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With the sustained popularity of renewable energy generation, high penetration of variable energies, e.g., wind and solar, is reshaping the form of power systems and weakening the strength of the grid. The stability mechanism of the grid-connected converter in a weak power network, however, has yet to be evaluated. This paper establishes impedance and transient models for Grid-Following (GFL) as well as Grid-Forming (GFM) converters through the impedance analysis method and equal area criterion analysis method. The stability of these two control methods is then comprehensively studied under small and large interference with different grid conditions. The analytical results show that the GFM control is more stable against small disturbances in a weak network. In contrast, it is prone to a significant disturbance stability problem in the strong grid due to the large grid impedance. The GFL control is more suitable for a vigorous power grid, whereas introducing oscillation in a weak power grid due to its negative damping. Simulation experiments have verified the accuracy of the analytical results.
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1 INTRODUCTION
To render the electric power system more sustainable, replacing conventional fossil fuel-based power plants with Renewable Energy Sources (RESs) based on power electronic interfaces to the grid is an inevitable trend (Bikdeli et al., 2022), Currently, most RESs are connected to the grid using Grid-Following (GFL) control, which tracks the Point of Common Coupling (PCC) voltage phase and controls the current output in real time through a Phase-Locked Loop (PLL). These GFL RESs can be characterized as controllable current sources (Wen et al., 2015), which are suitable for connection to a strong power grid (Poolla et al., 2019; Chen et al., 2021). However, in a weak power grid, where the grid impedance is very high, it is difficult to guarantee the stability of GFL converters. To improve the system’s stability, RESs must actively form potential high points on the grid to provide voltage and frequency regulation. These control methods that can achieve the abovementioned functions are so-called Grid-Forming (GFM) control (Wu et al., 2016; Lasseter et al., 2019; Khan et al., 2022). Unlike GFL control, GFM RESs present controllable voltage source characteristics with respect to the grid (Chen et al., 2021), and can provide inertia and damping to the system (Chen et al., 2020; Orihara et al., 2021; Xiong et al., 2022), which can enhance the synchronization stability of grid-connected RESs in a weak grid (Anttila, et al., 2022).
Both control strategies (GFL and GFM) have stability problems in different conditions (Lourenço et al., 2021). Suppose we want to compare the stability of grid-connected converters with these control strategies comprehensively and profoundly. In this case, we need to start from two aspects: small disturbance stability and large disturbance stability (Xiong et al., 2020). The most popular analysis methods for assessing power systems’ small disturbance stability problem can be divided into time and frequency domain methods (Xiong et al., 2015; Wang et al., 2018; Wu et al., 2018; Chen and O’Donnell, 2019; Yu et al., 2021). Based on the frequency domain analysis of the impedance model, actual grid-connected converter and AC line impedance models are established. Then the stability criteria of impedance are used to evaluate the system stability. Zhang et al. (2019) and Zhang et al. (2017) state that the sequential impedance has a clear physical meaning compared to the dq-domain impedance and can be measured directly. Therefore, the sequential impedance is more suitable for large-scale RES analysis and practical engineering applications. Feng et al. (2022) investigates the stability of GFL inverters considering grid impedance and proposes several cases of small signal instability caused by positive and negative sequence components. A voltage-controlled and current-controlled VSG (Virtual Synchronous Generator) sequential impedance model is developed (Wu et al., 2018). It is pointed out that the volt-age-controlled type is more suitable for weak grids than the current-controlled VSG. The precise sequence impedance models are derived for the load virtual synchronous machine (LVSM), and the influence of grid impedance on its small disturbance stability is analyzed (Liu et al., 2020).
The new generation power system’s large disturbance stability analysis methods are evaluated: stepwise integration, direct, and linear (Gurrala et al., 2015; Pan et al., 2019). The linear method shows that the converter is stable when a stable equilibrium point exists for its operation after the disturbance (Gao et al., 2016). However, Göksu et al. (2014) presents a viewpoint against the linear approach, i.e., in some cases where a stable equilibrium point exists in the system, the grid-connected converter may also suffer from transient instability. Considering the nonlinear characteristics of the grid-connected converter, Tang et al. (2022) and Wu et al. (2019) propose a method to analyse the large-signal stability of the grid-connected converter using the equal-area criterion. Chen et al. (2019) and Chen et al. (2022) analyze the effect of capacity limitation and PLL frequency limiter on the stability of large disturbances in a GFL converter based on the equal-area criterion, respectively. Chen et al. (2020) proposes a high precision model for GFL converters to capture the effect of current transients on the stability of large disturbances. Based on the above literature, the studies on the stability of grid-connected converters of GFL and GFM types are at the early stage of separate discussions. As a result, few comparative studies on their stability are provided. There needs to be a more exhaustive comparison and discussion on the stability of small and large disturbances for these two control methods.
This paper presents the small interference impedance analysis method and the large interference equal-area criterion analysis method of GFL and GFM converters, aiming at comprehensively comparing the stability of these two converters. The main contributions of this paper are as follows:
(i) The positive sequence impedance models of the GFL and GFM converters are established to evaluate their small disturbance stability.
(ii) The transient models of the GFL and GFM converters are established to evaluate their large disturbance stability.
(iii) The stability of the two different control strategies under different grid conditions, especially the weak grid, is wholly and comprehensively compared and verified by combining the above analysis.
The topology and control strategies for GFL and GFM converter systems utilized in this work are presented in Section 2. Section 3 illustrates the impedance model along with its characteristic analysis. Section 4 analyses the large disturbance synchronous stability. Results and discussion for two control strategies in different network conditions are presented in Section 5. Conclusions are presented in Section 6.
2 TOPOLOGY AND CONTROL STRATEGIES FOR GFL AND GFM CONVERTER SYSTEMS
2.1 GFL converter
The topology of the GFL converter and its control strategy is shown in Figure 1, which consists of a dc bus, a two-level power electronic inverter, an LC filter, a grid impedance, and an ideal voltage source.
[image: Figure 1]FIGURE 1 | Control block diagram of the GFL converter.
Currently, the GFL converter uses a vector control strategy in dq frame. This control samples the output current iabc and voltage ugabc at the PCC and then convert them into dq components. Furthermore, the PLL gives the grid phase angle θ in the synchronous reference frame. The control of GFL converters usually uses a dual closed-loop control, where the external voltage loop aims to maintain the dc bus current constant. In contrast, the internal current loop converts the reference current into a voltage reference signal. Then the modulation module generates the modulating waveform mabc. Finally, the Pulse Width Modulation (PWM) generator drives the converter switching circuit to realize the function of regulating the reactive power on the Alternating Current (AC) side and delivering the active power generated by the RES to the grid. For simplicity, the Direct Current (DC) bus voltage Udc is assumed to be constant, and the outer loop is ignored for modeling processes in the following sections. The transfer functions of the sampling Gdel(s), the inner-loop current controller Hc(s), and the PLL controller HPLL(s) are given in Eqs 1–3, respectively.
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where Gdel and Tdel are the sampling gain and sampling delay, respectively; Kp-c and Ki-c are the Proportional-Integral (PI) control parameters in the current loop; and Kp-pll and Ki-pll are the PI control parameters in the PLL control loop.
2.2 GFM converter
Figure 2 shows the topology of the GFM converter and its control strategy. The GFM control actively forms the voltage output at the PCC point by simulating the synchronous machine power angle characteristics. At the same time, it controls the virtual turn angle according to the active power instead of collecting the voltage and phase at the PCC point through the PLL, and its modulation method is the same as that of the GFL type. The active power control loop of the GFM control simulates the swing equation of a conventional synchronous generator to provide virtual inertia and achieve primary frequency regulation. In contrast, its reactive power control simulates a conventional synchronous generator’s primary voltage regulation characteristics. The virtual rotor equation of motion of the GFM converter is shown below.
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where J is the virtual inertia coefficient; Dd is the damping coefficient; ωN and ω are the nominal and virtual angular frequencies, respectively; and θ is the phase angle generated by the active power control loop; Pref and Pe are the reference active power and the actual active power output, respectively.
[image: Figure 2]FIGURE 2 | Control block diagram of the GFM converter system.
The excitation system of a synchronous generator is controlled by the excitation current, while the equivalent variable in the inverter control is the reference voltage. Therefore, by simulating a synchronous generator’s excitation current control method, the control equation for voltage regulation can be obtained as follows.
[image: image]
where G(s) is the voltage regulator. Uref and Um are the effective values of the reference and measured voltages, respectively.
The primary voltage regulation equation of the synchronous generator can be expressed as:
[image: image]
where Dq denotes the reactive power regulation coefficient; Qref and Qe are the reference reactive power and real-time reactive power, respectively; and UN is the effective value of the rated voltage.
Combining Eqs 6, 7, the Q-V equation can be obtained as follows.
[image: image]
Considering the consistency, the reactive power control loop can be rewritten similarly to the active power loop:
[image: image]
where [image: image] is the equivalent inertia coefficient of the reactive power loop; E is the effective value of the internal voltage.
The power calculation module in Figure 2 is derived based on the instantaneous power theory. The instantaneous active power Pe and reactive power Qe output of the GFM converter can be calculated as:
[image: image]
where iα, iβ and vα, vβ are the currents and voltages measured in the αβ reference frame, respectively.
Then, the modulated waves of the grid-connected converter are generated from the active and reactive power control loops, which can be expressed as follows.
[image: image]
3 IMPEDANCE MODEL AND CHARACTERISTIC ANALYSIS
The grid-connected converter is controlled in a synchronous rotating frame and is stationary concerning the three-phase voltage vector. Considering the characteristics of different impedance modeling methods, sequence impedance modeling based on harmonic linearization applies to GFL and GFM converters. This section presents the small-signal positive sequence impedance modeling of the GFL and GFM control, and their characteristics are compared.
The basic concept of harmonic linearization is that the nonlinear output can be approximated by the first harmonic component under sinusoidal excitation when the target system satisfies certain conditions (Wu et al., 2018). Thus, the nonlinear system can be approximated as an equivalent linear system. By applying harmonic linearization, the positive sequence impedance of the GFL converter can be calculated as:
[image: image]
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where Vdc and Vd are the dc bus voltage and its steady-state value, respectively; Lf is the filter inductance value; f1 is the grid frequency; Km is the modulation gain; Kd is the current loop decoupling factor; Idr and Iqr are the steady-state values of the d-axis and q-axis current references, respectively.
The positive sequence impedance of the grid-forming control can be calculated as:
[image: image]
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where V1 is the effective value of the voltage at PCC point; φvir = δ+π/2, δ is the virtual power angle; and φi1 is the fundamental current phase.
The system parameters of GFL control and GFM control evaluated in this paper are shown in Tables 1, 2. The control parameters ensure good dynamic performance and can be utilized to analyze their stability when connected to the weak grid.
TABLE 1 | GFM control parameters.
[image: Table 1]TABLE 2 | GFL control parameters.
[image: Table 2]The amplitude-frequency characteristic curves of the positive sequence impedance for GFM control and GFL control are shown in Figures 3, 4. In the figures, the blue and red lines indicate the positive sequence impedance model and the impedance Zg(s) of the grid, respectively. Comparing Figures 3, 4, we can see that the impedance amplitude of the GFM control is smaller than that of the GFL control in the low and medium frequency bands due to the external characteristics of the GFM control are expressed as a voltage source with a small equivalent output impedance. In contrast, the external characteristics of the GFL control are expressed as a current source with a more significant equivalent output impedance. At the same time, the positive sequence impedance of the GFM control is inductive, which is consistent with the impedance characteristics under the weak grid. In comparison, the positive sequence impedance of the GFL control is capacitive in the middle frequency band, which leads to the oscillation problem of the GFL control interacting with the inductive grid.
[image: Figure 3]FIGURE 3 | GFM control positive sequence impedance.
[image: Figure 4]FIGURE 4 | GFL control positive sequence impedance.
4 LARGE DISTURBANCE SYNCHRONOUS STABILITY ANALYSIS
4.1 GFM large disturbance stability
GFM converter controls its output voltage through the reactive control loop. Assuming that the voltage at the output is a constant value, the grid voltage is Ug∠0, and the grid resistance is ignored, the active power output of the GFM converter can be expressed as follows:
[image: image]
Eq. 16 shows that the active power output Pe is related to the grid impedance Xg, network side voltage, and virtual power angle. Merging Eqs 4, 16, the active power control loop for the GFM control is:
[image: image]
This equation leads to the GFM control transient model (see Figure 5). Eq. 16 determines the system recovery capability, while the deviation of the power reference value Pref from the actual active power output drives the virtual rotor motion, the output angular frequency ω, and the angle δ.
[image: Figure 5]FIGURE 5 | GFM control transient model.
From Eq. 17 and the transient model shown in Figure 5, it is clear that the system restoring capability is related to the grid impedance. The Pe-δ curves of the GFM control with different grid strengths and voltage dips are given in Figure 6. The solid line corresponds to the strong grid with short-circuit ratio SCR = 4, while the dashed line corresponds to the weak grid with short-circuit ratio SCR = 2. When in the strong grid condition, assuming that the GFM control initially operates at the equilibrium point a, when the grid voltage drops from 1 pu to 0.6 pu, the power angle characteristic curve will change from the solid blue line to the solid red line. At that time, the acceleration power Pre-Pe is more significant than zero, and the output angular frequency increases. The drive δ red solid line moves to the equilibrium point b and reaches the maximum angular frequency at point b. After passing through point b, the acceleration power becomes negative, so the system output angular frequency decreases. As shown in Figure 6, the deceleration area is more prominent at this point, and δ can re-stabilize at equilibrium point b. However, if the deceleration area is too small so that the angular frequency is still greater than ωN when passing through point c, the system will lose stability. Therefore, as seen in Figure 6, the weak grid condition indicated by the dashed line leads to a significant decrease in the Pe-δ curve due to the increase in grid impedance. In the same deep voltage dip case, the power angle curve changes from the blue dashed line to the red dashed line after the system contains almost no deceleration area, leading to system instability. The above analysis shows that the reduction in grid strength leads to a reduction in the stability of large disturbances in the GFM control.
[image: Figure 6]FIGURE 6 | Schematic diagram of large disturbance stability analysis of GFM control converters.
4.2 GFL large disturbance stability
GFL control relies on the PLL module to identify terminal voltage Ut to provide synchronous phase θpll for synchronous operation. The large disturbance stability of GFL control mainly depends on the closed-loop control composed of a PLL module and current control. The phase-locked loop dynamics can be represented in Figure 7. Under normal operating conditions, the output current vector I, the terminal voltage vector Ut, and the grid voltage vector Ug rotate at the output angular velocity ωpll of the PLL in a GFL system.
[image: Figure 7]FIGURE 7 | Grid-following control phase locked loop dynamics.
Assuming that the dynamic performance of the GFM control meets the requirement that I is consistent with the reference value Idqref In this case, there are:
[image: image]
From Eq. 18, it can be seen that the actual output current I of GFL control is related to Idqref and the PLL dynamics, and its terminal voltage can be expressed as:
[image: image]
where Zg = Rg + jXg represents the line impedance, and Rg is generally small in a large inductive power grid. According to Eqs 18, 19, the PLL dynamics further influence the terminal voltage by affecting the output current. The terminal voltage is added to the PLL module, which, in turn, affects its output phase.
According to the PLL model, the terminal voltage q-axis component can be expressed as:
[image: image]
As can be seen from Eq. 20, utq is determined by grid impedance, grid-side voltage, current reference value, and PLL output phase. Combining Eq. 20 with the PLL dynamics, a transient model with grid control can be obtained (see Figure 8), where δ in the figure is the virtual power angle.
[image: Figure 8]FIGURE 8 | GFL control transient model.
The model in Figure 8 can be organized as:
[image: image]
Where,
[image: image]
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According to the GFL control transient model and Eq. 21, the PI parameter (kp-pll + ki-pll/s) of PLL can be regarded as virtual inertia; Lgidref can be considered as system damping. The deviation between the input uin and Ugsin(δ) drives the PLL action, and outputs angular frequency ωpll and virtual power angle δ. Unlike the configuration control adjustable damping coefficient, there are:
[image: image]
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In other words, when Eqs 25, 26 are satisfied, there is positive damping with GFL control, which is conducive to the recovery of the converter in the transient process. Otherwise, GFL control will appear as negative damping and thus, destroying its large disturbance stability.
Figure 9 shows the utq-δ curve of GFL control under transient conditions. Assuming that the GFL control initially runs at the equilibrium point b, when the voltage input increases from uino to uin, the accelerating voltage (uin-utq) drives utq to point a. At this point, the accelerating voltage is zero, but the angular frequency ωpll is still higher than the synchronous angular frequency ωo, causing δ increase. When the δ is greater than δa, the accelerating voltage becomes negative, and the driving ωpll decelerates to ωo and reaches point c. However, since the accelerating voltage is still negative, the ωpll continues to decelerate below ωo while moving toward point a. If there is positive damping in GFL control, the δ will stabilize at the new equilibrium point. Under the condition of no damping or negative damping, the δ will constantly oscillate between point b and point c, or even away from the original equilibrium point. Since the damping coefficient is negatively correlated with Lg, a large Lg will cause negative damping of the system, resulting in system instability under a weak grid. In addition, increasing Lg will also increase uin, thereby increasing the acceleration area in the transient process, which is not conducive to system stability.
[image: Figure 9]FIGURE 9 | Schematic diagram of large disturbance stability analysis of GFL control converters.
In summary, the impedance of the power grid affects both GFL control and GFM control. Strong grid conditions can improve the large disturbance stability of both controls. However, under a weak power grid, the damping coefficient of the GFM control converter is only determined by the control parameter Dd, which can easily maintain the positive damping effect. However, due to the damping coefficient of the GFL control converter, the parameter Lg is affected. When the grid impedance is high under the weak grid, the GFL control converter will show negative damping and reduce its large disturbance stability.
5 SIMULATION VERIFICATION
In order to verify the correctness of the stability analysis of small disturbance and large disturbance proposed in this paper under weak power grid, a simulation model of electromagnetic transient of GFL control and GFM control is built in Matlab/Simulink. The control parameters are shown in Tables 1, 2 above and the grid reference voltage is 10 kV. The grid inductance lg is set to 0.1062 H for a weak power grid and the short circuit ratio SCR = 2, while the lg is set to 0.0531 H and the short circuit ratio SCR = 4 for a strong power grid.
5.1 Verification of small disturbance stability
In this section, different short-circuit ratios are used to simulate the power grid strength to verify the small disturbance stability of GFL and GFM control under the weak power grid. In the simulation experiment, these controls are first utilized in the strong grid condition (SCR = 4). The impedance switch between GFL and GFM control in 1.5 s, respectively, to make them work in the weak grid condition (SCR = 2). Figure 10 presents the results of the three-phase current simulation experiment under the simulated grid strength of GFL control under different short-circuit ratios and the analysis results of the Total Harmonic Distortion (THD). It can be seen that in a strong power grid, the GFL control can operate stably, and the harmonic components of the output current are nearly zero. The three-phase current remains balanced, but when switching to the weak grid for SCR = 2, the three-phase current waveform has equal amplitude oscillations and loses stability, THD is as high as 20%. In contrast, the three-phase current with GFM control in Figure 11 has amplitude reduction oscillations under the condition of a strong power grid. The oscillation frequency and amplitude comparison performance are smaller than that of the weak grid type and the THD of GFM control under strong power grid conditions is approximately 9%. At the same time, GFM control can operate stably under weak grid conditions, and the three-phase current will be balanced quickly, and THD is only 1%. The simulation results are consistent with the analysis results of the small disturbance stability of the two types of control in a weak power grid in this paper. The small disturbance stability of GFM control under the weak network is significantly better than that of GFL control.
[image: Figure 10]FIGURE 10 | Simulation of three-phase currents with different short-circuit ratios for GFL control and its THD analysis results: (A) Simulation result; (B) THD analysis results for SCR = 4; (C) THD analysis results for SCR = 2.
[image: Figure 11]FIGURE 11 | Simulation of three-phase currents with different short-circuit ratios for GFM control and its THD analysis results: (A) Simulation result; (B) THD analysis results for SCR = 4; (C) THD analysis results for SCR = 2.
5.2 Verification of large disturbance stability
In order to verify the large disturbance stability of GFL and GFM control, the grid voltage drop of different degrees is simulated for these controls based on different power grid strengths. The grid voltage is reduced for a small voltage drop from 1 pu to 0.8 pu at 2.5 s. Figures 12A, B are the three-phase current simulation results of GFM and GFL control under the strong grid condition with SCR = 4, respectively. It can be seen that under strong grid conditions when the voltage drops slightly, both controls can maintain stability after the voltage drops. GFM control in Figure 12A has enough deceleration area to remain stable after a voltage drop. However, its transient process is slightly longer than the GFL control, as shown in Figure 12B. The transient and steady-state currents after returning to stability are more significant than the GFL control. It can be seen that under a strong power grid condition, GFL control can stabilize faster than GFM control after a small voltage drop. The current amplitude of GFL control after stabilization is also lower than that of GFM control, which makes it difficult to exceed the current protection limit after the voltage drop.
[image: Figure 12]FIGURE 12 | Simulation of three-phase currents for GFM and GFL control under strong grid: voltage dips to 0.8 pu: (A) GFM; (B) GFL.
Figures 13A, B are the three-phase current simulation results of the two controls under weak grid conditions with SCR = 2. Under weak grid conditions, although the increase of grid impedance reduces the power angle characteristic curve of GFM control due to the low voltage drop amplitude, GFM control still has a sufficient deceleration area (see Figure 13A). GFM control can remain stable, and the transient and steady-state currents are more substantial and lower in the power grid state. For GFL control shown in Figure 13B, the three-phase current waveform is unstable be-fore and after the voltage drop. The oscillation amplitude increases after the voltage drop because the voltage is initially unstable before and after. The weak grid makes GFL control appear negative damping; thus, the three-phase current waveform is un-stable before and after the voltage drop. The oscillation amplitude further increases after the voltage drop.
[image: Figure 13]FIGURE 13 | Simulation of three-phase currents for GFM and GFL control under weak grid: voltage dips to 0.8 pu: (A) GFM; (B) GFL.
Considering the significant voltage drop, we reduce the grid voltage from 1 pu to 0.6 pu at 2.5 s about these two controls. Figure 14A is the three-phase current simulation results of GFM control under the condition of a strong power grid. According to the analysis of Section 4.1, at this time, due to the acceleration area still tiny than the deceleration area, after a transient process for about 0.4 s, the GFM control under the strong grid is stable after the voltage drop and the three-phase cur-rent is balanced. However, the transient process is more extended, and the steady-state current is high. With the same condition, the GFL control shown in Figure 14B has significantly superior performance after voltage drop, the transient process is shorter, and the current amplitude is unchanged after stabilization, which can better avoid the over-current.
[image: Figure 14]FIGURE 14 | Simulation of three-phase currents for GFM and GFL control under strong grid: voltage dips to 0.6 pu: (A) GFM; (B) GFL.
In the case of a weak grid, the GFM control shown in Figure 15A becomes unstable after the voltage drop. According to the power angle characteristic curve of GFM control shown in Figure 6, due to the large impedance of the power grid, at this time, the power angle curve is significantly reduced. Moreover, the deceleration area is insufficient after the voltage drop, resulting in the instability of GFM control. For Grid-following control under the same condition, as shown in Figure 15B, the three-phase current waveform is similar to the case of a slight voltage drop. The more significant grid impedance makes GFL control unstable before the voltage drop. The voltage drop further aggravates the oscillation due to the negative damping effect. The above simulation results are consistent with the analysis of enormous disturbance stability in Section 4.
[image: Figure 15]FIGURE 15 | Simulation of three-phase currents for GFM and GFL control under weak grid: voltage dips to 0.6 pu: (A) GFM; (B) GFL.
In summary, according to the analysis of the stability of small disturbance and large disturbance of the GFL control and GFM control, as well as the simulation experiment results, the following conclusions can be further drawn: GFL control is more suitable for strong power grids with SCR >4, while instability is prone to occur under weak power grid conditions with SCR <2. On the other hand, for GFM control, under strong power grid conditions with SCR >4, its stability under small disturbances is worse than that of GFL control. However, as SCR decreases, indicating a decrease in grid strength, GFM control gradually outperforms GFL control in terms of stability. Under weak power grid conditions with SCR <2, significant large disturbance stability issues only exist when the grid voltage decreases significantly. In other cases, GFM control demonstrates significant advantages in stability compared to GFL control.
6 CONCLUSION
This paper first compared and analyzed the small disturbance stability of GFL and GFM control based on the impedance analysis method. And then, separately, the paper analyzed the influence of the power grid strength on the large disturbance stability of GFL and GFM control based on the equal area rule. The following conclusions can be drawn from the comparative analysis and simulation results of the two control methods.
(1) The equivalent impedance of the GFL control converter in the medium frequency band is large and capacitive, and it is easy to oscillate when interacting with an inductive power grid. In contrast, the equivalent impedance of the GFM control is small and inductive, which has better small interference stability under a weak power grid.
(2) In strong power grids, GFL control maintains a positive damping effect, whereas under weak grid conditions, GFL control exhibits negative damping, aggravates the oscillation and further deteriorating its significant interference stability. GFM control damping can be adjusted, and its enormous disturbance stability under the weak grid is better than GFL control. However, the large grid impedance will reduce the power angle characteristic curve, and it is easy to have a significant disturbance stability problem in the case of a deep voltage drop.
(3) GFL control is more suitable for application in strong power grid conditions with SCR >4. Under conditions where 2 < SCR < 4, the large disturbance stability and small disturbance stability of GFM control gradually surpass GFL control as the grid strength decreases. Under weak power grid conditions with SCR <2, GFL control exhibits poorer stability, while GFM control only experiences significant large disturbance stability issues when there is a deep voltage drop. Overall, GFM control is more suitable for application in weak power grids compared to GFL control.
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