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With the increase of the penetration rate of wind power in the power grid, the high proportion of renewable energy and the high proportion of power electronic equipment in the power system will continuously reduce the inertia of the grid, and the frequency stability of the system will be seriously affected. The inertia of the system is an important parameter for system frequency regulation and stability calculation. For this reason, a virtual inertial control technology based on fuzzy logic control is proposed in this paper, which is used for wind turbines to participate in grid frequency regulation. In this method, based on power tracking, a fuzzy logic controller is designed to adjust the frequency adjustment coefficient adaptively, and fuzzy logic rules are used to optimize the power tracking curve online. Finally, by building a hardware-in-the-loop real-time simulation platform, the effectiveness of this method in providing system frequency support and improving the frequency response of the power grid is verified.
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1 INTRODUCTION
In recent years, with the result of increased new energy, the power grid has been moving toward a new power system with new energy sources as the mainstay. The traditional synchronous generators in power grids have better inertia and damping properties. As the high percentage of new energy and power electronic equipment gradually replace the traditional synchronous generators, the lack of inertia in the power system to support the grid is becoming apparent, and the frequency regulation capability available in the system is significantly reduced (Fang et al., 2018; Nguyen et al., 2019; Kheshti et al., 2020). Therefore, it is significant to study the importance of improving the inertia of the power system to support the frequency stability of the system while the power system is gradually moving toward low inertia.
China has abundant wind resources, and the installed wind capacity has grown exponentially. The replacement of conventional generating units with wind power reduces the effective inertia of the system, and the magnitude of inertia reflects the ability to prevent sudden changes in system frequency. Virtual inertia control techniques for improving the frequency stability of new energy systems are rapidly developing. The method of virtual inertia control technology used to improve the frequency stability of new energy systems is developing rapidly. In order to realize the inertial support of wind turbines to the system, Holdsworth et al. proposed the virtual inertia control of the variable speed wind turbines in 2004 (Holdsworth et al., 2004). It regulates the electromagnetic power in response to the frequency change of the grid and provides inertial support by varying the converter control strategy. The paper (Lalor et al., 2005) further proposed an additional frequency control scheme for wind turbines. The differential link is used to convert the rotational speed signal into an additional torque signal. After the system frequency drops, the rotational kinetic energy of the wind turbine is released to achieve the inertial response of the wind turbine. The paper (Chau et al., 2018) also introduced an inertial response to grid frequency by instantaneously releasing rotor kinetic energy, but did not fully analyze the control effect of the additional controllers. In (Wang et al., 2015), an artificial inertial control strategy is proposed. The kinetic energy is extracted by dynamically modifying the optimal power curve of the wind turbine. The kinetic energy is extracted by dynamically modifying the optimal power curve of the wind turbine. Yan et al. (2020) and Terazono et al. (2021) designed a synchronizer with multiple virtual rotating masses to improve the active power tracking performance and facilitate the inertial control of the synchronizer. But the problem of impaired power tracking has not been resolved. The paper (Liu et al., 2021) adopts a nonlinear virtual inertial control method based on a wind power integrated power system to provide the primary frequency support of the power grid. In (Wang and Tomsovic, 2018), a novel active power control framework was proposed to make the doubly-fed induction generator modify the reserve input under different operating modes. However, only inertia and primary frequency support are provided, and there are also deficiencies in the frequency response. Bao et al. (2021) and Ren et al. (2021) designs a hierarchical inertial control scheme that coordinates the active power output in the inertial control process between the wind turbine and the battery energy storage system to improve the frequency response of the system. There will also be excessive rotor speed deceleration and high-cost question.
With the rapid development of fuzzy logic and fuzzy theory in recent decades, its application research has achieved fruitful results. Using expert control experience, fuzzy logic control has better control characteristics for nonlinear and complex research objects, and has been widely and effectively applied in industrial process control, robotics, transportation, etc. (Tan et al., 2020; Oshnoei et al., 2021; Yap et al., 2021). The application of fuzzy logic control is also quite extensive in the control of new energy power generation. For example, literature (Miao et al., 2015) adopts fuzzy logic control for rotor speed recovery controller to achieve inertial control of rotor kinetic energy, but this method cannot adaptively control the control parameters for complex changing power grids. Athari and Ardehali (2016) and Karimi et al. (2020) developed a fuzzy logic controller to control the state of charge of the energy storage battery, which is still difficult to resist the disturbance of unknown parameters. The literature (Kerdphol et al., 2019) proposes a fuzzy logic inertial control method for grid frequency stability under high penetration conditions, which automatically adjusts virtual inertial constants according to active power and system frequency deviation to achieve a fast inertial response. In the literature (Long et al., 2021), a new control method combining fuzzy logic control and model predictive controller is proposed to effectively reduce the frequency deviation when dealing with large load changes. Therefore, in this paper, aiming at the low inertia system of new energy power electronic equipment, taking the wind turbine network system as the research object, this paper proposes a fuzzy logic controller to adaptively optimize the power tracking and enhance the frequency support and response capability of the system.
In order to solve the problem of the lack of inertia of the power system and the reduction of the system frequency support capacity caused by a high percentage of new energy sources on the grid, this paper proposes a virtual inertia control strategy for permanent magnet synchronous wind turbine based on the fuzzy logic method. This strategy has promising research significance, and its main contributions to the paper can be summarized as follows:
1) In this paper, according to the grid frequency deviation and frequency change rate, the fuzzy logic controller is designed with fuzzy logic, and the virtual inertial control strategy based on power tracking is optimized.
2) By combining the fuzzy controller with the optimized PMSG virtual inertia control, the self-adaptive adjustment of the system inertia is achieved to support the system frequency.
3) A hardware-in-the-loop real-time experimental platform based on RT-LAB is built to verify the effectiveness of the proposed method.
This paper takes the three-machine, nine-node system for grid-connected wind power generation as the test object, and is organized as follows. Firstly, Section 2 introduces the three-machine, nine-node system for grid-connected PMSG, and mathematically models the PMSG. Secondly, Section 3 analyzes two typical virtual inertia control techniques by analyzing the influence between wind turbines and system frequency stability. In Section 4, based on the previous analysis of virtual inertial control technology, the virtual inertial control strategy based on power tracking is optimized, and a virtual inertial control based on fuzzy logic control is proposed. The fuzzy logic rules are used to optimize the power tracking online, and the system inertia can be improved to enhance the frequency support capability of the system. Finally, in Section 5, a hardware-in-the-loop test platform is built based on a three-machine nine-node test system to verify the effectiveness of the proposed method.
2 3-MACHINE 9-NODE SYSTEM AND MODELING
The inertia in the traditional power grid mainly comes from the synchronous generator. With the integration of large-scale new energy into the power grid, the frequency regulation capability of the power grid in low inertia operation is reduced, and the system stability performance is poor. In order to better study the stability of the new energy grid system, build the test system as shown in Figure 1.
[image: Figure 1]FIGURE 1 | 3-machine 9-node networking system topology.
It shows the topology of the constructed 3-machine 9-node networking system. The system includes three constant impedance loads and transformers, frequency modulation unit SG1, constant power unit SG2 and PMSG wind turbine.
Wind turbine based on permanent magnet synchronous generator adopts three-blade wind turbine and multi-pole low-speed permanent magnet synchronous generator with the same speed as the wind turbine. The PMSG stator is connected to the power grid through the full power converter, and the grid-side converter realizes the grid-connected operation of the wind turbine and ensures the quality of the power delivered by the turbine. The output characteristics of the wind turbine depend entirely on the control system design of the inverter and the wind speed variation.
Figure 2 shows the structure of the permanent magnet direct drive wind turbine. The PMSG wind turbine has few control loops and has high operational reliability and efficiency. Define the PMSG stator voltage as Us, Is is the stator current, Ψf is the excitation flux linkage, and the potential E. Then E can be expressed as:
[image: image]
where ωr is the PMSG rotor angular velocity.
[image: Figure 2]FIGURE 2 | Permanent magnet direct drive wind turbine.
The flux linkage and the electromagnetic torque of the PMSG in the two-phase synchronously rotating dq coordinate system are
[image: image]
[image: image]
where Ld and Lq are the equivalent inductance of stator windings on the d-axis and q-axis, respectively, pn is the number of PMSG pole pairs, Te is the mechanical torque.
The stator voltage of PMSG in the dq coordinate system can be expressed as
[image: image]
Through the above formula, the output power and electromagnetic torque of the stator side of PMSG in the dq coordinate system can be expressed as
[image: image]
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where Ps and Qs are the output active power and reactive power of the stator side, respectively. usd, usq, isd, and isq are the voltage and current of the stator at dq axis respectively. ψsd and ψsq are the flux linkage component of the dq axis.
The PMSG rotor structure is usually symmetrical, and Ld = Lq can be set. Then Eq. 7 can be simplified as
[image: image]
3 VIRTUAL INERTIA CONTROL AND FREQUENCY STABILITY
3.1 Inertia to Frequency Stability
As wind power is integrated into the grid, the lack of effective support for the system poses a threat to grid frequency stability. The inertia of the system is an important characteristic of the grid frequency stability. In a conventional grid, when the output power of the system is not equal to the load consumption, a power deviation is generated, which is compensated by the rotational kinetic energy stored in the rotor of a conventional synchronous generator, resulting in a lower SG speed and a deviation of the system frequency from the rated value.
For traditional synchronous generator sets, when the output power of the system is not equal to the load consumption, the deviation is compensated by the rotational kinetic energy Ek stored in the SG, and the deviation ΔEk can be expressed as
[image: image]
where ΔP is the power deviation between the output power and the load consumption; ωm and ωg are the mechanical angular frequency and electrical angular frequency of SG, respectively; J is the rotational inertia; p is the polar logarithm, and when p is 1, Eq. 9 can be expressed as
[image: image]
When there are n SGs in the system, Eq. 10 can be expressed as
[image: image]
where Jt is the total rotational inertia of the system.
In order to make the wind turbine inverter simulate the rotational inertia of the conventional synchronous generator, a function can be established by the relationship between the active power output through the inverter and the system frequency and can be expressed as
[image: image]
where JSG and JWind denote the total inertia of SG and the virtual inertia simulated by the fan inverter, respectively. n and m are respectively the number of SG and wind turbines.
At this time, the total inertia of the system can be expressed as
[image: image]
It can be seen from Eq. 13 that the total inertia of the system is determined by the two. The rotational inertia of the SG relatively decreases when the proportion of new energy in the power system is higher. If the wind turbine connected to the grid does not have inertia, the total inertia of the system will reduce, thus affecting the decrease of the frequency stability of the system. If the control strategy is used to enable the wind turbine connected to the grid system have virtual inertia, the total inertia momentum of the system will be increased and the frequency stability of the system will be improved.
3.2 Two Classical Inertial Control Strategies
The magnitude of the inertia in the power grid is closely related to the ability to prevent frequency abrupt changes. In conventional maximum power tracking control, the wind turbine only adjusts its active output according to the change of the turbine speed, and when active disturbances occur in the grid, the wind turbine is unable to provide inertia support by adjusting its output power.
3.2.1 Virtual Inertia Control Based on Differential Link
The inertial response is realized by using the differential link, and its controller structure as shown in Figure 3. The controller consists of two parts, the upper part is the frequency controller, which enables the wind turbine to change the grid frequency accordingly by attaching a frequency signal to the power reference value. The mathematical model of additional control is
[image: image]
where Kdf is the coefficient of the frequency change rate, Kpf is the frequency deviation scale factor.
[image: Figure 3]FIGURE 3 | Inertial control structure.
The lower part of the controller is the speed controller, its mathematical model type is
[image: image]
where KWP and KWI are the control coefficients of the PI controller.
It can be seen from Figure 3 that the total active power output of the system fan under this control is
[image: image]
The additional controller based on differential links, as described above, can simulate the inertial response of wind turbines according to the system frequency change rate. When the grid frequency changes, it compensates the power shortage of the system and provides inertial support. However, the additional inertia control interacts with the speed controller in dynamic adjustment, making it difficult to achieve the desired control objectives.
3.2.2 Virtual Inertia Control Based on Power Tracking
The virtual inertia control strategy based on power tracking is optimized based on traditional maximum power tracking control, and alleviates the sudden change of grid frequency through the change of its own rotational speed and kinetic energy, so that the variable speed wind turbine has the ability to support the inertia of the system. The principle block diagram of this control strategy is shown in Figure 4. The active power and speed regulation are achieved by changing the scale factor kopt of the maximum power tracking curve.
[image: Figure 4]FIGURE 4 | Schematic diagram of power tracking curve switching of virtual inertia.
This strategy finds the steady state by power tracking when the wind speed varies, it can improve the stability of the system in the process of speed regulation. When there is a sudden increase in power resulting in a sudden drop in frequency, the fan speed is reduced and released kinetic energy, and the operating state is switched from point A to point B in Figure 4, in this transient process, the power at points A and B is approximately equal, that is
[image: image]
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where ωr0 and ωr1 are the rotational speeds corresponding to two points AB respectively.
Therefore, the scale factor of the new power tracking curve can be calculated by the following equation
[image: image]
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According to Eq. 19, after introducing the frequency deviation signal, a new maximum power tracking scale factor can be obtained to adjust the speed variation. The amplitude range is limited by the scaling factor kopt, and Eq. 20 ensures a stable operating point in a wide range of wind speeds. The control takes full advantage of the rapid regulation capability of wind turbines and provides dynamic frequency support for the grid.
4 VIRTUAL INERTIAL CONTROL BASED ON FUZZY LOGIC CONTROL
4.1 Virtual Inertial Control Optimization
The traditional maximum power point tracking of wind turbines depends on the proportional coefficient of the power tracking curve kopt. Wang et al. (2015) provides a detailed analysis of the virtual inertia control based on power tracking, and this paper optimizes the power tracking curve in the virtual inertia control on this basis. The active reference is as follows
[image: image]
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where kVIC is the proportional coefficient of the power tracking curve under virtual inertia control and the period value can be adjusted by the system frequency deviation value. kλ can be defined as the frequency adjustment coefficient.
The structure of the virtual inertial controller based on power tracking optimization is shown in Figure 5, where the power tracking curve can be recovered with frequency after the inertial response is completed. It can be seen from Eq. 21 that, the power tracking curve changes with the proportional coefficient kVIC. At the same time, by adjusting its value, the optimal power tracking curve can be found. Eq. 22 shows that the virtue inertia of the wind turbine, in addition to its own inherent inertia, depends on the angular velocity ωr0 of the wind turbine before the frequency change of the system and its frequency regulation factor kλ.
[image: Figure 5]FIGURE 5 | Virtual inertial control structure diagram.
4.2 Basic Vagueness Logic Illusionary Restraint
In view of the above analysis, this paper proposes fuzzy logic control rules for online optimization of the frequency regulation coefficient to improve the inertia support capability of the system. The fuzzy logic controller consists of three parts: fuzzification, fuzzy inference, and defuzzification. The requirement is lower and the control is based on expert experience. As shown in Figure 6, the block diagram of virtual inertial control based on fuzzy logic control is constructed.
[image: Figure 6]FIGURE 6 | Block diagram of virtual inertial control based on fuzzy control.
The input and output of the fuzzy logic controller are exact quantities, and the fuzzy values are obtained after fuzzification. Then the fuzzy values are input to fuzzy inference for processing. Finally, the output quantities can be obtained by defuzzification. When using MATLAB toolbox to build a fuzzy logic controller, it is necessary to design the basic domain of input and output quantities and their corresponding fuzzy subsets, affiliation functions, and to specify the fuzzy rule table. In order to be able to adjust the frequency regulation coefficient more accurately and maximize the optimization effect, this paper takes the frequency deviation amount Δf = f−f0 and the frequency change rate dΔf/dt as fuzzy input variables and the output variable of the fuzzy controller is Δkλ. The fuzzy rules are used to adjust the frequency regulation coefficient kλ online. The fuzzy rule table of Δkλ is shown in Table.1. The table shows that when the system frequency is lower than the rated frequency of 50 Hz, the system frequency change rate is measured. If the change rate is negative, the frequency continues to decrease at this time, and the frequency regulation coefficient kλ needs to be reduced, and the proportional coefficient kVIC of the power tracking curve is increased by Eq. 22, thus increasing the active power from wind turbine and supporting the system frequency, and so on.
TABLE 1 | Fuzzy rule table of Δkλ.
[image: Table 1]The fuzzy linguistic variable intervals are uniformly classified as (NB, NS, ZE, PS, PB) and have five interval subsets of NB (negative big), NS (negative small), ZE (zero), PS (positive small), and PB (positive big). The theoretical domain of the frequency deviation quantity Δf is (−0.6, −0.3, 0, 0.3, 0.6). The theoretical domain of the frequency change rate dΔf/dt is (−6, −3, 0, 3, 6), and the theoretical domain of Δkλ is (−0.4, −0.2, 0, 0.2, 0.4). The affiliation function is to map the input value in the fuzzy domain to an affiliation degree between 0 and 1. The function should be selected according to its selection principle. When the degree of intersection between the functions is large, the fuzzy controller has good robustness and low sensitivity, and when the degree of intersection is small, the sensitivity is high. Therefore, the intersection degree can be adjusted reasonably according to the variation law of input and output variables. In this paper, a combination of triangular and trapezoidal affiliation function is used for the fuzzy input variables, and a simple triangular affiliation function is used for the fuzzy output variables, and then the input and output affiliation functions are derived, as shown in Figure 7.
[image: Figure 7]FIGURE 7 | Membership function of each variable. (A) The affiliation function of the frequency deviation quantity Δf. (B) The affiliation function of the rate of change of frequency dΔf/dt. (C) The affiliation function of the output Δkλ.
5 EXPERIMENTAL VERIFICATION
5.1 Hardware-in-the-loop Real-Time Simulation Experiment Platform
In order to verify the effectiveness of the virtual inertial control method based on the fuzzy logic method proposed in this paper, a hardware-in-the-loop real-time simulation experiment is built based on the three-machine nine-node test system composed of wind turbines connected to the grid and two synchronous generators. The platform is shown in Figure 8. The experimental platform mainly consists of RT-LAB real-time simulator, RTU-BOX real-time digital controller and host computer, etc. Among them, the main topology of the three-machine nine-node test system model is mainly deployed in the RT-LAB real-time simulator, and the control strategies of other wind turbine controls including the grid-side converter and machine-side converter run in the RTU-BOX digital controller. The controller and the emulator are directly connected to the level conversion board through AD and DA interfaces. The experimental waveforms are recorded by a wave recorder.
[image: Figure 8]FIGURE 8 | Hardware-in-the-loop real-time simulation experimental platform.
In the normal operation of the system, it is known that the total load of the system is 1800 MW, which is shared by the frequency modulation unit SG1, the constant power unit SG2, and the wind turbine. Among them, the frequency modulation unit SG1 is mainly used to provide support for the inertia and frequency of the system; the constant power unit SG2 emits a fixed active power of 400 MW, which is used to simulate the lack of inertia of the system and does not has the ability of frequency regulation. The wind turbine grid-connected system is used to verify the control strategy proposed in this paper. The rated frequency of the system is 50 Hz, and the system and control parameters can be seen in Table.2.
TABLE 2 | System and control parameters.
[image: Table 2]5.2 Experimental Verification
In order to verify the virtual inertial control method based on fuzzy logic control proposed in this paper, in the 6th second of the normal operation of the system, a sudden increase of 500 MW load was carried out to test the dynamic response characteristics of this control strategy, and the experimental waveform was observed through a wave recorder.
Figure 9 shows the system frequency and output power waveforms under virtual-free inertia control and MPPT control. As can be seen from the figure, when the load is suddenly increased, the system frequency drops significantly, and the frequency drops to about 49.43 Hz, with a large fluctuation range and small oscillation amplitude. The power is mainly supported by the additional active power generated by the frequency-modulating unit, and the constant power unit SG2 issues constant active power.
[image: Figure 9]FIGURE 9 | System frequency and output power under MPPT.
Figure 10 shows the system frequency and output power waveforms under the fixed inertia coefficient control. At this time, we can observe the frequency waveform, the system frequency also exists in the case of falling, but compared to the no virtual inertia control, the frequency drop range is significantly lower, only 49.72 Hz. The wind turbine will return to a constant output after the active power rises, which provides a certain support effect for the system frequency.
[image: Figure 10]FIGURE 10 | System frequency and output power under the fixed inertia coefficient control.
Figure 11 shows the system frequency and output power waveforms under the adaptive inertial control based on fuzzy logic control. It can be seen from the figure that when the load is suddenly increased, the lowest value of the system frequency is 49.85 Hz, with the smallest range of decline, and the wind turbine sends out a higher active rise and then resumes a constant output.
[image: Figure 11]FIGURE 11 | System frequency and output power under the adaptive inertial control based on fuzzy control.
Comparing the system frequency and output power waveforms under the three control methods, the system frequency decreases under the three different control methods when the system suddenly increases the load, and the corresponding lowest values of frequency are 49.43 Hz, 49.72 Hz, and 49.85 Hz, respectively. Compared with the virtual inertia-free control, the inertia control strategy with a fixed frequency adjustment coefficient can effectively reduce the deviation, and the frequency reduction amplitude is reduced by about 49%. However, compared with the adaptive inertial control based on fuzzy control proposed in this paper, the amplitude of frequency reduction is smaller, and the frequency deviation value is reduced by about 53% compared with the inertial control with a fixed frequency adjustment coefficient. It is obtained from the output power waveform that the adaptive inertia control wind turbine based on fuzzy logic control emits more active power to support the system after a sudden load increase. It can be seen that the method proposed in this paper can significantly improve the system frequency support capability and enhance the system stability. Figure 12 shows the frequency response waveforms of the system under different controls. It can be seen from the figure that in the case of sudden load increase, the frequency of adaptive adjustment of inertia coefficient based on fuzzy logic control proposed in this paper falls the least and reaches stability as soon as possible, which further verifies the effectiveness of the modified control.
[image: Figure 12]FIGURE 12 | System frequency under different controls.
6 CONCLUSION
Due to the increased penetration of wind power in the AC grid, the inertia of the power system is missing, and the frequency problem of the system is affected. Aiming at this problem, this paper proposes a virtual inertial control based on fuzzy logic control. It is used for wind turbine participation in grid frequency support. Based on power tracking, the method uses fuzzy rules to optimize power tracking online, so as to improve system inertia and enhance system frequency support capability. Finally, a hardware-in-the-loop test platform is built based on the 3-machine 9-node test system to verify the effectiveness of the proposed method.
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