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The advent of novel power systems has given rise to a multitude of safety and stability concerns associated with the integration of emerging energy sources and power electronic equipment. The active support of the grid-forming control strategy represents an effective solution to the voltage and frequency stability issues associated with the weak damping and low inertia inherent to high-ratio new energy systems. Firstly, a static voltage stability index based on critical impedance is proposed for assessment of the static stability margin of a new energy grid-connected system, based on the static voltage stability theory of a traditional single-unit single-load system. Secondly, an analysis is conducted of the control principle of the grid-forming control converter and its impedance characteristics. In conclusion, a method for enhancing the static voltage stability margin of grid-connected new energy stations through parameter control of grid-forming converters is presented. The simulation verification of the single-feed and multi-feed systems demonstrates the efficacy and accuracy of the methodology presented in this study.
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1 INTRODUCTION
The advent of a significant proportion of new energy has resulted in a shift in the grid structure, whereby traditional synchronous generator sets are no longer the dominant force. Instead, the grid is now co-dominated by both synchronous generator sets and non-synchronous generator sets, with the latter represented by new energy. The high proportion of new energy in the system gives rise to a series of frequency and voltage stability issues, largely attributable to the low inertia and damping characteristics inherent to the technology (Zhang et al., 2021; Chu and Teng, 2023; Linbin et al., 2020a; Zhou et al., 2024). The grid-forming control strategy, which has been the subject of much study, provides superior voltage and frequency support for high-ratio new energy systems (Mingxuan et al., 2022; Mahmoud et al., 2022; Gao et al., 2024; Chaoran et al., 2021). The transient stability of grid-forming converters has been the subject of extensive analysis in most studies (Jingyang et al., 2024; Teng and Xiongfei, 2021; Bo and Xiongfei, 2022). However, there is a paucity of research examining the impact of grid-forming converters on the static voltage stability of the system. The term “static stability of power system voltage” is used to describe the long-term stability of voltage under a given operating condition for a given load and generation capacity (Yue et al., 2019; Ramirez and Murillo-Perez, 2006).
At present, some researchers are evaluating the static voltage stability of new energy power systems using the short circuit ratio (SCR) as a metric. However, most of these studies have identified a slight deficiency in their ability to accurately classify system stability based on the critical short circuit ratio (Li et al., 2021). Moreover, some studies employ the eigenvalue analysis and singular value decomposition methods for evaluation purposes. In Hao et al. (2021), the short-circuit ratio of a multi-feeder DC system is defined at the planning level, and the critical value of the metrics is determined through the sensitivity of the PV curves. However, no online analysis has been reported. In Jian et al. (2019), an online power/voltage stability metric is proposed for calculating the critical value of the metric by simplifying the multi-machine, multi-feed system into a single-machine system. Nevertheless, the method necessitates the acquisition of the Davening equivalent potentials of the nodes or the intra-generator potentials. In Linbin et al. (2020b), a generalised short-circuit ratio is proposed for the assessment of the static stability of the system based on a modal approach to decouple the multi-feed system; however, the calculation process is complex. A data-driven approach based on a moment-based spectral estimation method is proposed to facilitate an understanding of the voltage magnitude changes by synchronising the phasor measurement unit (PMU) data, with a view to taking appropriate measures to prevent system static voltage instability (Fan et al., 2021). A critical short-circuit ratio was proposed as a means of assessing the static voltage stability of power systems that integrate high-voltage direct current (HVDC) transmission (Lee and Andersson, 2016; Hao et al., 2020). In Adewuyi et al. (2019), a battery energy storage system (BESS) was employed for the optimal active and reactive power compensation of a continuously loaded power system, and a voltage stability assessment model was constructed that incorporates transmission line active and reactive current information. To address the increasingly prevalent problem of correlated uncertainty in power grids, a probabilistic modelling approach based on the inherent correlation of uncertain system parameters has been proposed as a means of achieving both static and dynamic voltage stability (Alzubaidi et al., 2024). The traditional continuous power flow (CPF) method is inadequate for accounting for the dynamic characteristics of renewable energy generation, resulting in significant errors in the estimation of renewable energy penetration into power systems. To address this limitation, an extended CPF method is proposed for This study considers the static voltage stability of a high-penetration new energy power system based on the extended Jacobi matrix (Tiezhu et al., 2024), considering the dynamic characteristics of the synchronous generator and the renewable energy generation in the AC constant-voltage control mode. To facilitate the analysis of the impact of the integration of inverter-based distributed generators in different control modes on static voltage stability, a system static voltage stability index is derived for the purpose of evaluating the load state of the distribution network from a complex current model (Yaran et al., 2021). To meet the requirements of voltage stability assessment and to address the issues of class imbalance and poor model generalisation in machine learning, an online assessment method for static voltage stability is proposed in reference (Zhujun et al., 2022). This method is based on the RUSBagging method, which addresses the issue of class imbalance to a certain extent and improves the assessment accuracy of a few class samples.
In conclusion, most studies on static voltage stability focus on the assessment of the static stability of new energy high-penetration systems. The calculation of related assessment methods is complex, and the accuracy of the results is difficult to guarantee. There is a paucity of studies examining the enhancement of static voltage stability in high-percentage new energy and high-percentage power electronic systems. Moreover, numerous scholars have investigated the transient stability characteristics and enhancement techniques of grid-forming converters, yet there is a paucity of in-depth research on static voltage stability. There is a research gap concerning the enhancement of static stability margins through the control of grid-forming parameters. The current methods for enhancing the static voltage stability margin, such as reinforcing the power grid infrastructure and implementing capacitance compensation, necessitate a significant investment in equipment addition or modification. Consequently, the deployment of these solutions in real-world scenarios is fraught with difficulties.
This paper examines the static stability limit power of single-unit single-load systems and single-unit single-feed systems from an impedance perspective, based on traditional static stability. It also determines the impedance magnitude corresponding to the static stability limit power of the new energy grid-connected system. Furthermore, it analyses the impedance characteristics of the grid-forming converter and demonstrates that altering relevant control parameters can modify the equivalent impedance, thereby magnifying limit output power and enhancing static voltage stability margin. Building upon this analysis, a novel method for enhancing static stability limits in new energy field stations based on grid-forming control is proposed. By adjusting control parameters, this approach effectively improves the static stability margin and enhances the grid-forming converter limit power at a low cost with practical applicability.
The contributions of this study are as follows:
(1) Different from the traditional static voltage stability theory, the static voltage stability margin index based on critical impedance proposed in this paper has clear physical meaning and simple calculation.
(2) Based on the control principle of the grid converter, the impedance characteristics of the converter are analysed using small signal perturbation method. It is found that the impedance can be modified by adjusting the sag coefficient of reactive voltage.
(3) A method of increasing static voltage stability margin based on grid-forming control is proposed, which is simple, low cost and easy to be applied in practice.
The rest of this paper is organised as follows: Part II proposes a critical impedance-based static voltage stability margin assessment index for new energy grid-connected systems based on the traditional static voltage stability theory; Part III analyses the control principle of grid-forming converter and its impedance characteristics based on the small-signal model; Part IV elaborates the static voltage stability margin enhancement method for new energy grid-connected systems based on the parameter control of converter; In part Ⅴ, the method proposed in this paper is verified; Finally, the conclusion is made and the future work is expected.
2 STATIC STABILITY LIMIT THEORY ANALYSIS
2.1 Single machine with single load system
As shown in the figure is a single-machine, single-load system, E is the Davening-equivalent potential of the AC large system, Zs is the system-equivalent impedance, and PL + jQL is the load power. After the power system is subjected to small perturbations, no spontaneous oscillations or non-periodic out-of-steps occur, and it can automatically recover to the initial operating state, and the power system is statically stable. When this system reaches the static critical stability, the maximum load power is shown in Equation 1.
[image: image]
When the load absorbed power exceeds this limit, then the system will be destabilised. Therefore, the static stable transmission power limit of the system should be enhanced as much as possible to improve the static stability margin and reduce the risk of static instability of the system as much as possible.
In this paper, the theory related to static stability of high percentage new energy systems is studied from the impedance perspective analysis, and the equivalent impedance of the load when the single-unit, single-load system reaches the static stability limit will be analysed in the following.
For a specific system, its parameters are certain, and when the load equivalent impedance is changed, its absorbed power will be changed. Let the load impedance be expressed as [image: image] , the system impedance be expressed as [image: image] , then the system output complex power can be expressed as
[image: image]
where, UL and IL denote the load voltage and load current. Equation 2 reflects the complex power absorbed by the load from the system, it is not only related to the load impedance magnitude, but also affected by the impedance phase.
The active power absorbed by the load can be expressed as in Equation 3.
[image: image]
Taking the partial derivatives for the magnitude and phase angle respectively, we have
[image: image]
It can be shown in Equation 4 that the load power achieves its maximum value when and only when ZL = Zs and αL = −αs, i.e., when the load impedance is equal in magnitude and opposite in phase to the system. The corresponding limit power is
[image: image]
From Equation 5, reducing the system impedance and phase angle can improve the system limit output power.
SIMULINK is used to build a single machine and single load system as shown in Figure 1, the system potential E = 1, Rs + jXs = 0.4ej80°, the load complex impedance is ZLejα, and the three-dimensional diagram of the absorbed active power with impedance magnitude and phase is shown below, which shows that when the load impedance is equal to the system impedance and the phase is opposite, the absorbed active power reaches the maximum value.
[image: Figure 1]FIGURE 1 | Single machine with single load system.
2.2 Single-machine and single-feed system
The new energy single-machine single-feed system is shown in Figure 2, where Uw, Pw, Qw are the new energy station voltage, active output and reactive output, and the meaning of other symbols is the same as that in Figure 1.
[image: Figure 2]FIGURE 2 | Power change graph.
Comparing Figures 3, 3, although the power transmission direction of the stand-alone single-load system is opposite to that of the new energy’s stand-alone single-feeder system, they have similar structures, and therefore, they have similar properties.
[image: Figure 3]FIGURE 3 | New energy system with single machine and single feed-in.
In the stand-alone single-load system, with the increase of the load power, a voltage dive will occur and lead to voltage instability, while in the stand-alone single-feeder system, a similar phenomenon will also occur. For example, the single machine single-feed system shown in Figure 3 is built in Simulink. Set [image: image] and [image: image] in Figure 3. Increase the active output of the new energy station W continuously, and the voltage and power of the new energy station is as follows:
As can be seen in Figure 4, with the increase of the new energy output power, the voltage of the new energy field station gradually decreases to reach the maximum output power of the new energy, and then continue to increase the active power, the voltage of the new energy field station will plummet, and there is a voltage destabilisation, which is similar to that of the stand-alone, single-fed-in system.
[image: Figure 4]FIGURE 4 | PV curve of new energy field station.
Further, considering the new energy single-feeder system, whether there is a similar single-feeder system, that is, the new energy unit equivalent impedance and the AC system amplitude is equal to the system is in a critical stable state, and can be based on the magnitude of the new energy unit equivalent impedance to determine the voltage stability of the system.
After the above analysis, the new energy grid-connected system has a similar conclusion with the load, when its equivalent impedance is equal to the system impedance, the new energy output power reaches the limit. When the equivalent impedance is greater than the system impedance, the power is less than the limit and the system is stable. When the equivalent impedance is smaller than the system impedance, the output power is greater than the stability limit, and the system is unstable. In this paper, the system impedance is called the critical impedance, based on which the static voltage stability margin of the new energy station is defined.
[image: image]
where Z∆ is the static voltage stability margin expressed as an impedance vector, Zw is the equivalent impedance of the new energy field station, and Zcr is the system impedance or critical impedance.
Based on this index, static voltage stability determination criteria can be described as Equation 7.
[image: image]
Figure 5 gives the curve of the impedance determination index defined in this paper versus the static voltage stability of the system.
[image: Figure 5]FIGURE 5 | Judging indicators and system stability.
3 IMPEDANCE CHARACTERISTICS OF NEW ENERGY VIA GRID-FORMING CONVERTER FOR GRID-CONNECTION
3.1 Grid-forming converter topology and control
Figure 6 shows a typical grid-forming converter topology and control method. Where: Vd is the DC side voltage of the converter, which can be identified as a constant value; ea, eb and ec are the internal potentials of the converter; ia, ib and ic are the output currents of the VSG; iga, igb and igc are the grid-connecting currents of the converter; va, vb and vc are the output terminals of the converter; and Lf, Cf and Rf are the filtering inductances, filtering capacitances and damping resistances of the converter, respectively; Lg and Rg are the equivalent line inductance and resistance of the grid, respectively; vga, vgb and vgc are the equivalent AC system voltages.
[image: Figure 6]FIGURE 6 | Main circuit topology and control method for VSGs.
The active control strategy of the grid-forming converter draws on the inertia and primary frequency regulation characteristics of the synchronous generator; the reactive control strategy simulates the primary voltage regulation characteristics of the synchronous generator. For the voltage-controlled converter, the following expressions are available:
[image: image]
where: J is the virtual rotational inertia; ωv and ωN are the output angular frequency of the converter and the rated angular frequency of the grid, respectively; Ts and Te are the given torque and the electromagnetic torque, respectively; Dp and Dq are the active damping coefficient and the reactive damping coefficient, respectively; Ps and Qs are the active and reactive power given, respectively; Pe and Qe are the instantaneous output active and reactive powers, respectively are the instantaneous output active power and reactive power; θ is the phase of the inverter’s internal potential; KQ is the reactive inertia coefficient; VN and V are the rated voltage RMS and output voltage RMS, respectively; and Ev is the rms value of the inverter’s internal potential.
The output active power Pe and reactive power Qe of the converter can be calculated according to the instantaneous power theory, which is given by Equation 9.
[image: image]
where: iα, iβ are the output current of the converter in the αβ coordinate system; vα, vβ are the output voltage of the converter in the αβ coordinate system.
The modulating waveform of VSG is jointly determined by the outputs of active and reactive controllers with the Equation 10.
[image: image]
3.2 Impedance characteristics of grid-forming converter control system
The converter is controlled in a stationary coordinate system and therefore cannot be modelled in a synchronous rotating coordinate system for small signal linearisation. In this study, the harmonic linearisation method is used to derive the positive sequence output impedance model of the converter. The fp frequency positive sequence voltage perturbation is injected at the point of common coupling (PCC), and according to the 2-fold mirror frequency coupling effect, the main circuit can be decomposed into fp frequency and fp -2f1 frequency equivalent circuits, and its small-signal model is
[image: image]
[image: image]
where the expressions for the components of the filter capacitor voltage va[f], output current ia[f], and inductor current iLa[f] at different frequencies are shown in Equations 13–15.
[image: image]
[image: image]
[image: image]
where: [image: image]; [image: image]; [image: image]; [image: image]; [image: image]; [image: image]; [image: image]; [image: image]; [image: image]. [image: image], and [image: image] are the amplitudes or initial phase angles of the fundamental frequency, the positive-order perturbation component, and the negative-order coupling component of the associated steady state value of X. The amplitudes or initial phase angles of the positive-order perturbation component and the negative-order coupling component of the associated steady-state value of X are the amplitudes or initial phase angles.
The positive sequence voltage perturbation passes through the power control loop causing a phase angle perturbation quantity Δφ such that φ = φ1 + Δφ, where φ1 = ω1t is the fundamental voltage phase angle.
va[f], ia[f] and iLa[f] are park transformed to obtain the voltage-current expression in the dq coordinate system as shown in Equations 16–21.
[image: image]
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where: [image: image][image: image][image: image].
After neglecting the high frequency components, the frequency domain expressions for active and reactive power of the converter are obtained by Equations 22, 23 using the convolution theorem in the frequency domain:
[image: image]
[image: image]
According to the mathematical model of the power control loop in Equation 8, ignoring the small signal quantity of the quadratic term, we obtain the frequency domain expressions shown in Equations 24, 25 for φ and Ev
[image: image]
[image: image]
where: [image: image][image: image].
The voltage-current control dual-loop voltage loop reference is generated by the power control loop, where [image: image] and [image: image], and is inverted by Park’s coordinate inverse transformation to obtain the a-phase bridge-arm voltage response ea[f] as shown in Equation 26
[image: image]
where [image: image] [image: image] are the coefficients of voltage-current related components.
To eliminate the [image: image] frequency coupling current, (Equation 26), is substituted into (Equation 12) to obtain Ip2 with respect to the filter capacitor voltage and output current expressions:
[image: image]
where Dp2(s) can be described as Equation 28.
[image: image]
Bringing Equation 27 into Equation 26 and combining Equations 11, 12, the positive sequence impedance of the converter is obtained by solving as shown in Equation 29.
[image: image]
By analyzing the impact of each control parameter in the impedance expression on the amplitude and phase of the converter impedance, it is evident that only the reactive voltage sag coefficient exerts significant influence. Therefore, this study selects the reactive voltage sag coefficient as the variable for regulating converter impedance. The influence of other relevant parameters on grid-forming converter impedance characteristics is minimal and can be disregarded. It should be noted that when compared with (Cespedes and Jian, 2014), under identical parameter conditions, the equivalent impedance of a grid-forming converter is lower than that of a grid-following converter, thereby reducing its static voltage stability margin to some extent after connection to the system. Consequently, urgent research into methods for improving static voltage stability in grid-forming converter grid-connection scenarios at this stage is warranted.
To verify the correctness of the conclusions of this paper based on the impedance characteristics of the converter, a simulation model of a single machine single-feed system as shown in Figure 3 is constructed. It is proved that the reactive voltage sag coefficient has a large influence on the magnitude and phase of the impedance. The Figure 7 shows the influence of the reactive voltage sag coefficient on the impedance magnitude and phase of the field station.
[image: Figure 7]FIGURE 7 | Effect of reactive voltage sag coefficient on converter impedance characteristics.
It can be seen from Figure 7 that the reactive voltage sag coefficient has little effect on the phase of the power station impedance and a larger effect on the amplitude. Therefore, the influence of the control parameter on the impedance phase is no longer considered in this paper. The following section further proposes the static voltage stability limit enhancement strategy based on the matching of impedance parameters by changing the control parameter to affect the impedance replication of the converter.
4 STATIC STABILITY MARGIN IMPROVEMENT METHOD BASED ON CONVERTER PARAMETER CONTROL
When the power transmitted by the new energy unit to the system increases, its equivalent impedance will gradually decrease, and the corresponding static stability voltage margin will be reduced. Based on the theoretical basis that the converter control parameters can affect its impedance characteristics, this paper proposes the method of static stability margin improvement as follows: Under the current working condition, the impedance at the current output power of the same power is improved by changing the control parameters. When the output power of the new energy is increased to the next level, the corresponding impedance is increased compared with that before the parameter change. Then, according to Equation 6, the static voltage stability margin of the new energy is increased (∆Z2>∆Z1), and the limit output power is increased. Figure 8 shows the power impedance schematic curve when the static voltage stability margin is increased by the proposed method.
[image: Figure 8]FIGURE 8 | Power-impedance curve.
The vertical axis of the graph is the equivalent impedance magnitude of the converter, and the horizontal axis is the output power, the impedance magnitude decreases with the increase of power. Zcr is the equivalent impedance when the power output reaches the critical limit. In the initial working condition, the impedance power curve and the critical impedance curve to determine the limit power for Pmax, by changing control parameters to make its initial impedance from Zw0 increased to Zw0’, the curve and the critical impedance curve to determine the limit power for Pmax’, obviously Pmax > Pmax’.
The objective of this paper is to enhance the static voltage stability margin of a new energy grid-connected system. This is achieved by controlling the parameters to increase the amplitude of the converter impedance at the output of the same power, thereby expanding its margin with the critical impedance and attaining a higher static stability margin.
5 SIMULATION VERIFICATION
To validate the static stability assessment index and enhancement strategy proposed in this paper, this section analyses the static voltage stability margin and enhancement effect of the system before and after applying the strategy in this paper based on the new energy single-feed system and multi-feed system, in which the new energy station takes the wind farm as an example and adopts the grid-forming control strategy.
5.1 Single-feed new energy system
Firstly, the applicability of the strategy proposed in this paper is analysed in a simple single-fed system as shown in Figure 9, and the main parameters of the grid-forming converter are shown in Table 1. The AC system impedance is 2j, and the system voltage is 1. All the simulations in this paper are carried out under the reference value of 100MVA, and the voltage level is set to 110V.
[image: Figure 9]FIGURE 9 | Single-feed new energy system.
TABLE 1 | Main parameters of grid-forming converter.
[image: Table 1]In the Table 1, Vd denotes the inverter DC voltage, Lf, Rf and Cf denote the filter inductance, resistance and capacitance on the AC side, respectively. Le and Re denote the line inductance and resistance. fs is the switching frequency of the inverter. kip and kii denote current inner loop proportional integral coefficients. kvp and kvi denote voltage outer loop proportional integral coefficient. The meaning of the remaining variables has been described in the previous content.
In the system based on the initial parameters listed in Table 2, the outgoing power of the new energy field station is continuously increased by increasing the impedance amplitude and the corresponding impedance amplitude is recorded until the system becomes unstable and the static stabilization limit power is recorded. The equivalent impedance and limit power of the new energy field station at the original converter control parameters and after changing the parameters are given in Table 3. According to the results, the equivalent steady-state impedance of the new energy field station can be improved to a certain extent by changing the reactive voltage sag factor, i.e., the static voltage stability margin is improved. Although the improvement of the steady state margin at steady state is small, the improvement for the ultimate power is still considerable.
TABLE 2 | Initial parameters of the station.
[image: Table 2]TABLE 3 | Static stability indicators under different control parameters.
[image: Table 3]Figure 10A gives the curve of the PCC voltage with the output power of the new energy field station during the whole process under the original control parameters, and the power decreases rapidly after reaching the maximum value, indicating that the phenomenon of static voltage destabilisation occurs. At this time, the corresponding voltage is the critical stabilisation voltage, and the output impedance of the new energy field station is 2.04 (equivalent to the high-voltage side of the system, the same below), which is equal to the size of the AC system impedance, which verifies the static voltage stabilisation method of critical stabilisation impedance proposed in this paper.
[image: Figure 10]FIGURE 10 | Sequence diagram of wind turbine power for different control parameters. (A) Original situation. (B) Changed situation 1 (C) Changed situation 2.
Now, the control parameters of the grid-forming converter are adjusted to verify whether the control strategy proposed in this paper can improve the new energy static voltage stability margin. The reactive voltage sag coefficients are changed to 15 and 22, at which time the voltage and impedance in the process of delivering power increase are recorded, which are given in Figures 10B, C, respectively. The power-voltage curves under three different parameter conditions are given in Figure 11. According to the results, the limiting output power of the new energy field station is increased after changing the control parameters, and the impedance amplitude of the field station is larger at the same power, and the static voltage stability margin characterised by impedance is higher. The converter impedances of the three curves at the critical point are 2.01 p.u. and 1.98 p.u., which are close to the critical impedance of 2 p.u., respectively.
[image: Figure 11]FIGURE 11 | PV curves for different control parameters.
5.2 Multi-feed new energy system
Before validating the effectiveness of the methodology of this paper in multi-feed-in systems, the changes in the limit power and the total power limit of the section are briefly analysed for each field station after applying the proposed strategy.
If the static stability margin of the current field station 2 is low, its static stability limit needs to be improved. When the control parameters are changed so that X2 is increased, for the new energy field station 1, the equivalent system impedance is calculated by Equation 30.
[image: image]
The static stability margin of the new energy field station 1 is obtained by Equation 31.
[image: image]
The increase of the grid-connected impedance of station 2 will lead to the increase of the equivalent impedance Xeq, which will lead to the decrease of the static stability margin of station 1, thus increasing the risk of static voltage instability of the system.
Therefore, it is set in this paper that in a multi-site grid-connected system, the site with smaller static voltage stability margin should be adjusted with priority; Secondly, after adjusting the parameters, it should be verified whether the margin of each site meets the requirements.
It is noted from Equation 32 that although increasing the impedance of a new energy station individually reduces the static voltage stability margins of other grid-connected stations to a certain extent, the overall static stability margins are improved from the point of view of the whole aggregation station, which can withstand a higher power delivery limit.
[image: image]
The application of the method proposed in this paper in the multi-field station grid-connected system is now described. The new energy multi-feed-in system shown in Figure 12 is constructed, the converters are all network-controlled, and the initial control parameters of each station are the same (the same as the single-machine single-feed-in system). The power reference value of the new energy multi-feeder system is 100MVA, the voltage level is 350V, the impedance of the system is 1j, and the relevant parameters of each station under the initial working condition are shown in the following table.
[image: Figure 12]FIGURE 12 | Multi-feed new energy system.
The power-voltage curves of the two stations and the pooling bus are shown in Figures 13–15, respectively, when the control parameters are changed so that the equivalent impedance of Station 1 is increased. After changing the parameters, the static stability margin of the new energy station 1 increases due to the increase of its own impedance, while the margin of the station 2 decreases slightly, but the limit power sent from the pooling bus increases compared with the previous one. The power curves of the pooling bus before and after the parameter change are shown in Figure 16.
[image: Figure 13]FIGURE 13 | Field Station 1 PV curve before and after parameter change.
[image: Figure 14]FIGURE 14 | Field Station 2 PV curve before and after parameter change.
[image: Figure 15]FIGURE 15 | PV curve of the converging bus before and after parameter change.
[image: Figure 16]FIGURE 16 | Power sequences at PCC. (A) Original state. (B) Optimized state.
As can be seen from Figures 13–15, changing the control parameters of a station can appropriately increase the static stability limit margin of that station, but it will cause the static voltage stability margin of other stations to slightly decrease. Overall, the static phone stability margin of the whole grid-connected system is improved greatly, which also proves the feasibility of the method proposed in this paper. The power sequence before and after in Figure 16 shows that the static stability margin of the system is improved after the converter control parameters are changed.
6 CONCLUSION
This study employs an analytical approach to investigate the impedance characteristics of the grid-forming converter, with a view to identifying the control parameters that exert the most significant influence on its impedance amplitude. Based on these findings, a static voltage stabilization enhancement method is put forward, which is predicated upon the impedance characteristics of the grid-forming converter connected to the grid. The following conclusions are obtained:
(1) The critical impedance-based static voltage stability limit evaluation index proposed in this paper can effectively realize the evaluation of the static voltage stability margin of new energy field stations connected to the grid, with clear physical meaning and simple calculation.
(2) The adoption of the virtual synchronous machine control strategy by the grid-forming converter allows for the manipulation of the reactive voltage sag coefficient, which in turn affects the magnitude and phase of its impedance. Consequently, the static voltage stability margin of the system can be enhanced by modifying this parameter.
(3) The static voltage stability margin enhancement strategy based on the impedance characteristics of grid-forming converters is applicable not only to simple single-fed new energy systems, but also to multi-site-fed systems. The strategy has a broad range of applications, straightforward implementation steps, and a minimal calculation volume. No additional equipment is necessary, and the financial outlay is minimal, facilitating practical implementation.
(4) The present study examines the static stability of grid-forming converters that are controlled by a virtual synchronous generator. Subsequently, the grid-forming converters under other control strategies, including droop control and virtual oscillator, will be subjected to further analysis.
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