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During the implementation of active voltage support in wind farms, coordinating the operation of multiple wind turbines presents significant challenges. The dynamic response of the entire wind farm becomes complex during grid faults, making it difficult to achieve coordinated voltage support across different wind turbines. To address this, a coordination control strategy for doubly fed wind farms is here proposed which is based on Q-learning informed by the sensitivity of voltage. First, a method for calculating the voltage sensitivity of DFIG-based wind farms is introduced, utilizing the arbitrary polynomial chaos approach. Additionally, the operational constraints of wind farms are defined based on the average short-circuit ratio of reactive power. The voltage support characteristics of multi-machine wind farms under grid fault conditions are then thoroughly explored. Subsequently, an improved Q-learning algorithm is developed, based on the sensitivity of voltage. This algorithm aids in optimizing the control commands, thus enhancing the effectiveness of the voltage support system. Finally, adopting this voltage sensitivity as the basis for the coordinated control commands and applying the improved Q-learning algorithm as the implementation mechanism, a coordinated control strategy for active voltage support in DFIG-based wind farms is proposed. Simulation results demonstrate that the proposed control strategy can provide effective active voltage support during grid faults.
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1 INTRODUCTION
The ongoing transition of renewable energy from a supplementary to a primary power source is crucial for energy transformation (Global Wind Energy Council, 2022; Global Wind Energy Council, 2020). Currently, wind power has been extensively deployed on a large scale and substantial capacity. The large-scale integration of wind energy significantly alters the voltage dynamics of power systems, leading to frequent and extensive voltage fluctuations. During grid faults, abrupt voltage changes can precipitate large-scale disconnection incidents in wind farms, posing a significant threat to the safe and stable operation of the power grid (Chengmao et al., 2023; Mathis, 2023; Liu et al., 2020; Liu and Cheng, 2021).
To enhance the voltage of the point of common coupling (PCC) during faults, reactive power compensation devices (Kafshgari et al., 2019; Abulanwar et al., 2016; Bian et al., 2015), including capacitor reactors, on-load tap-changing transformers, and SVCs are employed. However, challenges persist, such as high construction and maintenance costs, insufficient dynamic reactive capacity during faults, and inadequate control strategies (Abulanwar et al., 2016). Consequently, active voltage support technology for wind farms has attracted considerable research (Hu et al., 2016; Ouyang et al., 2019).
Doubly fed induction generators (DFIGs), a pivotal model in the contemporary wind power generation industry, possess the capability to decouple active and reactive power outputs (Llrab et al., 2020; Liu and Cheng, 2021; Zhang et al., 2020). This characteristic makes DFIG-based wind turbines an important measure for improving the reactive power operational environment of wind farms (Ouyang et al., 2019; Yujun et al., 2018). A variable droop control scheme for reducing PCC voltage fluctuations is proposed in Li et al. (2018). While previous studies have optimized the reactive power injected into the grid by DFIG-based wind farms, the transient operational characteristics necessitate further exploration.
A two-stage voltage control method for wind farms with energy storage systems (ESSs) is proposed in Peng et al. (2024) to enhance the reactive power support capability of wind farms. However, due to the addition of ESSs, the construction cost of wind farms has increased, and the complexity of their transient characteristics will further increase. A wind farm power control strategy based on model predictive control was proposed by Zhao et al. (2017) and Zhang et al. (2023), which optimized the reactive power capacity of wind farms by adjusting the active power output. However, the coordinated control characteristics among multiple WTs have not been considered. Self-allocation strategies were introduced in Botong et al. (2023) for distributing reactive power output among multiple wind turbines (WTs) within a wind farm. Distributed voltage control architectures for wind farms were introduced by Ahmidi et al. (2012) to coordinate the reactive power output among multiple WTs. An optimization operation framework for WTs was proposed in Bhyri et al. (2024) to enhance the reactive power output capability of wind farms during fault crossing. However, the reactive power operating limitations of each WT were not considered in the these studies.
Additionally, a method was proposed in Dong et al. (2020) to enhance the resilience of turbines to voltage fluctuations by minimizing the imbalance in power generation among multiple WTs, while in Huang et al. (2020), voltage support was achieved by optimizing control parameters and compensating for delays in wind farm control systems. Coordinated sequence control based on multi-machine coordination and fault isolation has also been proposed to enhance the overall reactive support capability of wind farms (Zhang et al., 2019; Xiao and Heng, 2021). However, the above studies have not considered the various operational scenarios and constraints of wind farms, indicating that the applicability of their control systems requires further research (Tong et al., 2020; Cai et al., 2024; Zheng et al., 2020).
This paper proposes a novel coordinated control strategy for active transient voltage support in DFIG-based wind farms that aims to optimize the dynamic reactive power response characteristics of wind turbines and improve the voltage support capability of wind farms. The main contributions of this paper are as follows.
(1) A method for calculating the voltage sensitivity of DFIG-based wind farms utilizing arbitrary polynomial chaos (aPC) is presented which quantifies the impact of each WT on the voltage at the PCC.
(2) An operational constraint based on the short-circuit ratio is established, with the average value of reactive power taken into consideration, which could effectively prevent excess reactive power after fault clearance.
(3) An improved Q-learning based on voltage sensitivity (VS-Q) is innovated; based on this, a coordinated control strategy for active transient voltage support in DFIG-based wind farms is proposed to effectively improve the voltage level of wind-connected power systems during grid faults.
2 VOLTAGE SUPPORT CHARACTERISTICS AND OPERATIONAL CONSTRAINTS OF DFIG-BASED WIND FARMS UNDER GRID FAULTS
2.1 Reactive power support capacity of DFIG-based wind farms
When a wind farm implements voltage support, its available reactive power capacity is obtained by adding the reactive power output from the wind turbines. The total available reactive power capacity under current operating conditions, QARC, and the sum of reactive power capacity increase due to reduced active power output, QIRC, can be expressed by Equation 1.
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where [image: image] is the reactive power support capability of a wind farm, [image: image] is the reference value for the reactive power output of the gth WT under current operating conditions, [image: image] is the reactive power limit of the WT, [image: image] is the reactive power added when the WT reduces its active power, and [image: image] is the reactive power loss of the wind farm. G represents the number of WTs that have implemented the active voltage support but have not yet reached the reactive power output limit. Under the same operating condition, the number of WTs that have reached the reactive power limit is H. K denotes the number of WTs that reduce the active power to increase the reactive power output, and N is the total number of WTs in the wind farm.
The reactive power support capability of DFIG-based wind farms is determined by the reactive capacity of WTs. During the implementation of voltage support, the use of available reactive power capacity should be prioritized by a wind farm to prevent WTs from operating under extreme conditions.
2.2 Voltage sensitivity of a wind farm based on aPC
The key to achieving active voltage support for a wind farm is to adjust the reactive power output of each WT reasonably and accurately based on the impact of the WTs on the PCC voltage, which can achieve optimal control effects. The physical significance of voltage sensitivity can be defined as the influence exerted on the PCC voltage by the reactive power output of a WT within a wind farm. Therefore, the voltage sensitivity of wind farms can be utilized as a predetermined basis for determining the coordinated control parameters of the active voltage support. The aPC utilizes orthogonal polynomial expansion to assess the dependence of model outputs on parameters, enabling the calculation of voltage sensitivity. Thus, the weighted sum of multivariate orthogonal polynomial bases can be used to represent the degree to which the PCC voltage of a wind farm is affected by the reactive power output of the WTs. The voltage response variation at the PCC can be approximated by the following polynomial representation:
[image: image]
where: [image: image] is the input of the model, representing the reactive power generated by the wind farm comprising multiple WTs; [image: image] is the output of the model, representing the transient voltage response of the PCC; M is the number of polynomials, and its value depends on the number of wind turbines N and the polynomial order d; [image: image] is a polynomial coefficient used to quantify the dependence of the model output [image: image] on the input parameter [image: image] for each expected point in space [image: image] at time t. The simplified representation of the multivariate orthogonal polynomial basis of [image: image] is [image: image], which can be further expressed by Equations 3, 4.
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where [image: image] is an orthogonal basis parameter, [image: image] is a multivariate index that contains the combination information of all possible products of a univariate polynomial, and the index α is an M × N matrix. [image: image] is the ith original statistical moment of the variable [image: image].
The coefficient [image: image] is further evaluated in Equation 2. The formula configuration focuses on the voltage change at PCC when the reactive power output of the WT changes, and satisfies the linear equation system shown by Equation 5.
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where [image: image] is an M × 1 vector of coefficient [image: image].The vector [image: image] contains the model output for each configuration point. The M × N matrix [image: image] contains polynomials evaluated at the configuration points.
Based on aPC, the analysis of voltage sensitivity in multiple WTs allows the response variation of the PCC voltage to be expressed on a normalized polynomial basis. Its mean [image: image] and variance [image: image] can be represented by Equation 6. The Sobol index for sensitivity analysis can be derived from Equations 7–9. The multi-parameter reactive voltage weighted global sensitivity index within the wind farm is expressed as Equation 10, reflecting the impact of reactive power output from multiple WTs on the PCC voltage.
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where [image: image] is the Sobol index, which represents the contribution of variable [image: image] to the total variance of the output space [image: image] , and [image: image] summarizes all Sobol indices of variable [image: image]. Formula 10 reflects the impact of reactive power output of multiple WTs within the wind farm on PCC voltage and can be used as a measure of voltage sensitivity in wind farms.
2.3 Active support operation constraint of wind farms based on the average short-circuit ratio of reactive power
The reactive power output from wind farms may cause grid overvoltage after a fault is cleared. Therefore, it is essential to determine the maximum acceptable reactive power output of a wind farm under any grid disturbance. Constraints for voltage support and coordinated control can be defined based on the short-circuit ratio to prevent overvoltage issues in the power system with wind farms. The equivalent circuit of the power system with wind farms is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Grid-connected equivalent circuit of the DFIG-farm.
Assuming that the DFIG operates at a constant power factor, the output power at the PCC can be expressed as Equation 11. The equivalent voltage at the PCC can be represented as Equation 12. After the grid fault cleared, the WTs gradually restore active output, at which point the output power at the PCC can be expressed as Equation 13, and the equivalent voltage of the PCC is represented as Equation 14.
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where [image: image] and [image: image] are the active and reactive power outputs of the wind farm, respectively. [image: image] is the reactive power output by the reactive power compensation device, and Qload is the reactive load at the PCC. [image: image] is the equivalent reactance of the connected system. [image: image] is the output reactive power of the reactive power compensation device after the fault cleared. [image: image] and [image: image] represent the changes in active and reactive power output of the ith WT after the fault cleared, respectively. At this time, the active and reactive power recovery values of the wind farm are [image: image] and [image: image], respectively. [image: image] is the equivalent potential of the PCC after the fault cleared.
The steady-state operating voltage of the system is defined as 1p.u. If the constant component influence of the equivalent potential at the PCC is ignored and [image: image], the equivalent potential can be expressed as Equation 15.
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where [image: image] is the short-circuit capacity of the power system connected by the wind farm. To avoid overvoltage issues in the power system after fault clearance, the average reactive power output of all WTs in the wind farm at the moment of fault clearance is defined as Equation 16. Consequently, the operational constraint for voltage support coordination in the wind farm should satisfy Equation 17, which considers the reactive power characteristics of the wind farm. The proposed operational constraint enables a more precise evaluation of voltage support capability during the operation of multiple WTs, which can guide the allocation of reactive power output under grid faults. ESCR
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3 COORDINATING THE CONTROL OF THE OVERALL STRUCTURE
The issue of active voltage support in multiple WT DFIG-based wind farms can be described as coordinating the reactive power output of each WT based on their operational differences, aiming to maximize the wind farm’s reactive support capability. The voltage support problem under coordinated control in such wind farms exhibits Markov properties, which can be represented in the tuple Equation 18.
[image: image]
where: [image: image] is the state space of the power system connected by wind farms, represented as [image: image]; [image: image] is the operation space of multiple WTs in the wind farm, which can be represented as [image: image]; [image: image] is the probability of state transition.
Because of the Markov property, the voltage support issue in multiple WT DFIG-based wind farms can be solved through Q-learning for coordinated reactive power control under grid faults. The coordination control framework based on VS-Q is shown in Figure 2. Based on VS-Q, a coordinated control strategy for the transient voltage active support of DFIG-based wind farms is proposed, wherein the voltage sensitivity is utilized to characterize the impact of each WT on the PCC voltage and the reactive power output scheme of the wind farm is determined based on Q-learning to enhance the ability of wind farms to participate in power system voltage regulation.
[image: Figure 2]FIGURE 2 | An overall coordinated control framework for transient voltage active support in DFIG-based wind farms based on VS-Q.
4 COORDINATION CONTROL STRATEGY FOR VOLTAGE SUPPORT IN DFIG-BASED WIND FARMS BASED ON VS-Q
The coordination control of active voltage support in multiple WT DFIG-based wind farms exhibits Markov properties. Reinforcement learning can effectively derive decision-making strategies among multiple WTs. Therefore, an improved Q-learning method based on voltage sensitivity is proposed to achieve active voltage support for wind farms. The state set of VS-Q is represented as Equation 19, and the action set is represented as Equation 20. The reward function is crucial for an agent’s assessment of actions, fundamentally shaping its decision-making logic (Equation 21).
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where x is the environmental state number of the wind farm connected system and each state set constitutes the state space S of the environment. [image: image] is the current action taken by the WT to maintain the existing reactive power output. [image: image] represents the reactive power output action taken by the WT. [image: image] is the action taken by the WT to output the reactive power limit. [image: image] is the action to reduce the active power and increase the reactive power for the WT. [image: image] is the penalty coefficient, and [image: image] is the reward coefficient. [image: image] is the feasible state space, which is the set of system states that satisfy constraints.
To maximize voltage support at the PCC using a limited number of WTs, a multiple WT active voltage support coordination control based on VS-Q is proposed. This control utilizes a multi-stage action updating strategy for intelligent agents, allowing for the adjustment of individual output power and the coordination of reactive power among multiple machines. In the element selection phase of the strategy, the action transfer probabilities based on voltage sensitivity are represented as Equation 22. The element selection strategy is expressed as Equation 23, and the action updating strategy is represented as Equation 24. After the agent takes an action, the expected return of the system state can be expressed as Equation 25.
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where [image: image] is the action element selection function used to select elements that meet the requirements. [image: image] is the current action value of the selected element by the intelligent agent. [image: image] is the action update factor used to achieve a balance between agent development and deep learning. [image: image]. [image: image], and [image: image] correspond to [image: image], [image: image], and [image: image] in the action set, respectively. The probability of the system transitioning from current state s to next state [image: image] at the moment when the intelligent agent takes action A can be expressed as [image: image]. At this point, the expected return of system state s can be expressed as:
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where [image: image] is the discount factor that satisfies [image: image], representing the impact of future rewards on current rewards. The goal of VS-Q is to find the optimal strategy (Equation 26). The update of the expected return for state transitions is represented as Equation 27. Finally, the optimal strategy is obtained in Equation 28.
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Figure 3 shows the implementation process of voltage active support coordination control for a multiple WT DFIG-based wind farm based on voltage sensitivity and improved Q-learning.
[image: Figure 3]FIGURE 3 | Flowchart of the coordinated control strategy.
5 SIMULATION
This section calculates the voltage sensitivity of a multiple WT DFIG-based wind farm using MATLAB and develops a detailed electromagnetic transient model of the wind farm using PSCAD. The topology of the wind farm is shown in Figure 4. Each WT has a rated capacity of 2 MW, and the wind farm accounts for 42.7% of the total installed capacity of the system.
[image: Figure 4]FIGURE 4 | Simulation model.
First, set node 14 of the wind power grid connection system to experience a three-phase grounding fault at 12 s, lasting for 0.2 s. The statistical parameters of the aPC coefficient, namely the mean and standard deviation, are shown in Figure 5. Considering only the WT with the maximum operational difference, the results are shown in Figure 6. It can be seen that the output reactive power of the random group increases, and the voltage at the connection point shows an upward trend, indicating that the wind turbines significantly enhance the reactive power support of the grid connection system.
[image: Figure 5]FIGURE 5 | Statistical parameters of reactive power output from wind farms. (a) The average value of polynomial coefficients and (b) The standard deviation of polynomial coefficients.
[image: Figure 6]FIGURE 6 | Voltage response surface of the PCC under grid fault based on dual parameters.
The voltage sensitivity of the wind farm is illustrated in Figure 7. As shown, there are significant differences in voltage sensitivity among the WTs due to factors such as geographical environment, operating wind speed, and the topology structure of the wind farm.
[image: Figure 7]FIGURE 7 | Voltage sensitivity of DFIG-based wind farms based on aPC.
At node 14 of the wind power grid connection system, a three-phase ground fault occurred at 12 s, lasting 0.2 s. The voltage responses at the PCC under various controls (Fortmann et al., 2008; Kim et al., 2016) are shown in Figure 8, while the active and reactive power outputs of the wind farm are depicted in Figure 9. Figures 9–13 compares the active and reactive power output of different WTs in the wind farm under the proposed control and existing control (Fortmann et al., 2008; Kim et al., 2016). The proposed VS-Q enhances the reactive power output level of the wind farm, raising the average voltage at the grid connection point during the fault from 0.906 p. u. to 0.9357 p. u., and increasing the reactive power injected into the grid from 0.0106 p.u. to 1.5176 p. u.
[image: Figure 8]FIGURE 8 | Voltage response waveform of a DFIG-based wind farm (PCC voltage drops by 0.1 p. u.).
[image: Figure 9]FIGURE 9 | Output power waveform of a DFIG-based wind farm (PCC voltage drops by 0.1 p. u.). (a) active power of the WT and (b) is reactive power of the WT.
We introduce the increase rate of PCC voltage to characterize the control effect of different controls on the PCC voltage, specifically expressed as
[image: image]
where [image: image] and [image: image] are the PCC voltages under the constant voltage control and the other control effects, respectively. During the fault period, the increase rates of PCC voltage by the constant droop control, the adaptive droop control, and the proposed control were 0.33%, 1.51%, and 3.38%, respectively. The proposed control can adjust the reactive power output of WTs according to the actual operational state while avoiding the power oscillation caused by the adaptive droop control.
To further validate the proposed control, the output active and reactive power of WTs 3, 5, 8, and 12 during the fault period were extracted, with their power waveforms shown in Figures 10–13. The figures indicate that, compared to the other three controls, the proposed control can output more reactive power during grid faults and provide voltage support to the grid.
[image: Figure 10]FIGURE 10 | Waveform of WT 3. (a) active power of the WT and (b) is reactive power of the WT.
[image: Figure 11]FIGURE 11 | Waveform of WT 5. (a) active power of the WT and (b) is reactive power of the WT.
[image: Figure 12]FIGURE 12 | Waveform of WT 8. (a) active power of the WT and (b) is reactive power of the WT.
[image: Figure 13]FIGURE 13 | Waveform of WT 12. (a) active power of the WT and (b) is reactive power of the WT.
To further verify the control effect of the proposed control under different fault levels, a three-phase ground fault occurred at node 16, with a fault duration of 0.2 s. The voltage responses at the PCC under various control are shown in The voltage responses at the PCC under various control are shown in Figure 14, while the active and reactive power outputs under various controls (Proposed control; Fortmann et al., 2008; Kim et al., 2016) of the wind farm are depicted in Figure 15.
[image: Figure 14]FIGURE 14 | Voltage response waveform of a DFIG-based wind farm (PCC voltage drops by 0.45 p. u.).
[image: Figure 15]FIGURE 15 | Output power waveform of a DFIG-based wind farm (PCC voltage drops by 0.45 p. u.). (a) active power of the WT and (b) is reactive power of the WT.
The calculation results show that the proposed control increases the average voltage of PCC during the fault from 0.454 to 0.4836 p. u. and increases the reactive power injected into the grid from 0.5442 to 2.2428 p. u. The increase rates of PCC voltage by the constant droop control, the adaptive droop control, and the proposed control were 1.41%, 3.47%, and 6.13%, respectively. The proposed control achieves active voltage support of the wind farm for the connected system.
6 CONCLUSION
This study has discussed the voltage support characteristics of multiple WT DFIG-based wind farms under grid faults. It proposes a method for calculating voltage sensitivity based on aPC and an active support operational constraint based on the average short-circuit ratio. Additionally, a coordination control for active voltage support based on VS-Q is proposed. Key conclusions include the following.
1. The aPC-based voltage sensitivity reflects the impact of each WT on the PCC voltage.
2. The active support constraint accounts for reactive power output and grid strength, preventing transient overvoltage after fault clearance.
3. VS-Q coordination control optimizes voltage support using sensitivity as a directive, enabling intelligent coordination of reactive power among turbines during grid faults, thereby enhancing transient voltage stability.
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