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For LCC-HVDC system with renewable energy integration, the randomness and variability of renewable energy will cause wide variations in the short-circuit capacity provided by the AC system. To effectively assess the supporting capability of the AC system, this paper proposes an active short-circuit capacity identification method for LCC-HVDC system considering the integration of renewable energy. First, an equivalent AC system was established based on Thevenin theorem, and the equivalent electromotive force was calculated. Then, the sensitivity of the voltage at the point of common coupling (PCC) to the active and reactive power flowing through the PCC was computed. Through sensitivity analysis, the key factors affecting the identification of the equivalent resistance and reactance were studied. Based on this, an active short-circuit capacity identification method combining the switching of filters and changes in DC power was proposed. Finally, a simulation model of LCC-HVDC system with grid-following wind power integration was built in PSCAD/EMTDC for verification. The results show that the proposed method is applicable to AC systems with different impedance characteristics. Moreover, with the increase of the grid-following renewable energy, the short-circuit capacity provided by the AC system shows a decreasing trend. The proposed method can actively identify the short-circuit capacity of AC system with renewable energy, thus provides a theoretical basis for the development of control strategies for LCC converter station under different AC system strength.
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1 INTRODUCTION
With the advancement of the green and low-carbon transformation in the power industry, renewable energy sources such as wind and photovoltaic power have been rapidly developed (Shu et al., 2021). The Line Commutated Converter based High Voltage Direct Current (LCC-HVDC) system, with its advantages in long-distance and large-capacity power transmission, has become a key transmission channel for the efficient consumption and utilization of renewable energy (Liu et al., 2014). For LCC-HVDC system with renewable energy integration, the short-circuit capacity provided by the AC grid at the converter bus is a critical indicator of system stability and a key basis for adjusting the control parameters and strategies of the DC converter station (Zhang and Kang, 2022). However, the large-scale replacement of traditional synchronous generators by renewable energy weakens the strength of the AC grid. Additionally, the intermittent and random characteristics of renewable energy cause the short-circuit capacity provided by the AC grid to fluctuate significantly, presenting challenges to the stable operation of the LCC-HVDC system (Hong et al., 2021). Therefore, accurately and quickly identifying the short-circuit capacity of LCC-HVDC systems with large-scale renewable energy integration is essential.
Many valuable studies have been conducted on active short-circuit capacity identification methods. which can generally be classified into two main technical approaches.
The first approach is the bus short-circuit testing method. Reference (Ma et al., 2017; Sun, 2018) propose conducting multiple artificial short-circuit experiments on AC and DC lines of LCC-HVDC projects to obtain short-circuit currents. Although this method ensures the accuracy of experimental data, it disrupts the normal operation of the grid and introduces safety risks. Reference (Sun et al., 2012) adds system topology analysis to the grid monitoring software, and then calculates the short-circuit capacity at each bus in the grid based on the grid model and traditional calculation methods. However, this approach relies on the premise that the grid monitoring system has comprehensive coverage.
The second method is the Thevenin equivalent impedance calculation method. Reference (Chu and Teng, 2021; Sanjay et al., 2022) combines traditional detection with machine learning to obtain the system Thevenin equivalent parameters by solving a nonlinear regression problem. However, in practice, the available real-time information is extremely limited, which cannot provide enough training samples, and the engineering application of artificial intelligence algorithms requires further development. Some studies have used the injection of non-characteristic harmonic currents into the AC grid to derive the Thevenin equivalent. Reference (Asiminoaei et al., 2005; Petrella et al., 2009) propose injecting harmonic currents of non-characteristic frequencies into the AC grid through the inverter’s inner control loop, calculating the equivalent impedance of the AC grid at the injected harmonic frequencies, and then identifying the fundamental frequency equivalent impedance. The AC grid is then modeled as a Thevenin equivalent circuit to calculate its short-circuit capacity. On this basis, reference (Wu et al., 2021) addresses the difficulty of phase angle identification in weak grids by proposing a dual-harmonic injection impedance identification method, which reduces the Total Harmonic Distortion (THD) of the grid-connected inverter current. Reference (Yang et al., 2018) focuses on scenarios where specific background harmonic components dominate the grid voltage and proposes a method for detecting grid impedance using a modular complex filter with non-characteristic subharmonic injection.
Some literature also performs the Thevenin equivalent of the AC grid by applying active/reactive power disturbances. Reference (Ciobotaru et al., 2007; Choi et al., 2010) propose applying active and reactive power disturbances to the inverter control loop, measuring voltage and current magnitudes and phases at the common AC bus before and after the disturbances to calculate the AC grid’s equivalent impedance. Reference (Li et al., 2022) proposes an active disturbance injection-based impedance measurement method. This method requires a high signal-to-noise ratio, and large disturbance signals are detrimental to the normal operation of the system under test. Reference (Ye et al., 2022) applies active and reactive power disturbances to the AC grid separately, using node voltage equations and Ohm’s law to decompose the grid into active and reactive power balance circuits, improving the accuracy of the grid’s equivalent impedance and short-circuit capacity identification. Reference (Abdi et al., 2022) demonstrates that under the conditions of rapid phase measurement technology, real-time tracking of system parameters can be achieved using local measurement information from multiple time instances, which provides an important reference for real-time monitoring of voltage support. Based on this, reference (Yu et al., 2024) focuses on renewable energy multi-infeed systems, and proposes an algorithmic flow covering system parameter identification, real-time index calculation and safety warning analysis, which can be used to evaluate the real-time voltage support. Reference (Hao et al., 2023) focuses on the MMC-HVDC system, proposing an online identification method for the equivalent impedance of the AC grid based on reactive power disturbance injection. Reference (Pan et al., 2023) focuses on the LCC-HVDC system, where short-circuit capacity is calculated by measuring the changes in the electrical quantities at the converter bus before and after switching the filter. However, the above methods do not account for the changes in the impedance characteristics of the AC system after the large-scale integration of renewable energy. In summary, in the study of short-circuit capacity identification, the artificial short-circuit test method can directly obtain short-circuit current but poses safety risks. Most Thevenin parameter identification methods are focused on AC grids or renewable energy stations and have not yet been applied to LCC-HVDC system with renewable energy integration. Therefore, it is necessary to propose an active short-circuit capacity identification method for LCC-HVDC system considering the impact of renewable energy integration.
The rest of the paper is organized as below. The Section 2 introduces the model of LCC-HVDC system with renewable energy integration, performing Thevenin equivalent of the AC system and analyzing the characteristics of short-circuit capacity variation. In Section 3, the expression for the equivalent system’s source electromotive force is derived. Based on this, the sensitivity of the PCC (Point of Common Coupling) voltage to the active and reactive power flowing through the PCC is calculated. Sensitivity analysis identifies the key factors affecting the identification of the equivalent resistance and reactance parameters. Building on this, an active short-circuit capacity identification method is proposed, which combines filter switching with DC power variation. In Section 4, a simulation model of a LCC-HVDC system with grid-following renewable energy at the sending end is built in PSCAD/EMTDC for validation. The results show that the proposed method is applicable to AC systems with different impedance characteristics, and that as the output of the grid-following renewable energy increases, the short-circuit capacity provided by the AC system shows a decreasing trend. Section 5 concludes the paper.
2 THE MODEL OF LCC-HVDC SYSTEM WITH RENEWABLE ENERGY INTEGRATION AND SHORT-CIRCUIT CAPACITY ANALYSIS
2.1 System structure
Taking the case of renewable energy located at the sending-end AC system, the schematic diagram of the LCC-HVDC system with renewable energy integration is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Schematic diagram of the LCC-HVDC system with renewable energy integration.
As shown in Figure 1, the system mainly consists of the renewable energy source (Region Ⅰ), traditional synchronous power source (Region Ⅱ and Ⅳ), and LCC-HVDC system (Region Ⅲ). Here, Ug is the voltage at the renewable energy station output, and Rg and Xg are the equivalent resistance and reactance of the renewable energy branch, respectively; Us is the rectifier-side traditional AC source electromotive force, and Rs and Xs are the resistance and reactance of the traditional power source line; Usi, Rsi and Xsi are the electromotive force and impedance parameters of the inverter-side traditional AC source. Upcc​ is the RMS voltage at the Point of Common Coupling (PCC), where renewable energy is integrated into the grid. To analyze the short-circuit capacity provided by the AC system, the rectifier-side AC system can be equivalently modeled, as shown in Figure 2.
[image: Figure 2]FIGURE 2 | Equivalent analysis model of the sending-end AC system.
2.2 Short-circuit capacity analysis
The short-circuit capacity of the LCC-HVDC system refers to the apparent power at the converter bus during a three-phase short circuit, which is the product of the rated voltage at the converter bus and the short-circuit current provided by the AC system to the converter bus, as shown in Equation 1. The larger the short-circuit capacity, the stronger the voltage support capability of the AC system and the better the voltage stability at the PCC point.
[image: image]
Where Eeq is the electromotive force of the equivalent AC system; UN is the rated voltage at the converter bus and Zeq​ is the impedance of the equivalent AC system.
As shown in Figure 1, taking the rectifier side as an example, when no renewable energy is integrated, the short-circuit current at the converter bus is entirely provided by the traditional synchronous power source (Region Ⅰ). In this case, the short-circuit capacity is mainly related to the terminal voltage Us of the traditional synchronous power source and the line impedance Rs,Xs ​. The higher the terminal voltage and the lower the line impedance, the greater the short-circuit capacity that the AC system can provide. However, when renewable energy is integrated into the AC system, the short-circuit current is provided jointly by both renewable energy and the traditional synchronous power source. The composition type of renewable energy, control strategy, grid connection method, and the output ratio between renewable energy and traditional power sources all influence the variation characteristics of short-circuit current, which in turn affects the short-circuit capacity of the LCC-HVDC system. Therefore, it is necessary to propose an active identification method for short-circuit capacity that takes the impact of renewable energy into account, in order to analyze the change of AC system strength after the integration of renewable energy.
3 ACTIVE IDENTIFICATION METHOD FOR SHORT-CIRCUIT CAPACITY OF LCC-HVDC SYSTEM WITH RENEWABLE ENERGY INTEGRATION
3.1 Principle of active identification of short-circuit capacity for LCC-HVDC system with renewable energy integration
From the above analysis, it can be seen that by obtaining the electromotive force and impedance parameters of the equivalent AC system, the short-circuit capacity at the PCC can be calculated using Equation 1.
Based on the equivalent analysis model of the system shown in Figure 2, we can obtain:
[image: image]
In Equation 2, Ieq is the current flowing into the PCC from the equivalent AC system.
The power injected into the PCC by the equivalent AC system can be given by Equation 3:
[image: image]
Taking the PCC point voltage as the reference phasor, by combining Equations 2, 3, the equivalent electromotive force is obtained as follows in Equation 4:
[image: image]
Where ΔU is the longitudinal component of the voltage drop, and δU is the transverse component of the voltage drop. The phasor diagram is shown in Figure 3:
[image: Figure 3]FIGURE 3 | Phasor diagram of the voltage variation in the equivalent AC system.
Simplifying Equation 4 gives:
[image: image]
The traditional short-circuit ratio identification method typically assumes that at high voltage levels, the line impedance angle is large, and the line resistance can be neglected. It is approximately considered that the line impedance Z ≈ Xeq. In this case, Equation 5 can be simplified as:
[image: image]
In Equation 6, the unknowns are Eeq and Xeq. The traditional method changes the system operating conditions by switching the filter, obtaining two sets of Upcc, P and Q (namely, Upcc1, P1, Q1 and Upcc2, P2, Q2 before and after the filter switching), then substituting them into Equation 6 to solve for the equivalent parameters. The expression is as follows:
[image: image]
Where the subscripts 1 and 2 represent the measured electrical quantities at the PCC under different operating conditions.
However, for LCC-HVDC system with renewable energy integration, first, the different grid connection methods of renewable energy can affect their electrical characteristics. For example, Grid-following (GFL) control is typically equivalent to a current source, while Grid-forming (GFM) control is typically equivalent to a voltage source. Additionally, the transmission lines from the renewable energy station to the converter bus usually include multiple segments of low-voltage level lines, where the line impedance angle is small, and the resistance component cannot be ignored. Therefore, the impedance characteristics of the equivalent AC system with renewable energy integration are not well-defined, and ignoring the line resistance may lead to inaccurate identification results. As a result, it is necessary to propose a short-circuit capacity identification method that simultaneously considers both the resistance and reactance characteristics.
Without neglecting the resistance, and assuming that the equivalent electromotive force and impedance of the AC system remain unchanged, Equation 5 contains three constant unknowns: Eeq、Req and Xeq. Therefore, it is necessary to change the system operating conditions to obtain three sets of Upcc as well as the active and reactive power flowing through the PCC. By combining these, Eeq、Req and Xeq can be solved, as shown in the following equation:
[image: image]
3.2 Active identification method for short-circuit capacity of LCC-HVDC systems with renewable energy integration
The following analyzes how to set the system operating conditions to obtain valid operating parameters. First, it is approximated that the phase angle of the equivalent electromotive force is close to that of the PCC voltage, and δU is neglected. Equation 4 can then be simplified in Equation 9:
[image: image]
The sensitivity of the PCC point voltage to active and reactive power can be solved as follows:
[image: image]
Let the denominator of Equation 10 be approximated as Upcc ≈ UN. Sensitivity analysis shows that, aside from the electromotive force Eeq, when the active power P injected at the PCC changes, the voltage variation at the PCC is mainly related to the equivalent resistance Req. Conversely, when the reactive power Q at the PCC changes, the voltage variation at the point is primarily influenced by the equivalent reactance Xeq. If multiple active power disturbances are applied to obtain electrical parameters under different operating conditions, the identification of the reactance parameters will be biased due to the insensitivity of the reactance to active power variations. Similarly, applying multiple reactive power disturbances will lead to bias in the resistance identification results due to the insensitivity of the resistance to reactive power variations. Therefore, to accurately identify the equivalent resistance and reactance parameters, both the active power and reactive power injected at the PCC point must be changed simultaneously. After obtaining the corresponding electrical parameters, Eeq、Req and Xeq can be effectively identified.
According to Figure 2, ignoring the active power injected by the AC filter into the converter bus, the power coupling relationship at the PCC is as follows:
[image: image]
Where Pd​ is the active power transmitted by the LCC-HVDC system, Qd is the reactive power consumed by the converter station, and Qc​ is the reactive power compensated by the filter.
As seen from Equation 11, changing the active power Pd​ transmitted by the HVDC system can cause a change in the active power P injected into the converter bus by the AC system. The reactive power Q injected into the converter bus by the AC system is related to the reactive power consumed by the converter station Qd and the reactive power compensated by the filter Qc​. In LCC-HVDC system, there is a coupling between Pd​ and Qd, so when the active power changes, the reactive power consumed will also change. However, since the active power transmitted by the LCC-HVDC system cannot be significantly reduced during online identification, the variation in reactive power caused by changing Pd​ is small. Therefore, in this study, the reactive power compensation Qc ​injected into the converter bus is modified by disconnecting the filter, leading to a change in the reactive power supplied to the converter bus by the AC system.
As previously analyzed, both active power and reactive power changes need to be coordinated to achieve accurate identification of the resistance and reactance parameters. Based on this, this paper proposes an active identification method for the short-circuit capacity of LCC-HVDC system with the integration of renewable energy. The main process is outlined as follows, and the schematic diagram is shown in Figure 4, with flow chart shown in Figure 5.
(i) Step 1: Measure the RMS voltage at the PCC Upcc1 under rated operating conditions, along with the active power P1 and reactive power Q1 injected into the point by the AC system at this time.
(ii) Step 2: Disconnect a set of filters at the converter station to induce a change in the reactive power compensation. Measure the RMS voltage at the PCC Upcc2​, as well as the active power P2 and reactive power Q2 injected into the point by the AC system at this time.
(iii) Step 3: Change the DC power of the LCC-HVDC system using step current or power command values. After the system stabilizes, measure the electrical quantities Upcc3, P3, and Q3​.
(iv) Step 4: Substitute the measurements from steps (i) to (iii) into (8) and solve for the equivalent AC system’s electromotive force Eeq and impedance parameters Req ​ and Xeq ​.
(v) Step 5: Calculate the short-circuit capacity using Equation 1.
[image: Figure 4]FIGURE 4 | Schematic diagram of short-circuit capacity identification.
[image: Figure 5]FIGURE 5 | Flow chart of short-circuit capacity identification method.
4 VALIDATION BY SIMULATION STUDIES
To verify the validity of the proposed active identification method for short-circuit capacity, a 500kV/1500 MW LCC-HVDC system with renewable integration at the sending end is constructed in PSCAD/EMTDC. The rectifier side uses constant-current control, while the inverter side employs constant-voltage control. The system structure is shown in Figure 6:
[image: Figure 6]FIGURE 6 | The LCC-HVDC system with new energy access.
The sending end includes traditional synchronous generators and wind turbines, with the wind turbines operating under Grid-following (GFL) control. The AC filter bank is equipped with dual-tuned filters (Type A), triple-tuned filters (Type B), and single-tuned filters (Type C), with a configuration of 2A+2B+1C. Other system parameters are provided in Table 1.
TABLE 1 | Main parameters of the system.
[image: Table 1]4.1 The verification of the active short-circuit capacity identification method for LCC-HVDC
Based on Figure 4, the proposed short-circuit capacity identification method requires the application of both active and reactive disturbances. The reactive disturbance is introduced by disconnecting the filters, while the active disturbance can be achieved by changing the current reference value or power reference value. Considering that the rectifier side of the LCC-HVDC system used in this paper operates under constant current control, the following approach combines filter disconnection with a step change in the current reference value to alter the PCC voltage and injected power.
Figure 7 shows the electrical quantities of the LCC-HVDC system (i.e., Upcc, P and Q) for different operating conditions obtained using the method proposed in this paper.
[image: Figure 7]FIGURE 7 | The electrical quantities for different operating conditions.
As shown in Figure 7, operating condition I represents the rated operating condition. At time t1, one set of AC filters is disconnected, resulting in operating condition II. At time t2, the reference current is stepped from 1pu to 0.95pu, which defines operating condition III. By substituting the electrical quantities under these three operating conditions into Equation 8, the system’s short-circuit capacity can be determined.
To verify the applicability of the proposed method to AC systems with different impedance characteristics, the renewable energy output is first set to zero. In this case, the sending-end AC system consists solely of traditional synchronous generators. The system’s equivalent impedance is then the equivalent impedance of the synchronous generator, and the system’s electromotive force is the electromotive force of the traditional power source.
Set the equivalent impedance of the traditional power source as ZN = 36.75Ω. By varying the impedance angle of the traditional power source, different scenarios for changes in the resistive component are simulated. Meanwhile, the power source’s electromotive force is adjusted to maintain the PCC voltage at the rated AC voltage.
The following two cases are set up to identify the short circuit capacity at different impedances:
Case A: The traditional method proposed in reference (Pan et al., 2023), which neglects the resistance, obtains two sets of electrical quantities under two operating conditions (i.e., the rated condition 1 and condition 2 after filter disconnection, as shown in Figure 7). These quantities are substituted into Equation 7 to solve for Eeq and Xeq.
Case B: The method proposed in this paper, which considers the resistive component, obtains three sets of electrical quantities under three operating conditions (i.e., the rated condition 1, condition 2 after filter disconnection, and condition 3 obtained by changing the current reference value, as shown in Figure 7). These quantities are substituted into Equation 8 to calculate Eeq, Req, and Xeq.
Tables 2, 3 present the identification results of the source electromotive force and impedance for the equivalent AC system, respectively.
TABLE 2 | The results of equivalent impedance Zeq.
[image: Table 2]TABLE 3 | The results of equivalent electromotive force Eeq.
[image: Table 3]From the above tables, it can be concluded that the short-circuit capacity active identification method considering resistive component proposed in this paper, which combines filter switching and DC power variation, provides high accuracy in identifying the equivalent electromotive force and impedance parameters of the AC system under different impedance angles. In contrast, as the impedance angle increases, the accuracy of the method that neglects the resistance decreases. This demonstrates the applicability of the proposed method to AC systems with varying impedance characteristics.
4.2 The verification of the active short-circuit capacity identification method for LCC-HVDC
For LCC-HVDC transmission systems with renewable energy integration on the AC side, the voltage level at the renewable energy station’s grid connection is relatively low. Multiple voltage step-ups are required from the station’s output to the grid connection point, resulting in several low-voltage lines in the renewable energy branch. In this case, the resistive component of the lines cannot be neglected.
Based on the above analysis, the method proposed in this paper demonstrates good applicability under different impedance characteristics of the AC system. Therefore, based on the method proposed in this paper, the impedance characteristics can be considered for identifying the equivalent parameters of the AC system with renewable energy integration, thereby obtaining a more accurate short-circuit capacity.
Currently, renewable energy stations are predominantly located in remote areas where the grid infrastructure is often underdeveloped. This results in a weak connection between the renewable energy stations and the AC grid, leading to scenarios where renewable energy is integrated into a weak AC network. Therefore, when identifying the short-circuit capacity of LCC-HVDC with renewable energy integration, it is essential to investigate how the short-circuit capacity varies under different levels of AC system strength.
Assume the equivalent impedance of the traditional synchronous generator is Zs. The strength of the traditional AC power source is typically described by the short-circuit ratio, denoted as SCRtra, which is expressed in Equation 12:
[image: image]
where UN represents the rated voltage of the converter bus, and PdN is the rated transmission power of the DC system. Taking UN and PdN ​ as the base voltage and capacity, Zs_pu represents the per-unit value of the equivalent impedance.
For the test model shown in Figure 6, the strength of the traditional AC power source is adjusted, and the short-circuit capacity provided to the converter bus by the equivalent AC system is identified and analyzed for renewable energy output shares of 0pu, 0.4pu, 0.5pu, and 0.6pu. The identification results are shown in Tables 4–6 below.
Case 1: The impedance of the traditional AC power source is set to Zs_pu = 0.2pu, i.e., SCRtra​ = 5.
Case 2: The impedance of the traditional AC power source is set to Zs_ pu≈0.33pu, i.e., SCRtra​ = 3.
Case 3: The impedance of the traditional AC power source is set to Zs_ pu = 0.5pu, i.e., SCRtra​​ = 2.
TABLE 4 | The short-circuit capacity identification results when SCRtra​ = 5.
[image: Table 4]TABLE 5 | The short-circuit capacity identification results when SCRtra​ = 3.
[image: Table 5]TABLE 6 | The short-circuit capacity identification results when SCRtra​ = 2.
[image: Table 6]From the comparison of Tables 4–6, the following observations can be made:
1) As the share of renewable energy output increases, the impedance angle of the equivalent AC system shows a decreasing trend, while the proportion of the equivalent resistance component continues to rise. Moreover, this trend becomes more pronounced as the strength of the traditional AC power source decreases. Therefore, when identifying the short-circuit capacity of LCC-HVDC with renewable energy integration, the resistive component cannot be neglected, which also validates the applicability of the short-circuit capacity identification method proposed in this paper in new energy access scenarios.
2) The short-circuit capacity that the equivalent AC system can provide varies significantly with changes in renewable energy output: as the proportion of Grid-following (GFL) renewable energy output increases, the equivalent electromotive force of the AC system gradually decreases, and the system’s equivalent impedance continues to increase, which means that the short-circuit capacity at the DC system’s converter bus is greatly reduced. In this case, the traditional short-circuit ratio is no longer an effective indicator of the equivalent AC system’s strength. Furthermore, when the strength of the traditional AC power source is weak, a high proportion of renewable energy output may cause the system to fail to operate stably.
5 CONCLUSION
In this paper, an active identification method for short-circuit capacity in LCC-HVDC with renewable energy integration is proposed, which combines filter switching and DC power variation and can provide theoretical guidance for the development of control strategies for LCC-HVDC transmission systems. The main conclusions are as follows:
1) The proposed short-circuit capacity identification method, which combines filter switching and DC power variation, can accurately identify the equivalent impedance and electromotive force of the equivalent AC system, thereby determining the equivalent short-circuit capacity. This method is also applicable to AC systems with different impedance characteristics.
2) For LCC-HVDC system with renewable energy integration, as the proportion of renewable energy output increases, the impedance angle of the equivalent AC system decreases, and the proportion of the equivalent resistance component increases. Moreover, this trend becomes more pronounced as the strength of the traditional AC power source weakens. Therefore, when performing online identification of the system’s short-circuit capacity, the equivalent resistance cannot be neglected.
3) In LCC-HVDC system with renewable energy integration, as the proportion of renewable energy output gradually increases, the equivalent electromotive force of the AC system decreases, the equivalent impedance increases, and the system’s equivalent short-circuit capacity shows a downward trend. The weakening of the AC system strength makes traditional short-circuit ratio indicators ineffective for assessing the system strength. Additionally, an excessively high renewable energy output may lead to system instability.
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