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A virtual synchronous generator (VSG) strategy can introduce the rotational inertia and damping characteristics of the synchronous generator to the static inverter, e.g., PV, wind generation, and ESS, which are used to enhance the system frequency support characteristics of the micro-grid. However, under various operations of the VSG, the inertia and damping support capabilities are different, and the conventional VSG strategy with a fixed control coefficient sacrifices a certain degree of dynamic regulation performance with less robustness. This research proposes an improved VSG strategy with adaptive inertia and damping coefficients to increase the flexibility of VSG. To this end, a mathematical model is first established to analyze the impact of various parameters on the characteristics of VSG, and then the root trajectory is used to explore the impacts of various rotational inertia and damping coefficients on the stability of the VSG system. Second, an improved control strategy with adaptive inertia and damping coefficients is proposed based on the characteristics of the second-order system and the system frequency deviations. Finally, a simulation system with the VSG is constructed based on MATLAB/Simulink. The effectiveness of the proposed control strategy is verified by comparing the simulation results to the conventional control strategy with the fixed control coefficients under over-frequency and under-frequency disturbances.
[image: Graphical Abstract]GRAPHICAL ABSTRACT | Focusing on the conventional VSG strategy with fixed control coefficient sacrifices a certain degree of dynamic regulation performance with less robustness, this research proposes an improved VSG strategy with adaptive inertia and damping coefficients to increase the flexibility of VSG.
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1 INTRODUCTION
With the increasingly severe global energy crisis, major countries have shifted their energy acquisition methods from traditional fossil fuels to renewable energy. Wind energy is a kind of clean and environmental-friendly energy (Liu et al., 2023; Zhu et al., 2023). Traditional synchronous generators (TSGs) can provide inertia and damping for the power grid due to the presence of a rotor following disturbances (Liu et al., 2022; Guo et al., 2023; Zhu et al., 2023). Most distributed power generation units are connected to the grid through power electronics. Most of these 31 types of renewable energy generation units are unable to provide inertia and damping as synchronous 32 generators do after a disturbance (Long et al., 2024), thereby resulting in a reduction in spinning reserve capacity and inertia in the power system, particularly for a high renewable energy-integrated power grid (Cheng et al., 2022; Zhou et al., 2023). The power system’s dynamic performance is susceptible to power fluctuations and faults, even leading to instability (Yang et al., 2019). For example, there were two major power outages caused by frequency collapse: in Australia in 2016 and in the United Kingdom in 2019. One of the main reasons for the frequency collapse was the insufficient fault traversal ability of renewable energy and the reduction of system inertia (Björk et al., 2022). Therefore, as the penetration rate of the power electronic equipment increases in a power system, it becomes necessary that power electronic converters can actively provide inertia and damping support capabilities to ensure a stable frequency operation (Cheema, 2020).
Many scholars have suggested the virtual synchronous generator (VSG) strategy to actively provide support capability, which involves upgrading and modifying the control strategy of grid-connected inverters to simulate rotor characteristics (rotational inertia and damping support characteristics) of synchronous generators, so that static inverters also retain damping and rotational inertia support characteristics to the power grid (Hou et al., 2020; Rehman et al., 2021). Thus, it can improve the dynamic support characteristics of inverters and enhance the grid connection ability of grid-connected inverters. This provides a novel research topic for a grid-friendly connection of power generation systems to deal with the issues caused by wind power fluctuations and other disturbances.
Nowadays, although significant progress has been made in the research field of VSG technology, many problems have to be further solved, such as suitable coefficient definition and voltage support. Therefore, many researchers have proposed different improvement control methods of VSGs to enhance the capability of integrating the power grid. Zhong and Weiss (2011) addressed a virtual inertia support strategy for distributed power sources, which can sustain damping and inertia characteristics of a TSG. Zhang et al. (2016) addressed an inertia control strategy that adds a local linearization model of Synchronous generator (SG) in the active frequency droop controller, which can effectively simulate the primary frequency regulation characteristics of the TSG. However, the control coefficient is constant, which sacrifices a certain degree of dynamic regulation performance with less robustness under different operation conditions. Alipoor and Miura (2015) dynamically adjusted the magnitude of inertia in real time based on frequency changes, thereby slowing down rapid frequency changes and improving system frequency stability. However, the influence of damping of the VSG on frequency stability is neglected. Three operating modes for the VSG strategy are addressed to smooth out the frequency fluctuation (Lu et al., 2014). However, it does not provide the value of the moment of inertia and the principle of distinguishing operating modes under the three operating modes. Li et al. (2017) proposed a method for interleaving inertia and damping adaptive control, which has a significant impact on improving system frequency stability. However, the selection principle for damping coefficient was not provided. Thus, the research studies have indicated the feasibility of variable coefficients for VSG. However, the existing strategies of VSG do not provide clear guidelines for determining the control coefficients of inertia and damping control. In addition, using the rate of change of frequency for determining the control coefficient, which is sensitive to the measured frequency, is to easily result in large control coefficients, so as to result in VSG instability.
This article addresses an improved VSG strategy with adaptive damping and inertia coefficients considering system frequency deviations. First, a mathematical model is established to analyze the impact of different control coefficient settings on the characteristics of VSG, and then the root trajectory is used to explore the impact of different rotational inertia and damping coefficients on the stability of the VSG system. Second, an improved control strategy with adaptive inertia and damping coefficients is proposed based on the characteristics of the second-order system and frequency trajectory. Finally, a simulation system embed with VSG is constructed based on MATLAB/Simulink to verify the effectiveness of the addressed strategy with adaptive damping and inertia coefficients under various disturbances.
The organization of the remaining article is as follows: Section 2 introduces a mathematical model of VSG and the impact of different rotational inertia and damping coefficients on the stability of the VSG system based on the root trajectory method. Section 3 proposes an improved control strategy with adaptive inertia and damping coefficients. Section 4 analyzes the effectiveness of the proposed VSG strategy under various disturbances. The conclusion is provided in Section 5.
2 BASIC OPERATING CHARACTERISTICS OF VSG
2.1 Overall control structure of VSG
The VSG strategy not only emulates the characteristics of TSG but also participates in voltage regulation, inertia support, and other control functions, while endowing the static grid-connected inverter with rotational inertia and damping characteristics, so as to enhance its ability to suppress fluctuations (Guo et al., 2023). Figure 1 shows the basic principle topology of the VSG, which consists of two parts: a power control loop and a voltage and current control loop (Qu et al., 2021; Sun et al., 2023). After generating the reference of terminal voltage through the power loop and reference of voltage calculation loop, the corresponding modulation wave is obtained through the voltage and current control loop in the dq coordinate system with the objectives of regulating the power electronic devices on and off. Therefore, it controls the output of the VSG to meet the required voltage and current. Figure 1 shows that P and Q are the active and reactive power outputs of the VSG, respectively; Pref, Qref, and Uref are the reference active power, reactive power, and reference voltage, respectively; and u and e are the output terminal voltage and reference excitation electromotive force, respectively.
[image: Figure 1]FIGURE 1 | Overall control diagram of VSG.
As in Liang et al. (2022), by ignoring the effect of the filtering capacitor C, the relationship between the midpoint voltages of the bridge arm, the terminal voltage, and the inductance current of the VSG is represented as in Eq. 1
[image: image]
where the subscript “abc” represents the component in the abc system.
By using the terminal voltage vector orientation strategy for dq decomposition, the relationship between the voltage and current in the dq coordinate system is
[image: image]
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where i1d, i1q, and ud, uq, respectively, are the current and voltage in the dq system of the converter. ucd and ucq, respectively, are the terminal voltage in the dq system. Y and X1 are the impedance matrix and the inductive reactant, respectively, and X1 = ωL1.
The voltage reference value of the bridge arm is used to obtain the terminal voltage command value, which is fed into the voltage and current control loop in the synchronous rotating system. The voltage loop is used to regulate the terminal voltage, and the current loop is controlled by the inductance current ratio on the converter side.
1) To model the VSG strategy, the rotor motion equation is expressed as (Guo et al., 2023)
[image: image]
where D and J are the coefficients of the damping and rotational inertia of the VSG.
Due to the fact that grid-connected inverters do not have the rotational inertia of synchronous generators, they cannot provide inertia support capability. With the integration of large-scale power electronic systems, the inertia of the power system is gradually decreasing, thereby affecting the stable operation of the power system. Therefore, to address this issue, the control inverter is modified and provides the damping and inertia support to the grid (Li et al., 2023; Yang et al., 2023). The rotor equation of the VSG strategy is the same as Eq. 5, while the control block diagram is illustrated in Figure 2.
2) VSG could regulate the reactive power by emulating the excitation regulation effect of TSG and 130 constructs a virtual excitation controller (Du et al., 2021). This relationship is given as in Eq. 6. 
[image: image]
where Kq and Ku are the coefficients of the reactive-voltage droop and voltage regulation, respectively.
[image: Figure 2]FIGURE 2 | Diagram of VSG control strategy.
3 PROPOSED VSG STRATEGY WITH ADAPTIVE DAMPING AND INERTIA COEFFICIENTS
The damping and rotational inertia coefficients are the core variables in the VSG control system. However, the rotational inertia of SG only depends on the physical characteristics of the internal rotor and is generally constant; the rotational inertia of the VSG is a virtual value that is not constrained by the system, thus its value is relatively flexible and can be designed on the basis of the control objectives.
As shown in Figure 2, the active and reactive powers injected to the electric power system can be expressed as in Eq. 7 and Eq. 8 
[image: image]
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where φ and θ are the power angle and impedance angle of the VSG, respectively.
The inductive component of the line impedance (Xs) in high-voltage and medium-voltage power transmission is usually much higher than the resistive component (Rs). Therefore, the resistive part of line impedance is ignored. Thus, Pe can be re-expressed as (Sun et al., 2023)
[image: image]
When the VSG is connected to the power grid, its frequency is constrained by the grid. Drawing on the small-signal model analysis method of SG, the closed-loop transfer function of the active power control loop for VSG is calculated as
[image: image]
Equation 10 is represented as a typical second-order transfer function system form. The damping ratio and natural oscillation angular frequency are given as in Eq. 11 
[image: image]
According to the theory of automatic control, adjusting the time ts and overshoot σ% is important for the dynamic performance of the system. The performances of the second-order system shown in Eq. 10 are dependent on the setting of the coefficient for D and J. When D is constant, the use of a larger J results in a smaller ξ, larger overshoot σ%, and a longer adjustment time ts. When J is constant, the use of a larger D would result in a larger ξ, smaller overshoot σ%, and smaller ts. Thus, the oscillation frequency is determined by the setting of the coefficient for J, while the setting of D determines the oscillation attenuation rate of the active power response.
To analyze the effect of the setting of D and J on system stability of the VSG, the linearized Eq. 5 would derive the active-power small-signal model of the VSG power controller:
[image: image]
According to Eq. 12, a small-signal model of the VSG power controller in the s domain can be drawn, as shown in Figure 3. The closed-loop characteristic equation of the active power response is obtained as
[image: image]
[image: Figure 3]FIGURE 3 | Small-signal model of VSG.
The various settings of J and D provide an impact on the stability of the VSG. Figure 4 shows the root trajectory with different settings of J and D based on Eq. 13. Obviously, the use of a larger D results in a reduction of the absolute value of the real part, leading to the rapid decay rate and short adjusting period. From Figure 4B, it can be seen that if D is constant, the use of a larger J leads to the open-loop poles being closer to the coordinate origin, which in turn deteriorates the system’s stability. Hence, the coefficient of rotational inertia cannot be a large value. Meanwhile, the large setting of D is beneficial for improving the stability of the VSG. Thus, the setting limitations of D and J can be derived based on the stability analysis.
[image: Figure 4]FIGURE 4 | Root locus with different coefficients of VSG.
Figure 5 shows the system frequency trajectory following a disturbance. During the initial period of disturbance, the change of frequency depends on the moment of inertia of the power system, after that the system frequency deviation becomes large and more attention should be paid so as to arrest the frequency decline. According to the frequency trajectory, the definition of adaptive J can be defined in two parts: the first part is before the frequency nadir and the second part is after the maximum frequency deviation, as shown in Eq. 14. To arrest the frequency deviation, the adaptive D can be designed as in Eq. 15, which only contains one part, with the objective of improving the frequency deviation. Figures 6, 7 show the first part of the control coefficient of inertia and the droop control coefficient, respectively. In Figure 6, the coefficient of J increases as the frequency deviation increases, with the objective of reducing the imbalance power and arresting the frequency decline. In Figure 7, the coefficient of damping increases as the frequency deviation increases, with the aim of reducing the maximum frequency deviation. In addition, the rate shown in Figure 6 and Figure 7 depends on the setting of the regulating factor and the frequency deviation. Figure 8 shows the control diagram of the proposed scheme.
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where J0 and D0 are the initial values of inertia and the damping control loop and are defined by considering the characteristics of the typical second-order transfer function system. Δf, Δfmax, and tnadir are the frequency deviation, maximum frequency deviation, and occurrence time of the maximum frequency deviation, respectively. k and b are the controllable coefficients of damping and inertia coefficients, respectively. In this article, b and k are restricted by considering the stability of the VSG. Thus, the proposed adaptive coefficient would improve the frequency support capability while avoiding instability of the VSG.
[image: Figure 5]FIGURE 5 | System frequency trajectory following a disturbance.
[image: Figure 6]FIGURE 6 | First part of control coefficient J.
[image: Figure 7]FIGURE 7 | Control coefficient D.
[image: Figure 8]FIGURE 8 | Control diagram of the proposed scheme.
Since the rate of change is greatly affected by noise, which can easily cause sudden changes in control gain, the rate of change of frequency would not be considered to define the adaptive control coefficient of J and D control loops. As in Eqs 14, 15, the frequency deviation is employed to adjust the control coefficient of J and D. In Eq. 14, the control coefficient J linearly increases with the frequency deviation to reduce the imbalance power and starts from 0.2, which is the initial value. As the frequency deviation increases, the control coefficient of J increases until the maximum frequency deviation is captured. After the maximum frequency deviation, the coefficient of J decreases to J0 to avoid the negative impacts on frequency rebounding. In Eq. 15, the control coefficient increases with the frequency deviation so as to decrease the maximum frequency deviation.
To ensure the occurrence time of the maximum frequency deviation, the frequency deviation detector is used. As in Eqs 16, 17, if the frequency deviation is less than the absolute value of 0.001 Hz while the rate of change of frequency is less than 0.01 Hz/s, it means that tnadir is captured.
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Once the thresholds in Eqs 16, 17 are met, it means that the frequency nadir is detected and tnadir would be marked. This approach might detect the frequency nadir slightly later or earlier than the actual frequency nadir. However, it does not have a severe impact on the frequency support capability since the output power of the VSG would change excessively.
Figure 9 shows the flowchart of the proposed VSG strategy with adaptive control coefficient. The frequency deviation is measured to calculate the control coefficient of J and D depending on Eqs 14, 15. Meanwhile, the frequency deviation and rate of change of frequency are calculated, which is used to switch the calculation for the second part of J. In addition, the calculated J and D are restricted to the upper limits of causing instability of the VSG.
[image: Figure 9]FIGURE 9 | Flowchart for the proposed VSG scheme.
This article suggests an improved VSG strategy with adaptive inertia and damping coefficients. Such coefficients are defined in Eqs 14, 15 and are restricted by the derived limitation based on stability. As the frequency deviation increases, the control coefficients become large to increase the flexibility of VSG so as to improve the frequency support capability. In addition, for the coefficient of inertia, it changes to the initial value when the frequency nadir is detected to avoid the neglected impact on the frequency rebounding period.
4 SIMULATION RESULTS
To indicate the effectiveness of the addressed VSG strategy with adaptive control coefficients, a model embedded with a VSG is built in MATLAB/Simulink, as shown in Figure 10. Table 1 shows the parameters for simulation. The reactive power and active power of the load is set to 2 kvar and 12 kW, respectively. The initial operating condition of the VSG is 2 kW. As a disturbance, at 0.5 s, the active power of the VSG suddenly increases and then decreases after 0.8 s for Case 1 and Case 2, and the active power of the VSG suddenly decreases and then increases after 0.8 s for Case 3 and Case 4. In the simulation results, J fixed and D fixed mean that the VSG with fixed inertia and damping coefficients are employed. In addition, J variable and D variable mean that the adaptive inertia and damping coefficient are employed in the VSG.
[image: Figure 10]FIGURE 10 | Simulation model of VSG connected to the AC system.
TABLE 1 | Parameters of the simulation model.
[image: Table 1]Figure 11 shows the step response curves of the output active power of the VSG under the different control coefficients of damping and inertia control of the VSG. During the initial period of disturbance, compared with using a constant J strategy, using a variable J strategy can effectively suppress frequency decrease. As the frequency deviation increases, using a variable damping coefficient strategy can reduce the frequency deviation. At the same time, when using an excessively large J strategy, it will generate a large overshoot.
[image: Figure 11]FIGURE 11 | Comparison results with various control coefficients for Case 1.
Figure 12 shows the comparison results of system frequency and VSG output under different control coefficients of damping and inertia control of the VSG for Case 2. As shown in Figure 12A, at 0.5 s, the active power of the VSG suddenly increases to 12 kW, and the maximum frequency deviation of the VSG under fixed control parameters is 0.632 Hz. When using the adaptive coefficients of damping and inertia, the maximum frequency deviation reduces to 0.222 Hz. When the power suddenly drops, the maximum frequency deviation of the VSG under fixed control parameters is 0.633 Hz. When using an improved VSG strategy with adaptive damping and inertia coefficients, the maximum frequency deviation reduces to 0.221 Hz. Figures 12C, D show the changes in J and D. The adaptive change of the coefficients of damping and inertia based on the frequency deviation has a significant impact on the maximum frequency deviation and df/dt so as to smooth out the out fluctuation of VSG outputs, thereby effectively improving the grid connection ability of the VSG.
[image: Figure 12]FIGURE 12 | Comparison results with various control strategies for Case 2.
Figure 13 shows the comparison results of system frequency and VSG output under different control coefficients of damping and inertia control of the VSG for Case 3. Similar to Case 1, during the initial period of disturbance, compared with using a constant J strategy, the VSG employs a variable J strategy that could effectively suppress frequency decline. With the increasing frequency deviation, the VSG using a variable damping coefficient can decrease the frequency deviation. In addition, when the VSG uses an excessively large J strategy, a large overshoot would be caused.
[image: Figure 13]FIGURE 13 | Comparison results with various control strategies for Case 3.
Figure 14 shows the comparison results of system frequency and VSG output under different control coefficients of damping and inertia control of the VSG for Case 4. At 0.5 s, the active power of the VSG suddenly decreases and then the output power is suddenly recovered at 1.5 s, which is the inverse disturbance to Case 2. During the first disturbance, the maximum frequency deviation of the VSG under fixed control parameters is 0.68 Hz. When the VSG uses the adaptive coefficients of damping and inertia, the maximum frequency deviation reduces to 0.26 Hz. During the second disturbance, the maximum frequency deviation of the VSG under fixed control parameters is 0.67 Hz. When the VSG uses an improved VSG strategy with adaptive damping and inertia coefficients, the maximum frequency deviation reduces to 0.26 Hz. The adaptive variation of coefficients for damping and inertia control has a significant impact on the maximum frequency deviation and df/dt so as to smooth out the fluctuation of VSG outputs, thereby effectively improving the grid connection ability of the VSG.
[image: Figure 14]FIGURE 14 | Comparison results with various control strategies for Case 4.
5 CONCLUSION
Under various operations of the VSG, the inertia and damping support capabilities are different, and the conventional VSG strategy with fixed control coefficients sacrifices a certain degree of dynamic regulation performance with less robustness. This article addresses an improved VSG strategy with adaptive damping and inertia coefficients considering the system frequency deviations and stability of the VSG. The conclusions are as follows: 1) a mathematical model is established to analyze the impact of various parameters on the characteristics of the VSG, and then the root trajectory is used to explore the impact of different rotational inertia and damping coefficients on the stability of the VSG system. In addition, the oscillation frequency is dependent on the setting of inertia during which the setting of D determines the oscillation attenuation rate of the active power response. 2) When compared with the conventional fixed coefficient, the VSG control strategy, the proposed control strategy can reduce the maximum frequency deviation and increase the robustness of the VSG, thereby improving the integrating capability of the VSG under various over-frequency and under-frequency disturbances. Thus, the addressed adaptive control coefficient would enhance the system frequency regulating capability while avoiding the instability of the VSG. In the future, multi-VSGs are to be considered for designing the coordinating inertia and damping control strategy.
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