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The widespread integration of wind turbines poses voltage stability challenges to power systems. To enhance the ability of wind power systems to actively support grid voltage, grid-forming control techniques are increasingly being employed. However, current research primarily focuses on voltage stability challenges at the point of common coupling in wind power systems, lacking thorough investigation into system voltage response characterization. This paper establishes the voltage response model of a grid-forming wind power system. Based on this model, mathematical derivation and theoretical analysis are conducted, and the effect factors of the voltage at the point of common coupling are investigated. Furthermore, a voltage stabilization method is explored by adjusting the above effect factors. Finally, based on the MATLAB/Simulink platform, the simulation verification of each effect factor is carried out. The results indicate that voltage response characterization obtained by the theoretical analysis and simulation is similar and that the proposed method is valid.
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1 INTRODUCTION
Constructing a novel power system characterized by a significant share of renewable energy sources and a high proportion of converters (Kang and Yao, 2017) represents a pivotal approach toward achieving the objectives of carbon peaking and carbon neutrality (Yang et al., 2023). With wind power (Ouyang et al., 2019), photovoltaic power (Kim et al., 2023), and other new energy power sources connected to the grid on a large scale, the traditional power system dominated by synchronous machines is undergoing a transformation. The extensive access of new energy power sources induces the characteristics of low inertia and weak damping for the new power system (Leon et al., 2024), which is difficult for actively supporting the safe and stable operation of the power system (Shang et al., 2022).
To provide the converter with the ability to actively support the grid frequency and voltage and increase the immunity of the grid during load disturbances, grid-forming (GFM) control techniques are widely used (Rosso et al., 2021; Wu and Wang, 2021). Xiong et al. (2021) proposed a rapid power compensation-based frequency response strategy, which can maximize the suppression of frequency deviation and the rate of change of frequency (ROCOF) simultaneously, yet avoiding the limitations due to unknown grid parameters. Xi et al. (2021) presented a decoupling control scheme to optimize the frequency response characteristics of virtual synchronous generator (VSG) (Fang et al., 2018) control using wind power plants as a research object. Shao et al. (2019) proposed a double-fed induction generator model based on equivalent electromotive force and equivalent power angle and evaluated the inertial response characteristics of the system. Verma et al. (2023) proposed a self-regulating configuration strategy and analyzed the frequency characteristics of the system. However, the existing papers related to the GFM system are more focused on the problem of frequency support (Xiong et al., 2016; Xiong et al., 2020; Li et al., 2022), and there is less research on the voltage support problem of the GFM wind power system, but with the change in the load side of the wind power system, the voltage support problem is also subject to severe challenges. Therefore, it is necessary to study the voltage response characteristics of GFM wind power systems.
In order to analyze the problem of voltage support in grid-forming wind power systems (GFM WPSs), Pal et al. (2023) proposed a new current saturation strategy for grid-forming inverters, which provides a solution to the low-voltage ride-through problem of grid-forming inverter systems. Liu and Wang (2021) proposed a voltage–magnitude control scheme and analyzed the system transient stability. Luo et al. (2023) proposed an adaptive-output–voltage-regulation-based solution to mitigate the dc-link undervoltage problem and confirmed it by experimental tests. Shang et al. (2021) presented a novel fast-frequency and voltage regulation method for a battery energy storage system (BESS) based on the amplitude-phase-locked-loop. Most of the above analyses of the voltage response characteristics of the GFM WPS focus on the improvement of the control structure and lack a generalized voltage response model of the GFM WPS to describe it. At the same time, the above studies are not accurate on the influencing factors of the voltage response of GFM WPSs, and a detailed study on the influencing factors of the voltage response is needed.
In summary, this study centers on investigating the voltage response characteristics of GFM WPSs. It establishes a voltage response circuit model and mathematical model of the system, analyzing the influencing factors on voltage at the point of common coupling (PCC). Furthermore, the study explores voltage stabilization strategies at the PCC. Finally, simulation verification is conducted using the MATLAB/Simulink platform, providing a theoretical foundation for addressing the voltage support issue in GFM WPSs.
2 MODELING OF GRID-FORMING WIND POWER SYSTEMS
Taking wind permanent-magnet synchronous generators as an example, the structure of a typical GFM WPS is shown in Figure 1, which mainly consists of a wind turbine (WT), machine-side converter (MSC), dc-capacitor, and grid-side converter (GSC). The GFM WT machine-side control is usually in the form of constant voltage control, where the reference values of the rotor d-axis and q-axis currents are controlled by means of dc-capacitor voltage. The control structure used by the GSC is more complex, and the common control structures are droop control, VSG control, and adaptive control. Although the control structures adopted by the GSCs of GFM WT are quite different, their reactive power–voltage control parts and active power–frequency control parts can all be equated with the classical P-f droop control and Q-U droop control (Liu et al., 2022). In the next section, the voltage response of GFM WPSs will be modeled using the Q-U droop control as an example.
[image: Figure 1]FIGURE 1 | Schematic structure of a typical GFM WPS.
2.1 The Q-U droop control of GFM WPSs
When the sum of the inverter equivalent output impedances in GFM WPSs is inductive, the reactive power output from the inverter becomes a primary function of the bus voltage magnitude, so the Q-U droop characteristic equation for GFM WPSs can be described as follows:
[image: image]
where [image: image] is the reference value of the turbine terminal voltage, [image: image] is the value of the turbine terminal voltage, [image: image] is the reference value of reactive power on the load side, [image: image] is the value of output reactive power on the load side, and [image: image] is the [image: image]-[image: image] droop coefficient, which indicates the slope of the [image: image]-[image: image] droop curve.
The value of [image: image] needs to be selected such that when the reactive power changes by [image: image], the voltage amplitude changes within [image: image], i.e., and the expression for [image: image] is shown in Equation 2.
[image: image]
2.2 Equivalent circuit
In order to analyze the effect of the GFM wind turbine on the grid voltage, the GFM wind turbine is equated to the form of a three-phase AC voltage source with the phase of the GFM wind turbine as the initial phase while focusing only on the external characteristics of the wind turbine. For the grid side, it can also be equated to the form of a three-phase AC source and disassembled into the form of a superposition of active and reactive power, and the power system can be equated to a single system of GFM wind turbines, as shown in Figure 2, under the premise of considering only the GFM wind turbines and the grid. In Figure 2, [image: image] is the system voltage phase; [image: image] is the system current phase; [image: image] and [image: image] are the active and reactive power on the load side, respectively; and [image: image] is the equivalent output reactance of the inverter, which is shown in Equation 3.
[image: image]
where [image: image] is the system frequency and [image: image] is the equivalent inductance value of the inverter. According to Equation 1, the wind turbine-side terminal voltage magnitude can be expressed in Equation 4.
[image: image]
[image: Figure 2]FIGURE 2 | Equivalent circuit of the GFM WPS.
3 MODELING OF VOLTAGE RESPONSE
According to Kirchhoff’s voltage law (KVL), the equivalent circuit voltage equation is
[image: image]
Taking the phase angle of the voltage at the PCC as a reference and assuming that the phase angle of the terminal voltage at the turbine-side is [image: image], then, Equation 6 can be obtained through Equation 5.
[image: image]
The equivalent current can be expressed in Equation 7.
[image: image]
For the load-side satisfying Equation 8
[image: image]
Then, the active and reactive power at the load-side can be expressed in Equation 9.
[image: image]
Further organizing leads to the following expression which is shown in Equation 10.
[image: image]
Combined with the trigonometric theorem, the above expression can be which is shown in Equation 11.
[image: image]
Furthermore, the square of the voltage magnitude [image: image] at the point of common coupling may be expressed in Equation 12.
[image: image]
Mathematically, the following expression needs to be satisfied in order to keep the calculations correct:
[image: image]
Further collation yields the following results which is shown in Equation 14.
[image: image]
Combining the above determining conditions, the square of the voltage magnitude [image: image] at the point of common coupling can be expressed in Equation 15.
[image: image]
The above expression is determined by the establishment condition, i.e., [image: image], and Equation 16 can be obtained:
[image: image]
Combining the above condition criteria, the calculation result needs to satisfy [image: image]; the above calculation is rounded off, and the square of the dot voltage magnitude [image: image] only has the following expression:
[image: image]
Substituting Equation 1 into Equation 17 yields the following expression for the voltage magnitude at the point of common coupling which is shown in Equation 18.
[image: image]
Combining the above expressions and assuming initial operating conditions where the droop coefficient [image: image], reactive power [image: image], active power [image: image] and initial operating conditions of the voltage amplitude of the grid point can be calculated as shown in Equation 19.
[image: image]
Under the condition that the initial working condition is known, in order to facilitate the calculation of voltage magnitude under different working conditions, the expression of voltage magnitude at the point of common coupling is normalized, which can be expressed as follows:
[image: image]
4 VOLTAGE RESPONSE INFLUENCING FACTORS AND MECHANISM ANALYSIS
According to Equation 20, the voltage amplitude [image: image] is related to four parameters: [image: image], [image: image], [image: image], and [image: image]. The effects and mechanisms of these parameters are analyzed subsequently, respectively.
4.1 Effect of active power on voltage magnitude at PCC
According to Figure 3, it can be seen that with the increase in active power [image: image], the voltage magnitude [image: image] stays floating at approximately 396.7 V, which is approximated to be unchanged. This is because in the GFM wind turbine inverter control, the active power [image: image] is related to the wind turbine frequency but not to the wind turbine terminal voltage, so the increase in the active power [image: image] does not affect the common coupling point voltage magnitude, i.e., the active power does not participate in the GFM WPS voltage response process.
[image: Figure 3]FIGURE 3 | Curve of voltage amplitude at PCC with varying active power.
4.2 Effect of reactive power on voltage magnitude at PCC
According to Figure 4, it can be seen that as the reactive power [image: image] increases from 500 Var to 1,500 Var, the voltage magnitude [image: image] shows an overall decreasing trend. This phenomenon arises from the control mechanism of the GFM wind turbine inverter, which is governed by the [image: image]-[image: image] droop control relationship. As the reactive power [image: image] increases, the wind turbine terminal voltage decreases, consequently reducing the voltage magnitude at the point of common coupling. The slope of the overall curve is directly linked to the droop coefficient [image: image].
[image: Figure 4]FIGURE 4 | Curve of voltage amplitude at PCC with varying reactive power.
4.3 Effect of equivalent reactance on voltage magnitude at PCC
In order to investigate the effect of the [image: image] value on the magnitude of voltage at the point of common coupling, the equivalent inductance value [image: image] of the inverter is gradually increased from 1 mH to 7 mH, and the waveform of [image: image] is obtained, as shown in Figure 5.
[image: Figure 5]FIGURE 5 | Curve of voltage amplitude at PCC with varying equivalent reactance.
According to Figure 5, it can be seen that with the increase in the value of [image: image], the voltage [image: image] shows an overall decreasing trend. This is because the increase in the [image: image] value leads to an increase in the voltage divider on the equivalent reactance of the inverter, while the voltage at the end of the GFM turbine remains unchanged, which results in a gradual decrease in the voltage at the grid point.
4.4 Effect of droop coefficient on voltage magnitude at PCC
In order to study the effect of the [image: image] value on the magnitude of the voltage at the point of common coupling, different values of [image: image] were taken and the waveform of [image: image] was obtained, as shown in Figure 6.
[image: Figure 6]FIGURE 6 | Curve of voltage amplitude at PCC with varying droop coefficient.
According to Figure 6, it can be seen that [image: image] shows a complex trend under the influence of [image: image]: before the image intersection, [image: image] and [image: image] are in a positive relationship, i.e., with the increase in [image: image], [image: image] is also increased gradually. After the image intersection, [image: image] and [image: image] are in an inverse relationship, i.e., with the increase in [image: image], [image: image] is decreased gradually. This is because before the intersection point, [image: image] < [image: image] and after the intersection point, [image: image] > [image: image]; the above conclusion can be obtained from the droop relation analysis.
Moreover, in order to achieve better voltage stabilization and explore the reasonableness of the value of [image: image], the partial derivative of Equation 5 is taken, i.e.,
[image: image]
Predicting the value of [image: image] that satisfies the relation of Equation 13 for different [image: image], the waveform of [image: image] under the joint action of [image: image] and [image: image] is shown in Figure 7.
[image: Figure 7]FIGURE 7 | Curve of voltage amplitude at PCC with equivalent reactance and droop coefficient interacting cooperatively.
From Figure 7, it can be seen that under the influence of [image: image] and [image: image], the waveform of [image: image] is more stable compared to that in Figure 5, and the slope of the waveform is smaller, which plays a role in stabilizing the voltage.
5 VERIFICATION
A single WPS was built in the MATLAB/Simulink platform to verify the influence of each influencing factor on the voltage at the point of common coupling in Figure 8. Two simulation conditions were set up to prove the correctness of the above analysis. The specific parameters under the initial working condition are shown in Tables 1, 2.
[image: Figure 8]FIGURE 8 | Circuit structure of the tested WPS.
TABLE 1 | Simulation model structural parameters of case 1.
[image: Table 1]TABLE 2 | Simulation model structural parameters of case 2.
[image: Table 2]Combined with Figures 9, 10, it can be seen that the change in load reactive power [image: image] does not have a significant effect on the voltage magnitude [image: image], and it can be assumed that [image: image] does not participate in the system voltage response process; however, the change in the three parameters of [image: image], [image: image], and [image: image] causes the voltage magnitude [image: image] to have a different change, and it can be assumed that [image: image], [image: image], and [image: image] participate in the voltage response process of the system.
[image: Figure 9]FIGURE 9 | Curve of PCC voltage with different effect factors of case 1. (A) Active power. (B) Reactive power. (C) Equivalent reactance. (D) Droop coefficient. (E) Equivalent reactance and droop coefficient interacting cooperatively.
[image: Figure 10]FIGURE 10 | Curve of PCC voltage with different effect factors of case 2. (A) Equivalent reactance. (B) Droop coefficient.
Specifically, in the case of constant inverter equivalent output reactance [image: image] and droop coefficient [image: image], the voltage magnitude [image: image] gradually decreases with the increase in [image: image]. In the case of constant load reactive power [image: image] and droop coefficient [image: image], [image: image] gradually decreases with the increase in [image: image]. In the case of constant load reactive power [image: image] and inverter equivalent output reactance [image: image], [image: image] exhibits a complicated trend.
These phenomena are inextricably linked to the [image: image]-[image: image] droop control relationship of the GFM wind turbine. From Equation 1, it can be seen that with the increase in [image: image] the turbine end voltage [image: image] gradually decreases, which indirectly causes the decrease in [image: image]. At the same time, with the increase in [image: image], the more partial voltage on [image: image] further aggravates the drop of [image: image]; in the case of the same reactive power [image: image], the larger the value of [image: image], the more the partial voltage on it. The droop coefficient has a more complex impact on [image: image], and unreasonable [image: image] will lead to the fluctuation of [image: image] becoming larger. Specifically, before the initial working point (IWP), the amplitude of [image: image] increases as [image: image] increases because [image: image] < [image: image], and after the IWP, the amplitude of [image: image] decreases instead as [image: image] increases because [image: image] > [image: image]. To ensure that the [image: image] maintains stability, the setting of the droop coefficient should satisfy Equation 21, and its simulation results are shown in Figure 9E. Under the effect of droop control, [image: image] can remain stable when the reactive power [image: image] changes.
In order to better reflect the impact of the effect factors on [image: image], the effect factors were organized into a table, as shown in Table 3.
TABLE 3 | Impact of effect factors on [image: image].
[image: Table 3]6 CONCLUSION
In this study, the voltage response characteristics of the system at the point of common coupling and the voltage stabilization strategy are investigated by modeling analysis and simulation verification with GFM WPS as the research object. The main conclusions are as follows:

1) The voltage response circuit model and mathematical model of the system are established; the expression for the voltage magnitude [image: image] at the point of common coupling is derived, and the affecting components [image: image], [image: image], [image: image], and [image: image] in the expression are examined. It is discovered that the voltage at the point of common coupling is mainly affected by [image: image], [image: image], and [image: image], where the voltage magnitude [image: image] is inversely proportional to [image: image] and [image: image], while the effect of [image: image] is related to the IWP.
2) The voltage stabilization method is further investigated by analyzing the expression for the voltage magnitude [image: image] at the point of common coupling, and its feasibility is theoretically analyzed. Furthermore, the stabilization of [image: image] is achieved by adjusting the droop coefficient [image: image].
3) The simulation verification of the influencing elements and voltage stabilization method is performed using the MATLAB/Simulink platform, and the above influencing factors and the proposed voltage stabilization strategy were verified, which proved the reliability of the analysis. At the same time, it provides a theoretical foundation for solving the voltage stabilization support problem in a new energy GFM system.
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