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With the large-scale interconnection of wind power generation, the voltage problem of the power system becomes more and more prominent. Compared with adding external reactive power compensation devices, it is more economical and responsive for fans to adjust their control strategies to provide reactive power support. To make full use of reactive power supported by wind turbines, a mathematical model of doubly fed induction generator (DFIG) wind turbines is constructed to characterize the reactive power boundary of wind turbines. Then, active disturbance rejection control (ADRC) is used to generate a voltage control signal to effectively improve the unit’s reactive response speed; in addition, a variable gain coefficient is used to adjust the reactive power output of the unit, which effectively improves the reactive power response speed and its control adaptability and robustness under changing power grid conditions. Finally, a wind turbine generator (WTG) simulation model is built using MATLAB/Simulink simulation software, different fault locations are perturbed, and the effectiveness of reactive power support of the proposed ADRC-based strategy is simulated and verified. The proposed ADRC-based strategy could inject more reactive power to the grid to improve the voltage.
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1 INTRODUCTION
An important form of clean energy, the installed capacity of wind power has increased rapidly worldwide in recent years, and it has become a considerable industry. With the increasing proportion of new energy sources installed in China and the weak overcurrent characteristics of new energy power electronic equipment, a situation of large-scale new energy stations connecting to weak electricity networks has gradually appeared in some areas of China. It is foreseeable that with the comprehensive construction of large-scale renewable energy, there will be more and more situations of new energy connecting to the weak power grid in the future, and it will gradually become the development trend of new energy grid-connected power generation in the northwest and north China. However, in the scenario of weak voltage support on the system side, the system voltage will drop sharply during the fault period, which may lead to large-scale off-grid renewable energy sources and secondary chain accidents. Therefore, during a period of weak current network failure, the new energy station should not only ensure its own safe ride-through but also make full use of controllable resources to provide safe, fast, and flexible transient voltage support for the system. Generally, with the increasing proportion of renewable energy in power systems, the demand for transient control of new energy stations in weak power network environments will become increasingly prominent, and research into the application of more flexible and efficient multi-objective control methods will be an important development direction (Wang et al., 2020; Zhu et al., 2024; Yang et al., 2024).
Because wind turbines often operate at unit power factor, the reactive power regulation potential of wind turbines has not been utilized (LÓpez et al., 2008; Pannell et al., 2010; Lima et al., 2010). However, due to the low power density of wind energy, wind turbines operate under light load most of the time, and wind turbines have great reactive power potential. The doubly fed induction generator (DFIG) has been widely utilized in wind power systems due to its high efficiency and reliability (Chang et al., 2023). However, the long-distance connection between wind turbine generators (WTGs) and the main power grid results in relatively weak grid strength in the areas where WTGs are located, making them more susceptible to grid fluctuations (Gui et al., 2019; Tsili and Papathanassiou, 2009; Wu et al., 2023). Therefore, wind power grid integration standards require wind turbines to have fault ride-through capability to ensure they remain connected when grid voltage drops and to provide reactive power support to assist in rapid grid voltage recovery (Hu et al., 2014; Zou et al., 2018).
Several studies have proposed solutions to address this issue. One study proposes a voltage control strategy for coordinated static reactive power generators in DFIG that effectively suppresses grid voltage fluctuations. However, this solution may entail additional costs. Another study suggests a model predictive control-based strategy for reactive power voltage control in WTGs to enhance their rapid reactive power regulation capability. However, this method requires high-quality data and may suffer from overfitting issues. Another study proposes a DFIG wind turbine field reactive power output control based on low-voltage ride-through capability assessment, providing a reactive power evaluation index (Xu et al., 2015). However, this strategy may lack precision in reactive power control, and wind turbines need to provide grid reactive power support.
Traditional proportional-integral (PI) controllers struggle to achieve ideal control effects when facing external disturbances. In contrast, active disturbance rejection control (ADRC), developed further from traditional PI control theory, is a control strategy that does not rely on precise system models (Qiming et al., 2024). It offers fast tracking response, low overshoot, and strong disturbance rejection capabilities and has been widely applied in inverter control. For instance, some studies have combined ADRC with fuzzy PI control to improve droop control, achieving stable voltage and frequency through control of the voltage outer loop (Xia et al., 2022; Zhu et al., 2024). Another study introduced linear ADRC into current inner loop control, resulting in better suppression of sub-synchronous oscillations under various conditions. Additionally, applying ADRC in the current inner loop can weaken the coupling between dq currents, while applying it in the outer loop can enhance system disturbance rejection capabilities. Because the focus of wind power system control lies primarily on inverter control within wind turbines, ADRC methods show significant applicability in voltage control. Chang et al. (2023) divided the fault ride-through (FRT) configuration into three parts. A reactive current distribution strategy of DFIG is proposed, considering grid code requirements and stress (Wu et al., 2023). Zhu et al. (2015) addressed the virtual damping flux-based LVRT strategy for DFIG to improve the FRT performance.
To improve the transient response characteristics of wind farms under grid faults, this article introduces ADRC into the wind farm controller and proposes a hierarchical reactive power support strategy based on ADRC for DFIG. First, a mathematical model of DFIG wind turbines is constructed to characterize the reactive power boundary of wind turbines. Second, ADRC is used to generate voltage control signals to effectively improve the unit’s reactive response speed; in addition, a variable gain coefficient is used to accurately adjust the reactive power output of the unit. Finally, simulations are conducted under different short-circuit position conditions to verify the effectiveness of the proposed strategy.
2 MODELING OF A WIND TURBINE GENERATOR
The expression of a wind turbine blade model that captures the mechanical power from the wind is as in Equation 1
[image: image]
where cp, λ, and β are the power coefficient, tip-speed ratio, and pitch angle, respectively; ρ is the air density; A represents the swept area by the wind blade; and vw is the wind speed (Rafiee et al., 2022; Dejian et al., 2024).
cp is a non-linear function given by Equations 2–4:
[image: image]
where
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[image: image]
where ωr is the rotor speed of WTG.
The power reference for maximum power point tracking (MPPT) operation, PMPPT, is expressed as in Equation 5:
[image: image]
where kg is a constant coefficient, λopt represents the optimal value of λ, and cp,max is the maximum value of cP.
3 CHARACTERIZATION OF THE REACTIVE POWER BOUNDARY OF A DFIG AND ADRC-BASED REACTIVE POWER STRATEGY
3.1 Characterization of DFIG reactive power boundary
The reactive power of DFIG is mainly determined by its reactive power control scheme. If this scheme is improperly set, and the reactive power control setting exceeds the reactive power limit of the wind turbine generator, excessive heating of the stator will lead to the shutdown of the wind turbine generator (Xiao et al., 2019; Kayikci and Milanovic, 2007). Therefore, it is crucial to understand and characterize the reactive power boundary of the unit so that its reactive support potential can be effectively utilized during grid faults.
The primary boundary of DFIG reactive power depends on rotor current, stator current, and rotor voltage. Given the active power of the DFIG, these three physical quantities can be used as constraints to determine the maximum reactive power that the unit can absorb or generate. This boundary is depicted using a P-Q curve diagram.
The power flow on the stator winding and rotor winding is typically described in the P-Q curve diagram. Assuming the wind turbine operates in maximum power point tracking (MPPT) mode and neglecting the impedance of the step-up transformer, the stator voltage is considered as 1 per unit (pu) or normalized value.
By thoroughly understanding and characterizing the reactive power boundary of the DFIG, wind turbine operation in the grid can be effectively managed, ensuring its stability and reliability. Additionally, appropriate reactive power support can be provided when necessary to maintain stable grid operation.
(1) When considering the constraint of rotor current, the power on the stator side is expressed by rotor current, as shown in Equation 6:
[image: image]
where US is the stator side voltage, Ir is the rotor side current, and * is the conjugate. Zs is the stator side impedance, and Zm is the magnetization impedance.
To highlight the influence of rotor current on power, Ir is extracted, and Equation 6 is rewritten as Equation 7:
[image: image]
Assuming that the amplitude of the rotor current is constant and the angle changes, Equation 7 can be expressed as a circle on the complex plane. The center c of the circle is shown in Equation 8, and the radius r is shown in Equation 9.
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The DFIG active power and reactive power can be expressed as:
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where s is slip, and Pr and Ps are the output power of the rotor and stator, respectively.
Substituting Equations 10, 11, the total power can be obtained as in Equation 12:
[image: image]
where γ is the angle of the rotor current.
Considering the constraint of the rotor current, the amplitude of the rotor current is constant, and the angle changes. The image of the total power is an ellipse on the complex plane. Due to the first term on the right of the equal sign, the reactive power boundary moves down, as shown in the green curve of Figure 1.
(2) Considering the stator current constraint, the power of the stator side and the rotor side are expressed by the stator current, respectively, as in Equations 13, 14:
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[image: Figure 1]FIGURE 1 | Reactive power limitation with different active power boundaries.
Under the representation of the stator current, the center of the reactive power image is close to the origin, so the stator current is the limiting factor of the boundary on the constructed P-Q diagram, as in the blue curve of Figure 1.
(3) When considering the constraint of rotor voltage, the power on the stator and rotor sides is expressed by rotor voltage, respectively, as shown in Equations 15, 16:
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The centers of Equations 15, 16 have great negative deviation on the imaginary axis of the complex plane, and the radius is inversely proportional to the absolute value of the slip. Therefore, the rotor voltage only limits the upper boundary of the P-Q diagram when the absolute value of the slip is very high, as shown by the red dotted line in Figure 1.
Figure 1 shows the reactive power boundary of the 3 MW doubly fed wind turbine used in this article, that is, the P-Q curve. The rotor current is the dominant factor limiting the maximum generated reactive power, and the stator current is the dominant factor limiting the maximum absorbed reactive power. Compared with the curve, the reactive power boundary under different active working points can be obtained.
This article proposes a reactive power support strategy for WTGs. ADRC is used to generate a voltage control signal to effectively improve the unit’s reactive response speed; in addition, a variable gain coefficient is used to accurately adjust the reactive power output of the unit. Thus, it could achieve reactive power support for the wind farm.
3.2 Reactive power support strategy of a station based on an active disturbance rejection controller
A traditional station controller uses PI controllers to deal with the change in voltage, so it is difficult to find a balance between response speed and stability. In this article, a station controller based on ADRC is proposed.
The response speed and robustness of the control system are improved by actively estimating and compensating for the internal and external disturbances of the system. There are vector DFIG voltage equations and flux linkage equations in the dq coordinate system rotating at synchronous speed, as in Equations 17, 18:
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where Ls, Lm, and Lr are the inductance of the stator, magnetizing, and rotor, respectively. ψs and ψr are the flux linkage of the stator and rotor, respectively. Rr and Rs are the resistance of the stator and rotor, respectively.
The DFIG equivalent circuit in vector form can be derived using the above equation, as shown in Figure 2.
[image: Figure 2]FIGURE 2 | DFIG equivalent circuit.
When connecting the grid, because the DFIG stator is directly connected to the grid, the stator voltage Us is equal to the grid voltage (Ug). Therefore, voltage could be expressed as in Equation 19:
[image: image]
In the DFIG system, power transmission is mainly carried out through the stator side, so the fluctuation of the stator current directly reflects the change in the power output. Because the power transfer is proportional to the product of voltage and current and depends on the phase angle between them, the dynamic characteristics of voltage and current on the stator side are very important for the power control and stability of the system. In this article, the fluctuation of grid voltage is evaluated by the change of the stator current, as in Equation 20:
[image: image]
Selecting Ug as the state variable yields x1 = Ug, x2 = fw = Ug/k-LmdIr/dkt-jω1Ψs/k, u = Is. As a result, Equation 18 can be rewritten as:
[image: image]
where fw is the external disturbance, including current disturbance, power disturbance, and error disturbance of model parameters of the system.
To design a linear extended state observer (LESO)-based voltage control strategy conveniently, the system state vector x = [x1, x2]T is defined, and Equation 21 could be expressed in matrix form, as shown in Figure 3.
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where A, B, E and h could be expressed as in Equation 23
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[image: Figure 3]FIGURE 3 | ADRC-based reactive power control diagram.
Defining z = [z1, z2]T as the state vector of LESO, where z1 is the observed value of x1, and z2 is the observed value of x2, the corresponding first-order LESO equation for Equation 22 can be designed as in Equation 24:
[image: image]
where C = (Wu et al., 2023); u is the input control variable; y^ is the input of LESO; y is the observed value of LESO; and L = [β1, β2]T is the error feedback gain matrix of LESO, which is designed according to the bandwidth of LESO.
3.3 Definition of a control coefficient for the reactive power controller
The reactive power control is used to respond to the transient voltage change, and the specific formula is as in Equation 25:
[image: image]
where Q ref is the reactive power command of WTG, and Δu is the deviation between the grid voltage and the reference voltage, respectively. k Q of the wind turbine is the gain coefficient of WTG, which determines the reactive power output by the wind turbine during the fault. Under the constant gain coefficient, it is difficult to make full use of the reactive power support capacity of WTG.
Considering the different reactive power output capabilities of various operating conditions, a variable gain coefficient, as shown in Equation 26, is proposed to realize the adaptive control of the unit:
[image: image]
where Qmax and Qmin represent the maximum reactive power that WTG can emit and absorb under a certain active output, and umax and umin represent the voltage of the grid connection point when the wind turbine generator absorbs the maximum reactive power and emits the maximum reactive power. α is the regulating factor. In this article, umax is set to 1.10, and umin is set to 0.9.
4 CHARACTERIZATION MODEL SYSTEM AND CASE STUDIES
To verify the feasibility of the control strategy proposed in this article, a simulation example system with a wind farm is built based on MATLAB/Simulink software, as shown in Figure 4. The wind farm consists of 20 sets of 3 MW-DFIGs. The wind farm is connected to the power grid through 110 kV transmission lines of 10 km. The parameters of the ADRC and PI controller are shown in Table 1, and the parameters of the model system are shown in Table 2.
[image: Figure 4]FIGURE 4 | Model system.
TABLE 1 | Control parameters of the ADRC and the PI controller.
[image: Table 1]TABLE 2 | Parameters of model system.
[image: Table 2]When the fault location, fault duration, and fault degree are different, the voltage drop degree of the grid point of the wind farm is different, and the reactive power demand for supporting the grid point voltage system is different. The reactive power support capacity of wind turbines is different under different operating conditions. The effectiveness of the proposed strategy is verified under various sizes of fault, durations of fault, and operating conditions by comparing the following two schemes: Scheme #1: ADRC-based reactive power support strategy and Scheme 2: PI-based reactive power support strategy.
4.1 Impact of fault duration
In Case 1 (Fault duration = 0.3 s, Wind speed = 10 m/s), with the rapid intervention of the ADRC controller, each wind turbine can inject reactive power more quickly. At 6.2 s, the grid-connected voltages of the ADRC control strategy and PI control strategy reach 0.613 p.u. and 0.593 p.u., respectively, as shown in Figure 5, because the ADRC controller has better response characteristics than the PI controller. Before the fault is cleared (6.3 s), the reactive power output of the wind farm with ADRC control strategy and PI control strategy is 0.270 p.u. and 0.077 p.u., respectively, as shown in Figure 5.
[image: Figure 5]FIGURE 5 | Results for Case 1. (A) Voltage of point of common coupling (PCC), and (B) reactive power of DFIG.
In Case 2 (Fault duration = 0.5 s, Wind speed = 10 m/s), the fault duration was increased from 0.3 s to 0.5 s, and the reactive power support of the ADRC controller and PI controller was close to the maximum after 0.3 s, so the two control strategies showed similar voltage levels during 6.3 s–6.5 s, as shown Figure 6. The ADRC-based Q control strategy shows better support performance under various fault durations than the PI-based Q control strategy.
[image: Figure 6]FIGURE 6 | Results for Case 2. (A) Voltage of PCC, and (B) reactive power of DFIG.
4.2 Impact of sizes of fault
In Case 3 (Fault duration = 0.3 s, Wind speed = 10 m/s, Severe Fault), the grounding resistance is reduced from 17 Ω to 10 Ω, the voltage level of the grid connection point of the wind farm is further reduced under the condition of increasing disturbance, and the minimum voltage is reduced from 0.563 p.u. to 0.357 p.u., as shown Figure 7. The ADRC-based Q control strategy shows better support performance under various sizes of faults than those of the PI-based Q control strategy.
[image: Figure 7]FIGURE 7 | Results for Case 3. (A) Voltage of PCC, and (B) reactive power of DFIG.
4.3 Impact of operating conditions
In Case 4 (Fault duration = 0.3 s, Wind speed = 9 m/s) and Case 5 (Fault duration = 0.3 s, Wind speed = 8 m/s), the received wind speed of the wind farm decreased from 10 ms to 1–9 m s−1 and 8 m s−1. With the decrease of wind speed, the highest voltage levels during the fault period gradually decreased, which were 0.617 p.u., 0.610 p.u., and 0.603 p.u. in turn, as shown in Figures 8, 9. At various wind speeds, the ADRC-based Q control strategy shows better response characteristics than the PI control strategy.
[image: Figure 8]FIGURE 8 | Results for Case 4. (A) Voltage of PCC, and (B) reactive power of DFIG.
[image: Figure 9]FIGURE 9 | Results for Case 5. (A) Voltage of PCC, and (B) reactive power of DFIG.
5 CONCLUSION
To improve the transient response characteristics of DFIGs under grid fault, this article characterizes the DFIG reactive power boundary and proposes a reactive power control strategy for wind turbines based on ADRC. Through simulation and analysis, the following conclusions are drawn:
1) The reactive power boundaries are investigated, which can tap the reactive power support potential of units at different wind speeds.
2) Considering the characteristics of ADRC, the use of an ADRC-based Q control strategy instead of a PI controller has a faster response and injects more reactive power to compensate for the voltage dip during fault under various fault sizes, fault durations, and operating conditions.
Future research could address fault clearing, the transient overvoltage problem, the lack of a cooperative control strategy with reactive power support components, improving reactive power support capacity, and restraining transient overvoltage.
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