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The increasing penetration of wind power together with its high volatility could significantly impact the transient stability of the power grid. To quickly evaluate this impact, current engineering practice is primarily relying on time-domain simulation, which is computationally expensive despite that the results are more accurate. To solve this computational complexity issue, the amplitude–phase motion method is proposed to establish the electromechanical transient simulation model of the double-fed induction generator (DFIG) for wind energy. However, the traditional amplitude–phase motion equation (APME) suffers from the instability control from the abrupt change of terminal voltage induced by the system changes or flickers. To improve the transient stability of DFIG, this study firstly incorporates the q-axis current together with the amplitude change of terminal voltage into the phase error of the phase-locked loop (PLL). Then, the output phase of the terminal voltage of DFIG is highly combined with the q-axis current and the amplitude of terminal voltage to improve the internal control effect of the typical APME. The simulation results in the four-machine two-area power system with one wind farm demonstrate that the proposed method is able to maintain a stable operation of the wind farm and the power grid when experiencing a sharp disturbance of wind speed.
Keywords: wind farm, amplitude–phase motion equation, stability and robustness, dynamics, power-electronic interface
1 INTRODUCTION
To achieve a sustainable energy system of the future, it is imperative to integrate more variable renewable energy, such as wind and solar, and other new energy sources into the power grid. High wind power permeability is the development trend under the requirement of emission reduction and green energy. The installed wind power capacity was 330 million kW in China in 2021 (Yan et al., 2021). The wind turbines are connected to the grid through power-electronic converters, which results in the low inertia compared to the traditional power system with dominantly fossil fuel–driven generators. Therefore, the power system experiences much more extended swing under contingencies, which degrades the stability margin. Another significant issue resulting from the power-electronics–based power system is harmonic oscillation (Ebrahimzadeh et al., 2019). Compared to the PSS and AVR for traditional synchronous generators with a time constant of seconds, power converters for wind and solar are modulated in ns, which provides much faster dynamics and causes multiple time-scale control problems in the power system (Yuan et al., 2017). Therefore, the traditional modeling method of power system stability analysis may not be able to capture these emerging issues from power-electronic dominant power grids with renewables. It is in an urgent need to study the operational characteristics of power-electronic grid–connected renewables and provide theoretical support to maintain a stable operation of the power system with high penetration of new energy.
For the transient stability of the power system under high wind power penetration, it is important to establish a low-order, accurate, and open model (Zhang et al., 2017). The modeling analysis methods can be divided into three categories generally: the eigenvalue analysis method based on the state space theory, the impedance analysis method, and the amplitude–phase motion equation method. The eigenvalue analysis is a time-domain analysis method based on the state space, which is used to analyze the small signal stability in traditional power systems (Wang and Blaabjerg, 2019). The results are accurate while imposing a high computational complexity in simulation (Zong et al., 2020; Liu et al., 2021; Wu et al., 2021). The impedance method regards each device in the power system as an impedance, which can be characterized by its voltage and current. In this method, the grid and the generator are regarded as the combination of ideal source and impedance, respectively. Usually, the Nyquist criterion is used to determine the stability of power systems (Wen et al., 2016; Yan et al., 2016; Gao et al., 2018; Duan and Sheng, 2019). These models are simple in principle and easy to implement for analysis (Arabi et al., 2000). However, the impedance must be recalculated under different operation conditions. Moreover, the generator side cannot be regarded as a current source model if the output impedance of the generator is not large enough (Sun, 2011). It lacks the connection among key physical states in the dynamic process, so it is difficult to be applied to analyze dynamic problems at multiple time scales for large-scale power systems (Yuan et al., 2016).
How to keep the clear description of system characteristics without sacrificing the computation speed has always been the pursued goal. When the dynamic process of the power system suffers a disturbance, the power on each component will be changed to achieve a new balance by regulating the amplitude and phase of voltage as well. By the amplitude–phase motion equation method, the clear description between power imbalance and system states can be constructed (Yang et al., 2020), by simplifying the external characteristics into the amplitude and phase changes of voltage (Huang et al., 2019). In nature, by changing the voltage amplitude and phase, the amplitude and phase motion equation reproduces the system characteristics from the view of power balance between the input and the output of the whole system, which is explicit in the physical meaning and is simpler in modeling.
The modeling of DFIG has been realized in many research studies. Both the impendence method and the amplitude–phase method have analyzed the small signal dynamical behavior of power systems focusing on the different input–output relation. Through analysis, He et al. (2019) have concluded that the amplitude and phase motion equation of a single-machine infinite-bus system is similar to the classical second-order swing equation for a synchronous generator connected to an infinite bus, which supports the application of amplitude and phase motion equation in a dynamic process. This method applies to a wide range of scenarios, such as multi-input multi-output models and new perspective of equivalent system. The multi-input multi-output model is regarded as a single-input single-output equivalent model on the current time scale, and its voltage amplitude and phase dynamics are analyzed, respectively, in the study of Li et al. (2019). In the study of Zhao et al. (2018), the rotation of the rotor and the voltage of the capacitor are regarded as a real dynamical system, and the relationship between power balance and voltage change has been analyzed from the perspective of the component voltage vector. The vector controls have been proposed to solve the multiple time-scale problems of the electronic power system. In the study of Zhang et al. (2018), a frequency modulation method based on the phase motion equation has been proposed, and a typical phase-locked loop (PLL) synchronous vector control has been used to solve the problem of islanding. The time-scale problems of DC voltage control of the power system with the voltage source converter (VSC) connected to the grid have been studied by Yuan and Yuan (2018). The vector controls, including the DC voltage control, the phase-locked loop control, and the terminal voltage control, have been introduced to effectively replace the detection of VSC terminal voltage with the output power.
The angle stability has been realized to be a crucial factor that affects the stability of the power system. A typical APME model for the DFIG is proposed by Zhang et al. (2017), based on which the phase information has been added into the current-limiting control module by a feedback control loop. However, considering that the decrease of the voltage amplitude or the flicker of terminal phase affects the phase in the PLL and changes the dynamics of phase in the terminal voltage, a terminal voltage feedback control is further introduced into the DFIG model, which will make the change of terminal voltage phase closer to the real scenarios. Then, an improved APME model is established, and three cases are analyzed, including the steady-state process, the load changes, and the wind changes. The results show that the improved APME model does not change sharply with the change of wind speed.
2 OPERATION CHARACTERISTIC OF DFIG
A typical DFIG model is shown in Figure 1A. The stator side is directly connected to the grid through a transformer, while the rotor side is connected to the grid through an alternative current (AC)–direct current (DC)–alternative current (AC) converter. The control of DFIG mainly depends on the rotor side controller and the grid side controller. In general, the active power and reactive power of DFIG are mainly controlled to maximize the utilization of wind energy at the rotor side. The controller on the grid side keeps the DC voltage constant by changing the modulation coefficient, which also keeps the input power and the current in the sinusoidal waveform.
[image: Figure 1]FIGURE 1 | (A) Typical DFIG model. (B) Control module of the typical DFIG model.
Figure 1B is the GSC/RSC controller of the typical DFIG model. The active and reactive power is calculated by the terminal voltage and its current. The PLL controller samples phase information from terminal voltage, and this phase information combining with frequency obtained by the PLL controller is the basis for establishing the dq coordinate. The system is decoupled in the dq coordinate. The power system after decoupling can be more convenient for analysis and control. The active power can be controlled independently by adjusting the q-axis current of rotor, while the reactive power can be controlled independently by the d-axis current of rotor. Figure 1B shows a method to decouple the system. In the GSC controller module, the DC voltage Vdc between two converters, grid side current igd, and phase of PLL θpll are used to control the voltage of grid side converter VGSC. In the RSC controller module, the reactive power Q, terminal voltage Vt, rotor speed ωr, rotor current ird/irq, and the error between the phase of PLL and the phase of rotor θpll -θr are used to control the voltage of rotor side converter VRSC.
The DFIG is a strongly coupled system because of the flux between stator windings and rotor windings. There exists a rotor magnetic field while three-phase AC is acting on the rotor windings. This field cuts the stator windings to produce the induced three-phase current. In return, the field produced by AC on stator windings also influences the current on rotor windings by changing its magnitude and phase. Thus, there are mutual constraints among stator current, rotor current, and stator voltage. The electromagnetic torque equation, active power equation, and reactive power equation are listed as the following equation, in which both components on the dq-axis have effects on power and torque:
[image: image]
where [image: image] is the active power; [image: image] is the reactive power; s is the electromagnetic torque; [image: image] is the stator dq-axis voltage; [image: image] is the stator dq-axis current; [image: image] represents the component of flux on the d-axis; [image: image] represents the component of flux on the q-axis; [image: image] is the number of pole-pairs; and [image: image] is the mutual inductance between the stator and the rotor.
The vector control (VC) method is the core control method of DFIG, which can decouple their relationship and make the control of DFIG simpler. In the VC method, the stator current is transformed into dq-axis current on dq coordination. If the stator flux linkage is chosen as the d-axis, the components of stator flux can be written as Eq. 2 and the voltages on the dq-axis are shown as Eq. 3:
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where [image: image] is the magnitude of stator flux; [image: image] is the vector of stator flux space; and [image: image] is the velocity of synchronous angular.
The electromagnetic torque equation can be simplified as Eq. 4, in which the magnitude of torque is only determined by the stator flux on the d-axis and rotor current on the q-axis. The stator flux on the d-axis is almost a constant here, so the rotor current on the q-axis can dominate the magnitude of electromagnetic torque. The active and reactive power can be simplified as Eq. 5. Equation 5 is further simplified as Eq. 7 by Eq. 6. Under the condition that the stator flux remains unchanged, the active power is only determined by the rotor current on the q-axis and the reactive power is mainly determined by the rotor current on the d-axis:
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where [image: image] represents the inductance of stator windings and [image: image] is the field current of stator.
The time scale of the AC current control loop and the DC voltage control loop is quite faster than that of the electromechanical characteristics, so they have often been ignored in the conventional control. The GE model, ignoring the AC current control loop and the DC voltage control loop, uses the main characteristics to describe the system (Clark et al., 2010). Under the premise that the main characteristics of DFIG can be reflected in the electromechanical time scale, this model is simple and the results are accurate, while its order is lower. Therefore, the GE model has been widely used in power system simulation. Hence, the GE model is taken as an example to analyze the structure and the control mode of the wind turbine. The control block of the GE model is shown in Figure 2.
[image: Figure 2]FIGURE 2 | Control block of the GE model.
The rotating speed is calculated according to the electromagnetic torque and mechanical torque. Then, the reference value of the electromagnetic torque is calculated by the reference speed. The active current is given by the electromagnetic torque, speed, and the terminal voltage. The difference of reactive power is used to calculate the voltage reference. In the transient process, when the terminal voltage amplitude decreases, the active component of current will decrease due to the inertia, while the PI control will damp the collapse and increase the voltage by increasing the reactive current. Of course, the amplitude change of the terminal voltage will directly affect the active current, and the following equation gives its mathematical expression:
[image: image]
where [image: image] is the maximum transient current of DFIG, whose value is set to 1.2 p.u. The control parameter [image: image] is set to 3.05 by default, and [image: image] is the expected output of active current on the d-axis.
Considering that the voltage drop [image: image] is within [0, 0.4 p.u.], and the voltage drop is 0.1 p.u., the following equation can be obtained:
[image: image]
The spatial relationship on the dq-axis is shown in Figure 3.
[image: Figure 3]FIGURE 3 | dq-axis spatial relationship.
The transient current [image: image] of any phase and magnitude can be expressed by a combination of the dq-axis current amplitude and the phase output [image: image] of PLL. The transient current [image: image] is also a spatial vector, which can be expressed in the form of magnitude and phase. The dq-axis will rotate with the change of the frequency and phase of the terminal voltage, which can be obtained from the PLL block connected to the terminal of DFIG. After decomposing current [image: image] into two vertical components, the active and reactive power of DFIG can be controlled, respectively, through [image: image] and [image: image]. Then, the spatial vector [image: image] is decomposed on the dq-axis for analysis and control:
[image: image]
3 DFIG MODEL CONSTRUCTION BASED ON AMPLITUDE–PHASE MOTION EQUATION
The idea of amplitude–phase motion equation is to construct its physical relationship through the change of the external input to the output. Physically, the object studied can be regarded as a black box. When the input power of the system is not balanced with the actual output power, the voltage of each component in the system will change in amplitude and phase, in order to achieve a new balance. Therefore, the model can reflect the dynamics of the external voltage amplitude and phase. Its physical nature is that the unbalanced power between the expected output and the actual output of the power system is embodied by the change of voltage amplitude and phase. Both the expected active power and reactive power are the reference values calculated by the control part.
Due to a large inertia of turbine, the electromechanical time scale with a time constant of 1 s is slow compared to the electromagnetic phenomenon (wind converter control is in ns). As the current time scale and voltage time scale are usually 0.01 and 0.1 s, respectively, it is assumed that the change and control of both the active power and the reactive power are instantaneous in the electromechanical time scale.
Since the actual output power of DFIG is the terminal voltage multiplied by the conjugate current, combined with Eqs 8–10, the actual outputs of active power and reactive power are calculated as follows:
[image: image]
where [image: image]; [image: image] represents the conjugation of the current phasor vector; [image: image] represents the phasor of the voltage vector; [image: image] is the expected output of active current on the d-axis; [image: image] is the expected output of reactive current on the q-axis; [image: image] is the terminal voltage phase; [image: image] is the output phase of the PLL; and [image: image] is the phase error of the PLL. In this expression, the parameters [image: image], which have direct influences on the phase error of PLL, are determined by the terminal voltage phase and the output phase of the PLL. In the actual transient process, both the decrease of voltage amplitude and the flicker of voltage phase will affect the phase dynamics of DFIG. Hence, it is desired to improve the above expression for the improved transient performance by making [image: image] directly respond to the change of terminal voltage amplitude. Meanwhile, phase dynamics also correlated with the variation of reactive current [image: image]. In this study, the expected reactive current on the q-axis is also deduced to construct the relationship with [image: image], which is expressed as
[image: image]
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The active and reactive power can be obtained as
[image: image]
Furthermore, Euler’s formula [image: image] is used to expand Eq. 14 in order to observe the active and reactive power, respectively. The following results can be obtained:
[image: image]
Now, the unification of the right and left sides of the equation has been achieved. Both sides of the equation are complex numbers composed of real and imaginary parts. They can be further expressed as
[image: image]
It can be seen from Eq. 13 that the phase error [image: image] of PLL is jointly determined by the actual terminal voltage phase, the phase on the phase-locked loop, and the expected current reference on the dq-axis. In the expression of [image: image], the terminal voltage cannot be reflected directly. By using Eq. 15 and Eq. 16, d-axis current [image: image] is deduced from the voltage amplitude. Furthermore, [image: image] in Eq. 13 is replaced, and the terminal voltage amplitude is introduced into [image: image], as shown in the following equation:
[image: image]
Then, [image: image] is changed as
[image: image]
where the amplitude of terminal voltage [image: image] and the current [image: image] are coupled into the phase error [image: image] of PLL. From the perspective of control, the changes of terminal voltage amplitude and the q-axis current are fed to the phase dynamics of DFIG, by adding a feedback control to the typical model.
Figure 4 shows the derived amplitude–phase motion equation model based on the typical model of DFIG. The left side of the block diagram is the actual outputs of the active and reactive power of DFIG. The right end is the terminal voltage, and the middle is the control module based on the derivation equation above, in which there are the voltage control loops, the current control loops, and the phase deviation feedback loops from left to right.
[image: Figure 4]FIGURE 4 | Improved amplitude–phase motion equation model.
4 CASE STUDY
In order to verify the proposed optimization model, a typical IEEE benchmark case of a four-machine two-area power system with one wind farm has been established according to the schematic diagram in Figure 5, which has been analyzed and calculated by comparing the typical amplitude–phase motion equation model and the improved amplitude–phase motion equation model.
[image: Figure 5]FIGURE 5 | Four-machine two-area wind power system.
Figure 5 is further transformed to the block diagram of the four-machine two-area power system model (shown in Figure 6) for simulation. It consists of an improved amplitude–phase motion equation model of DFIG proposed in this paper and three traditional thermal generators. The generator G1 of the first subsystem is the optimization model based on the amplitude–phase motion equation, and the generator G3 of the third subsystem is the PV bus composed of the synchronous generator set. Generators G2 and G4 in the other two subsystems are PQ buses composed of the synchronous generators. The four generators in the power system are separated into four subsystems. In this part, the impedance modeling method is used to model the transmission network. According to the voltage and current relationship, each component is equivalent to a complex impedance model. The main components involved include the transmission lines, transformers, loads, and compensation capacitors. The general transmission line is equivalent to the complex impedance model, which is the combination of the resistance and reactance, while the long-distance transmission line is equivalent to the parallel form of the complex impedance and the capacitance admittance between the line and the ground. The transformer is equivalent to three complex impedances by a [image: image] equivalent model. The compensation capacitor is equivalent to admittance [image: image]. The loads, L1 and L2, are expressed as constant impedance models and are represented by the complex impedance.
[image: Figure 6]FIGURE 6 | Block diagram of the four-machine two-area power system.
The simulation platform is shown in Figure 7. The four-machine two-area power system with the improved amplitude–phase motion equation is embedded in Figure 7B. In Figure 7A, an impeller and a blade that simulates the change of wind speed are used as the source of variable wind speed for the case study. The details are discussed in Section 4.2. In Figure 7B, the wind turbine control system includes the auxiliary power supply control, output display, and wind simulation unit. The terminal voltage and the current signals needed by the amplitude–phase motion equation model come from the output unit.
[image: Figure 7]FIGURE 7 | (A) Impeller of DFIG. (B) Wind turbine system.
Under the different operation conditions and with the different network structure parameters, the improved amplitude–phase motion equation is studied in the four-machine two-area power system model established here. At the same time, the performance of the four-machine two-area power system, with a typical amplitude–phase motion equation model, is given for comparison with the improved one under the same operation condition. And the advantages of the improved APME model are analyzed in this section.
4.1 Operation Condition I: Steady-State Process Simulation
The operating conditions are set as follows: the parameters of G1 are [image: image] and [image: image], the parameters of two constant impedance loads in the system are [image: image] and [image: image], while [image: image] and [image: image] are the admittance of loads. The parameters of G2 are [image: image], [image: image], and [image: image]. The parameter of G3 is [image: image], and the parameters of G4 are [image: image], [image: image], and [image: image]. In the steady-state simulation, there is no fault set. The values of each parameter are set as shown in Table 1.
TABLE 1 | Values of parameters.
[image: Table 1]Figure 8 is the voltage and current curve of the load in the power system with the improved APME model of DFIG, where IL1 represents the current passing through L1 and UL1 represents the voltage of L1. IL2 represents the current passing through L2, and UL2 represents the voltage of L2. It can be seen from Figure 8 that when the four-machine two-area power system has been started, the improved APME model has been regulated to reach a stable state very soon. The voltage and current in stabilization are within the reasonable range. The simulation result of the model is in line with the theoretical analysis of the power grid.
[image: Figure 8]FIGURE 8 | Voltage and current curves on load under operation condition I of the improved APME model.
Figure 9 displays the voltage and current curves of the load in the power system with a typical DFIG model. By comparing Figures 8, 9, it can be seen that the voltage and current curves of loads in the system reach a stable state quickly in both the improved and the typical model with a similar trend. The static parameters of loads are shown in Table 2. The difference of voltage and current before and after the DFIG model is improved is calculated.
[image: Figure 9]FIGURE 9 | Voltage and current curves on load under operation condition I of the typical APME model.
TABLE 2 | Voltage and current details on loads under operation condition I.
[image: Table 2]The simulation results of the typical model are used as a reference to analyze the parameter difference of the two models, and the difference of current on L1 can be derived as
[image: image]
The differences of the four parameters are all lower than 0.3%, which means that the steady-state process demonstrated by the two models under this set of parameters is basically the same. The improved APME model runs in line with the typical model under the same parameter setting. Its simulation performs the same as typical ones, without any fluctuation in the steady state, which verifies that the improved APME model is available under this group of parameter setting.
4.2 Operation Condition II: Impact of Wind Speed
Due to its randomness, the wind speed changes constantly with the change of temperature and air pressure, and gust wind may occur occasionally, which leads to shape changes of the speed. To simulate this change, the wind speed in a day is roughly divided into five periods: 2 m/s from 6 to 9 a.m., 4 m/s from 9 a.m. to 13 p.m., 6 m/s from 13 to 17 p.m., 8 m/s from 17 to 19 p.m., and 10 m/s after 19 p.m. All parameters are set to be the same as those in operation condition I, except the power injection from the DFIG.
Figure 10 shows the variation of voltage and current of the loads in the four-machine two-area power system, when wind speed changes with time mentioned above. As shown in Figure 10, the change of wind speed directly causes the output power change of DFIG, thus affecting the voltage and current of the load in the grid. When the wind speed changes suddenly, the voltage amplitude of loads does not change sharply, which indicates that the optimization model proposed in this paper has strong robustness and anti-interference ability.
[image: Figure 10]FIGURE 10 | Voltage and current curves on load with wind speed change of the improved APME model.
In order to verify the model proposed in this paper, it is necessary to simulate the typical amplitude–phase motion equation of DFIG model under the same conditions. Figure 11 is the result of a typical model, without optimization control mentioned in this paper, in which the voltage and the current of the loads with the change of wind speed can be observed. The key parameters of simulation are set as follows: the variation of wind speed is divided into five sections, 1.1, 0.9, 0.85, 1.25, and 1 successively. The output power of the conventional generator G2 is [image: image]. The output voltage of G3 is 1 p.u., and the output power of the conventional generator G4 is [image: image]. The value of two constant impedances in the power system is [image: image].
[image: Figure 11]FIGURE 11 | Voltage and current curves on load with wind speed change of the typical APME model.
The results show that the output voltage of DFIG follows the change of wind speed. Compared with the improved APME model, it is more sensitive to the change of wind speed. As such, it is concluded that its robustness is not as strong as the improved model. Actually, the output of DFIG is not allowed to change significantly with the change of wind speed. Otherwise, DFIG is a great fluctuation to the power system, which will cause the instability of the whole system. In addition, it can be seen from the results that the voltage and current of the loads in the system are slightly higher when wind speed changes suddenly. The model proposed here can keep the voltage and current fluctuating within a small range.
4.3 Operation Condition III: Impact of Loads
The loads have a great influence on power system stability, and the capacity to contain load variation within a certain range is also an index to be considered. The variation of the load voltage in the four-machine two-area model at different load rates is studied. In a general power system, the voltage may lose stability when the wind power exceeds 4% of the total power generated in the system. In order to ensure a better operating state of the model, the voltage and current with the increase of load are calculated under the output power of the wind turbine to account for 4% of the total generating capacity of all generators. As a result, the parameters of four generators are set as shown in Table 3, while the load parameter changes gradually from [image: image] p.u. to [image: image] p.u.
TABLE 3 | Values of parameters.
[image: Table 3]Figure 12 demonstrates the overall trend of the voltage and the current when loads decrease with an increased load impedance in the improved APME model. The amplitude of current change is larger than that of voltage, and the changes of voltage and current amplitudes of L2 are larger than those of L1. The amplitude of current change is larger than that of voltage when the power of loads changes. It means that this model tries to keep the voltage stable. Obviously, when keeping the parameters of generator unchanged, the increase of the loads causes the reallocation of the power of the power system, and the voltage at the load bus will decrease, which is consistent with the actual operation situation.
[image: Figure 12]FIGURE 12 | Voltage and current curves on load with the increase of load of the improved APME model.
The increased load in a typical APME model is studied too (shown in Figure 13). The changes and trends of the voltage and the current are the same with the improved model proposed in this paper. Table 4 shows the voltage and current of L2 before and after being improved in the DFIG model, in the same scenario of the increased load, which once again proves the following conclusion: this model keeps the voltage stable, and both the improved and typical models have the same dynamic trends when loads increase.
[image: Figure 13]FIGURE 13 | Voltage and current curves on load with the increase of load of the typical APME model.
TABLE 4 | Voltage and current details of Load 2 before and after improvement (per unit).
[image: Table 4]5 CONCLUSION
An improved APME model for transient analysis based on the amplitude–phase motion equation has been proposed in this paper. In the actual transient process, the decrease of voltage amplitude or the flicker of voltage phase will affect the phase dynamics of DFIG. Based on the typical amplitude–phase motion equation model of DFIG, the phase dynamics of DFIG is improved, and a different expression of [image: image] is derived, which is equivalent to adding a feedback control to the control loops of DFIG. The amplitude of the terminal voltage and the q-axis current are introduced to influence the phase error of the PLL. That is, the output current of the current control unit and the terminal voltage amplitude are introduced into the phase control loop of the terminal voltage, so that the phase output of the terminal voltage can directly reflect the terminal voltage amplitude. As a result, the control loop inside the DFIG is improved, and the coupling model becomes stronger, which makes the operation characteristics closer to the real scenarios. When the wind speed changes sharply, the proposed model in this paper has better robustness and smooth operation ability than the typical one.
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