s frequency deviation resulting from large disturbances undergoes a process, the proposed control uses a different cooperative strategy before and after reaching the frequency triggering threshold. Figure 6 illustrates the support of power and energy required by the GSC during large disturbances. In Figure 6A, when the system is in state [image: image], all the power required by the GSC is supplied by the rotor alone; however, in state [image: image], both the rotor and the BS jointly provide power support for the DC capacitor. The corresponding energy required by the GSC during large disturbances over time is depicted in Figure 6B. In state [image: image], all the energy is sourced from the rotor, whereas in state [image: image], the BS is activated to supply energy to the DC capacitor in conjunction with the rotor.
[image: Figure 6]FIGURE 6 | Large disturbance power support. (A) Power required by the GSC. (B) Energy required by GSC.
The cooperative principle of the proposed cooperative FR control strategy for the wind storage system is shown in Figure 7. When the WSSs encounter disturbances, the rotor first provides FR support power for the DC capacitor, and at the same time, its frequency deviation is measured; if [image: image], the BS is disabled and the rotor only supports the disturbed power by sacrificing the rotational speed; if [image: image], the BS is enabled, and the rotor and the BS work together to maintain the stability of the DC voltage, which realizes the cooperative support of DC capacitance.
[image: Figure 7]FIGURE 7 | Cooperative principle of the cooperative control for GFM WSS.
3.2 Cooperative control strategy
Building upon the cooperative principle described above, the control block diagram of the proposed DC side power support cooperative control strategy for GFM WSSs is depicted in Figure 8.
[image: Figure 8]FIGURE 8 | Block diagram of the cooperative control for GFM WSS.
To achieve the control objective of determining whether the BS should be activated based on whether the frequency deviation reaches the frequency threshold [image: image], the BS DC current [image: image] can be selected as the controlled parameter. In the cooperative control strategy, the reference value of the BS DC current, [image: image], is initially set to 0 since the BS typically remains inactive. Activation of the BS occurs only when a disturbance causes the system deviation to exceed the frequency threshold [image: image], indicating a large disturbance. To address potential instability issues at the threshold boundary, a hysteresis loop module is implemented to define the cooperative criteria for large disturbances. The design logic of the hysteresis loop module is shown in Eq. 4,
[image: image]
where [image: image] is the flag of the energy storage criterion; [image: image] is the frequency deviation threshold upper limit and [image: image] is the frequency deviation threshold lower limit.
When the hysteresis loop module [image: image] is at 0, the BS remains inactive; however, when the hysteresis loop module [image: image] transitions to 1, the DC voltage loop activates, thereby enabling the BS to provide power support for the DC capacitor.
4 VERIFICATION
To validate the effectiveness and superiority of the proposed DC power support cooperative control, this section integrates the GFM WSSs with the grid to evaluate the DC power support characteristics. The constructed test system is illustrated in Figure 9.
[image: Figure 9]FIGURE 9 | Test system of the cooperative control for GFM WSS.
In this paper, the test system is constructed within the MATLAB/SIMULINK environment, and the specific parameters are outlined in Table 1. The detailed configuration of the tested GFM WSSs is depicted in Figure 8. The grid’s frequency response characteristics are emulated using an inverter, which is controlled using virtual synchronous generator control.
TABLE 1 | Main parameters of test system.
[image: Table 1]When a small disturbance occurs, the proposed cooperative control anticipates that the WSSs BS will remain inactive, with the rotor supplying all the necessary support power. Only in the event of a large disturbance causing the frequency deviation to surpass the frequency threshold [image: image], does the BS become operational, collaborating with the rotor to stabilize the DC voltage and achieve cooperative power support on the DC side. To assess the effectiveness of the proposed cooperative control strategy, the control effects of the following three control methods are simulated and analyzed.
• Case I: The BS does not participate in FR and total FR power is provided by the rotor.
• Case II: Immediately upon the occurrence of a grid disturbance, both the rotor and the energy storage system respond promptly.
• Case III: The proposed cooperative control strategy.
In the initial conditions of the test system, the load power is jointly supported by the WSSs and the grid to ensure the stabilization of the system frequency. Random disturbances, including both large and small disturbances, are set between 10 s and 110 s. The values of these disturbances are in the range of −40 kW–40 kW, as illustrated in Figure 10.
[image: Figure 10]FIGURE 10 | Stochastic disturbances.
As shown in Figure 11, the grid frequency [image: image] and the output power [image: image] of the WSSs remain consistent across all three control methods. This consistency is attributed to the uniform GSC control strategy employed by all three methods. Moreover, the output power of the WSSs, managed by the GSC to integrate with the grid, is contingent upon the grid-side loads and the GFM control methodology it employs.
[image: Figure 11]FIGURE 11 | Gird-side results under stochastic disturbances. (A) Gird frequency. (B) WSS output power.
In Figures 12A,B, the WSSs rotor speed n and BS power PBS are illustrated. In Case I, grid-side load changes are solely managed by the rotor, resulting in wide fluctuations in rotor speed and potential damage to its mechanical structure. In Case II, the BS responds faster than the rotor to grid-side load changes, leading to frequent charging and discharging cycles of the BS, thus reducing its service life and increasing WSSs’ investment costs. However, in Case III, the proposed cooperative control method is employed. Here, the BS responses are minimized while ensuring stable rotor speed. This is achieved by activating the BS only when [image: image], and the rotor provides all support power when [image: image]. Consequently, the proposed method enhances the BS’s service life and improves the economic and technological benefits of WSSs, while safeguarding the rotor’s mechanical integrity. Figure 12C displays the SOC% of the BS under the three control methods. The proposed cooperative control method notably reduces the time of BS charging and discharging compared to the method where the BS responds to every disturbance.
[image: Figure 12]FIGURE 12 | DC-side results under stochastic disturbances. (A) Rotor speed. (B) Wind turbine output power. (C) BS output power. (D) Battery SOC.
In Figure 13A, the response of the WSSs BS to load-side disturbances under cooperative control is depicted. It’s evident that the BS only reacts to large disturbances under this control scheme. Additionally, Figure 13B compares the response times of the BS under the three control methods. It demonstrates that when confronted with identical disturbance scenarios, cooperative control significantly reduces the number of BS responses, thereby enhancing its service life.
[image: Figure 13]FIGURE 13 | Comparison of WSSs BS responses under three controls. (A) BS responses under cooperative control. (B) Comparison of three controls.
5 CONCLUSION
This manuscript analyzes the principle of cooperative DC power support for GFM WSSs and proposes a cooperative strategy for GFM WSSs. The simulation results verify that the proposed control can effectively reduce the number of BS responses. The main conclusions are as follows.
1) The cooperative principle of the GFM WSSs is as follows: for small disturbances, the BS is disabled and total frequency regulation power is provided by the rotor, while for large disturbances, the BS is enabled to cooperatively provide power support with the rotor.
2) Based on the cooperative principle, the proposed cooperative strategy can distinguish between large and small disturbances by using a frequency threshold. Additionally, it incorporates a hysteresis loop module into the cooperative criterion. This module facilitates the cooperative support of both the rotor and the BS on the DC side of the WSSs.
3) The simulation results indicate that the proposed strategy effectively can reduce the times of BS charging and discharging. This improvement contributes to extend the service life of BSs while ensuring that rotor speed remains stable without wide fluctuations.
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Symbol

Value

Initial load power Py 400kW
Initial WSSs power Py 200kW
Initial grid power Py 200kW
‘Wind speed v 12m/s
Initial rotor speed ny 89.4 r/min
DC-capacitor Cai 20 mF
DC-link voltage Uge 1800V
Droop coefficient KI> 0.01 Hz/kwW
Rated line voltage Ey 690 Vrms.
Rated frequency I 50 Hz
Frequency deviation threshold upper limit [INA] 0.11 Hz
Frequency deviation threshold lower limit |afl 0.09 Hz
Initial battery SOC Neo 80%
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Description Symbol Value
Initial load power Py 400 kW
Initial WSSs power Py 200 kW
Initial grid power Py 200kW
Wind speed v 12m/s
Initial rotor speed o 89.4 r/min
DC-capacitor Co 20 mF
DClink voltage U 1800V
Droop coefficient K, 0.01 HoAkW
Rated line voltage Ey 690 Vems
Rated frequency Iy 50Hz
Frequency deviation threshold upper limit |as) 0.11 Hz
Frequency deviation threshold lower limit (YA 009 Hz
Initial battery SOC soc 80%
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