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The short-circuit ratio index (SCR) can effectively quantify the voltage support strength in traditional DC grid-connected scenarios, yet it cannot reasonably describe the voltage support strength in diverse device grid connection scenarios. This paper introduces a new calculation method of the complex short-circuit ratio index ([image: image]) and derives the threshold value of the complex short-circuit ratio index to enable a comprehensive quantitative assessment of grid voltage support strength across diverse device grid connection scenarios. Firstly, critical short-circuit ratio (CSCR) under different assumed conditions were derived based on the short-circuit ratio index. Secondly, the calculation method of the complex short-circuit ratio index was introduced, considering both the equivalent impedance angle of the device and the Thevenin equivalent impedance angle. This was followed by the determination of the threshold value of the complex short-circuit ratio ([image: image]), enabling a precise quantitative evaluation of power grid voltage support strength in diverse device grid connection scenarios. Finally, the example analysis proves the accuracy and efficacy of the complex short-circuit ratio index in assessing the voltage support strength of diverse devices in grid-connected scenarios.
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1 INTRODUCTION
With the integration of new energy generation devices such as wind and photovoltaic power into the grid, a new type of power system dominated by renewable energy has been formed. This shift has led to profound changes in both internal mechanisms and external characteristics governing the stable operation of the AC grid (Zhou et al., 2014; Chen et al., 2017). In order to accurately assess the voltage restoration capability during grid faults, the concept of “voltage support strength” has been proposed. To effectively describe this abstract concept of grid voltage support strength, appropriate index need to be employed. In the context of traditional DC grid-connected systems, the short-circuit ratio index (IEEE Standards Board IEEE Std 1204-1997, 1997) can reasonably indicate the grid’s voltage support strength.
SCR is used in DC planning problems (IEEE Standards Board IEEE Std 1204-1997, 1997) to measure the AC system’s acceptance capacity of the DC system. When multiple DC lines connect to the same point to form a multi-infeed system, the concept of Multi-Infeed Short-Circuit Ratio (MISCR) was derived based on the short-circuit ratio index through power conversion (Lin et al., 2008). As SCR continues to evolve and improve, its application scenarios are expanding, with widespread applications in power system steady-state voltage stability, transient voltage stability, and harmonic resonance. For example, references (Sun et al., 2023a) and utilize SCR to characterize voltage support strength, quantitatively analyzing the impact of voltage support (Sun et al., 2023b) strength in new energy grid-connected systems on post-fault steady-state voltage security issues and quantifying the effect of voltage support strength on transient overvoltage in new energy grid-connected systems. Reference (Yin et al., 2019) analyzes the relationship between reactive power short-circuit ratio and transient overvoltage from the perspective of parallel resonance.
In the current power grid, the dynamic interplay between device-side components and the AC power grid undergoes constant evolution due to the integration of diverse reactive power compensation technologies and new energy grid interfaces. As a result, the mechanisms of mutual influence between the device and the AC grid are continually changing. To accurately assess the voltage support strength of the contemporary power grid, scholars have refined the short-circuit ratio index in response to these developments. Reference (Sun et al., 2021), building upon the physical principles of the short-circuit ratio, introduces the concept of the Multiple Renewable Energy Station Short-Circuit Ratio (MRSCR), considering interactions between sites and substations. This includes the provision of analytical expressions for calculating different impedance ratio ranges based on the relationship between system impedance ratio and short-circuit ratio. Furthermore, Reference (Kim et al., 2022) proposes the Hybrid Multi-Infeed Effective Short-Circuit Ratio (HMESCR) by evaluating the reactive power control capability of VSC-HVDC systems composed of power electronic fully controlled elements, elucidating the relationship between transient overvoltage and HMESCR through comparative studies. Additionally, Reference (Huang et al., 2023) proposes the Multi-Infeed Transient Short-Circuit Ratio (MITSCR) by leveraging the characteristics of stochastic variations in both the amplitude and phase of short-circuit currents from new energy sources and terminal voltages. This is used to quantitatively evaluate the voltage support strength of multi-input HVDC transmission systems accommodating a high proportion of new energy grid connections.
In the new energy power system, the methodology for quantifying grid voltage support strength using the short-circuit ratio index differs significantly from that of traditional power grids. In traditional DC grid-connected systems, the value 2 is commonly regarded as the critical threshold of the short-circuit ratio index. When the index falls below 2, the system is classified as extremely weak and unstable. However, in the case of new energy grid integration systems, ensuring stable operation does not necessarily mandate SCR exceeding 2. Reference (Sun et al., 2021) conducted electromechanical transient simulation analysis on the proposed SCR of new energy substations to ascertain critical instability phenomena within the system. It was observed that when SCR of multiple new energy substations within the network range between 1.7 and 2.1, they can adequately fulfill the operational requirements of the connected new energy generation device. With a prudent engineering margin factored in, it is deemed reasonable for CSCR of new energy substation network nodes to fall within the range of 2.0–2.5. Reference (Kang et al., 2020) derives the transmission limit of static voltage instability and integrates it into SCR to obtain a critical short-circuit ratio value of [image: image]. Reference (Wu et al., 2018) derived CSCR of new energy grid-connected system as 1 by means of modal analysis and listing Jacobian matrix.
Based on the analysis above, it is evident that in assessing the current voltage support strength of the power grid using SCR, a novel index is commonly introduced building upon the existing short-circuit ratio index. Subsequently, the critical threshold of this new index is determined based on the system’s critical conditions to quantitatively evaluate the voltage support strength of the power grid.
The main contributions of this paper are summarized below.
1. This paper illustrates that critical short-circuit ratios vary under different assumed conditions, as deduced from the derivation of threshold values for the short-circuit ratio index. The critical value of 2 is derived under specific hypothesis conditions.
2. The calculation method of the complex short-circuit ratio index which can take into account the equivalent impedance angle and Thevenin equivalent impedance angle of device is proposed. Then, according to the critical condition of static voltage stability of the system, the threshold value of the complex short-circuit ratio is derived to quantitatively evaluate the voltage support strength under grid-connected scenario. The accuracy and rationality of the complex short-circuit ratio index to evaluate the voltage support strength in grid-connected scenario are verified by the example analysis.
2 ANALYSIS OF THE SHORT-CIRCUIT RATIO INDEX
Figure 1 shows a simplified model of the grid-connected system for any device:
[image: Figure 1]FIGURE 1 | Simplified model of single device grid-connected system.
In Figure 1, [image: image] represents the injected power of the device; [image: image] represents the AC bus voltage of the junction point; Z represents the Thevenin equivalent impedance of the AC system; [image: image] represents the equivalent potential of the AC system.
With the assumption that the input power of the device equals the rated DC power, the short-circuit ratio index is defined as the ratio between the short-circuit capacity of the converter station’s AC bus and the rated DC power (Xu, 1997), namely,:
[image: image]
Where, [image: image] represents Short-circuit capacity; [image: image] represents the rated DC power; [image: image] represents rated voltage at the grid connection point.
If the reference voltage of the AC system is set to the rated value of the AC bus voltage, and the reference power is set to the rated DC power, then SCR can be expressed as:
[image: image]
Where, [image: image] represents the Thevenin equivalent impedance of AC system in per unit.
The critical short-circuit ratio index is derived from the critical stability conditions of the system and serves as a quantitative measure to evaluate the critical threshold of voltage support strength within the power grid. In traditional power systems primarily driven by synchronous machines, a short-circuit ratio value of 2 is employed as the critical threshold for classifying system strength. Systems with the short-circuit ratio index below 2 are categorized as very weak, those with values between 2 and 3 are considered weak, and systems with a short-circuit ratio value exceeding 3 are classified as strong.
If Figure 1 is a DC grid-connected system, it can be equivalent to the equivalent circuit shown in Figure 2.
[image: Figure 2]FIGURE 2 | Equivalent circuit of DC grid-connected system.
In Figure 2, [image: image] represents the DC equivalent impedance. It can be calculated from the injected power of the device and the grid voltage. Assuming that the equivalent potential of the AC system is equal to the rated voltage of the AC bus, the short circuit capacity of the AC system can be expressed as:
[image: image]
Ignore internal control strategies of the device, the rated DC power can be expressed as:
[image: image]
Where, [image: image] represents the rated DC power.
In Eq. 4: [image: image], [image: image]; the short-circuit ratio index at the junction can be obtained as follows:
[image: image]
Where, [image: image] and [image: image] represent the resistance and reactance of the DC equivalent impedance; [image: image] and [image: image] represent the resistance and reactance of the Thevenin equivalent impedance of the AC system.
When the system is critically stable, the two equivalent impedance modes in Figure 2 are equal (Liu, 2000):
[image: image]
Assume that when the [image: image], [image: image], Eq. 6 can be obtained:
[image: image]
Equivalent to:
[image: image]
In Eq. 8, the negative equivalent resistance solution corresponds to the DC power feeding scenario, while the positive equivalent resistance solution corresponds to the load scenario. CSCR can be obtained:
[image: image]
It can be seen that the critical short-circuit ratio is equal to 2 only under certain hypothetical conditions; Similarly, based on different assumptions, the short-circuit ratio threshold can be obtained, as shown in Table 2.
It can be seen from Table 1 that the critical short-circuit ratio is affected by the equivalent impedance and Thevenin equivalent impedance of the AC system. Under different impedance, the critical short-circuit ratio is different. Therefore, the critical short-circuit ratio of 2 is not suitable as the critical value for dividing the strength of any device grid-connected system, and it only applies to specific assumptions. This also reflects the limitations of using short-circuit ratio index to divide the power grid voltage support strength. The critical short-circuit ratio of 2 can only be used to analyze whether the system is stable and cannot determine the strength of the system.
TABLE 1 | Table I CSCR under different assumptions.
[image: Table 1]3 COMPLEX SHORT-CIRCUIT RATIO INDEX
The analysis in the second section reveals that a critical short-circuit ratio of 2 is well-suited for evaluating the voltage support strength of DC grid systems. However, for grid-connected systems incorporating reactive compensation devices and integrating modern renewable energy sources, the conventional short-circuit ratio index proves inadequate for accurately quantifying the voltage support strength of these grids. To address this limitation and provide a more comprehensive assessment of voltage support across different grid-connected systems, this chapter introduces the complex short-circuit ratio index. This index takes into account the impedance angle information of both the equivalent impedance angle of the grid-connected devices and the Thevenin equivalent impedance angle of the AC system, thereby offering a more nuanced approach to evaluating voltage support strength.
3.1 Calculation of complex short-circuit ratio index
The single-device grid-connected system depicted in Figure 1 can be effectively represented by the equivalent circuit illustrated in Figure 3.
[image: Figure 3]FIGURE 3 | Equivalent circuit of single device grid-connected system.
For the grid-connected system illustrated in Figure 3, it expands beyond the scope of a singular DC grid connection scenario. As a result, the power injected at the grid connection point is represented in complex power terms. In order to accurately quantify the voltage support strength of the AC grid when integrating diverse devices, the ratio between the short-circuit complex power of the AC system and the injected complex power of the device is introduced as the complex short-circuit ratio index for grid-connected systems.
[image: image]
Where, [image: image] represents Short-circuit complex power for the system; [image: image] represents power injection for the device.
The complex short-circuit ratio index shares a similar form of expression with the short-circuit ratio index. However, as the complex short-circuit ratio index represents the ratio of two complex powers, it evolves beyond being a one-dimensional variable. It transforms into a two-dimensional variable capable of considering both phase angle and magnitude concurrently. Through this computational approach, the complex short-circuit ratio index is liberated from the constraints that limit the traditional short-circuit ratio index to the singular scenario of DC feed-in to the grid.
3.2 Calculation of [image: image]
For the grid-connected system shown in Figure 3, assuming that the rated voltage of the AC bus is equal to the equivalent potential of the AC system. Assuming a three-phase fault occurs at the grid connection point, the short-circuit complex power (short-circuit capacity) of the system can be obtained as follows:
[image: image]
The system injection power can be expressed as:
[image: image]
Substituting Eqs 11, 12 into Eq. 10, the complex short-circuit ratio index at the junction can be obtained as follows:
[image: image]
From Formula 13, it can be seen that only the calculation of Z and X is needed to compute the complex short-circuit ratio index. The variables required for calculating Z and X are also needed when calculating the short-circuit ratio index, so there is no need to introduce new variables, and their computation speed and memory consumption are the same as that of the short-circuit ratio index.
Assuming that: [image: image], [image: image]; [image: image] and [image: image] represent the equivalent impedance Angle of the device and Thevenin equivalent impedance Angle of the AC system. And [image: image]; Then the complex short-circuit ratio index can be expressed as:
[image: image]
Where, [image: image] represents the constant term of the complex short-circuit ratio index.
Suppose that: [image: image], [image: image] represents the complex short-circuit ratio angle; In this case, [image: image] can be expressed as:
[image: image]
It can be seen from Eq. 15 that the complex short-circuit ratio index is a two-dimensional index, which contains two kinds of information, one is amplitude information and the other is phase Angle information. For diverse devices grid-connected scenarios, different complex short-circuit ratio angles can be obtained, and then different complex short-circuit ratio index modulus can be calculated.
4 THRESHOLD VALUE OF [image: image] UNDER STATIC VOLTAGE STABILITY
The threshold value of the complex short-circuit ratio is utilized to quantitatively assess the stability of the device interconnection system. System stability is achieved only when the system’s complex short-circuit ratio index surpasses its threshold value. This chapter establishes the threshold value of the complex short-circuit ratio index through derivation.
4.1 Calculation of threshold value of the short-circuit ratio
[image: image] can be further expressed as follows:
[image: image]
Combining Eqs 15, 16, the following can be obtained.
[image: image]
When the system is critical and stable, the equivalent impedance of the device is equal to the impedance mode of the Thevenin equivalent impedance of the AC system, that is:
[image: image]
Under the condition of Eq. 18, it can be obtained that:
[image: image]
According to Eq. 19, the threshold value of system complex short-circuit ratio can be obtained as follows.
[image: image]
Where, [image: image] represents the threshold value of the complex short-circuit ratio.
Eq. 20 demonstrates a strong correlation between the threshold value of the complex short-circuit ratio index and its angle. Since the equivalent impedances of the device and the impedance angle of the AC system’s Thevenin equivalent are not constant, the angle of the complex short-circuit ratio index is a dynamic quantity. Consequently, the numerical value of the threshold value for the complex short-circuit ratio index also fluctuates. By computing different angles of the complex short-circuit ratio within the context of static voltage stability, it becomes possible to derive the threshold value of the complex short-circuit ratio index. This approach facilitates a quantitative evaluation of the power grid’s voltage support strength.
4.2 Threshold value analysis of the complex short circuit ratio
Based on Eq. 20, assuming that the angle values of the complex short-circuit ratio fall within the range of (−π, π), a distribution map depicting the threshold values of the complex short-circuit ratio in the complex plane can be generated for a single-device interconnected system. The critical complex short-circuit ratio map for such a system is illustrated in Figure 4.
[image: Figure 4]FIGURE 4 | Threshold value distribution of complex short circuit ratio for single device grid-connected system.
From Figure 4, it can be observed that the threshold value of the complex short-circuit ratio form a closed shape on the complex plane, rather than a fixed value. Similar to the short-circuit ratio index, a system can only be classified as strong when its complex short-circuit ratio index exceeds its critical complex short-circuit ratio. Figure 4 delineates the boundaries of the threshold value of the complex short-circuit ratio in the complex plane. A system can be deemed strong only when the numerical value of the complex short-circuit ratio index lies outside the boundary of the threshold value. Additionally, Eq. 20 facilitates the plotting of the magnitude diagram of the threshold value of the complex short-circuit ratio, as illustrated in Figure 5.
[image: Figure 5]FIGURE 5 | The amplitude of the threshold value of the complex short-circuit ratio.
From Figure 5, it is evident that the range of value for the complex short-circuit ratio threshold falls within the interval of 0–4.
The critical value of short-circuit ratio was also derived in references (Yu and Sun, 2022; Yamada et al., 2023). These two papers, similar to this paper, derived the critical value by considering the external characteristics of the device and performed a Thevenin equivalent for the AC system. While the two references approached the device side from a power perspective, this paper took an impedance perspective. Nevertheless, the critical value derived in this paper align numerically with those derived in the two references.
The expression of critical short-circuit ratio given by reference (Yu and Sun, 2022) can be divided into two cases:
When the Thevenin impedance ratio of the AC system approaches 0:
[image: image]
When the Thevenin impedance ratio of the AC system approaches infinity:
[image: image]
Where, [image: image] represents the apparent power injected by the device; [image: image] and [image: image] represent active and reactive power. It can be seen from the above two equations that the value range of CSCR is also (0, 4).
The expression of critical short-circuit ratio given in reference (Yamada et al., 2023) is as follows:
[image: image]
Where, [image: image] represents Thevenin impedance Angle of AC system, [image: image] represents the power factor Angle. It can be seen from Eq. 23 that the value range of CSCR is also (0, 4).
The CSCR calculated in this paper is found to be numerically consistent with the findings reported in references (Yu and Sun, 2022; Yamada et al., 2023). This validation serves to verify the accuracy of the conclusions drawn in this paper regarding the calculation of the CSCR. In comparison to references (Yu and Sun, 2022; Yamada et al., 2023), which derive the critical values based on assumed input power, this paper takes a different approach by deriving the critical values based on the equivalent impedance angle and Thevenin equivalent impedance angle of the AC system. In contrast to references (Yu and Sun, 2022; Yamada et al., 2023), this paper provides a detailed explanation of the CSCR for different connected equipment and presents a range of values for the CSCR. This analysis allows for a more precise assessment of the voltage support strength of the power grid, presenting a refined study of the CSCR.
In reference (Xu, 2019), [image: image] is used as a new voltage support strength index based on the short-circuit ratio index. In this paper, [image: image] is considered to be related to short-circuit ratio index and operating short-circuit ratio index, and the relationship is shown as follows:
[image: image]
Where, [image: image], [image: image], and [image: image] represent the short-circuit capacity, the rated capacity of the connected device and the actual capacity of the connected device when it is operating; [image: image] and [image: image] represent the voltage at the junction and the no-load voltage at the junction; [image: image] represents impedance of device.
From Eq. 24, it is evident that the square of the voltage stiffness index represents the ratio between the short-circuit ratio index and the operational short-circuit ratio index. This elucidates the correlation between the short-circuit ratio index and the practical short-circuit ratio during operation.
Several typical points of complex short-circuit ratio thresholds are marked in Figure 4 and Figure 5, which are analyzed as follows:
(1) Point (4, 0) in Figure 4 corresponds to point (0°, 4) in Figure 5. At this juncture, the complex short-circuit ratio threshold is 4, with the angle of the complex short-circuit ratio index being 0°. This implies that the condition is met when the equivalent impedance of the device and the Thevenin impedance of the system share the same phase angle.
(2) Point (0, ±2) in Figure 4 corresponds to point (±90°, 2) in Figure 5. At this juncture, the complex short-circuit ratio threshold is 2. The complex short-circuit ratio index angle can take on two values of ±90°, leading to the existence of the following two special cases:
1) The equivalent impedance of the device is a pure resistance (which can be positive or negative), while the system’s Thevenin impedance is purely reactive. A negative resistance can be understood as the scenario commonly assumed in conventional LCC-DC analysis, whereas a positive resistance corresponds to the typical assumption made in load analysis.
2) The equivalent impedance of the device is a pure reactance (which can be positive or negative), while the system’s Thevenin impedance is purely resistive. A negative reactance can be understood as the scenario commonly assumed in parallel capacitor or SVC analysis, whereas a positive reactance corresponds to the typical assumption made in parallel reactance compensation.
Assuming that the Thevenin equivalent impedance angle of the AC system is 70° and the equivalent impedance angle of the device is −20° (indicating some reactive compensation), the threshold value is 2. If reactive compensation on the device side is increased at this point, with the assumed equivalent impedance angle becoming −50°, the critical complex short-circuit ratio will be less than 2. This scenario can be likened to the integration of new energy sources through VSC grid connection.
(3) Point (−0.5, ±0.866) in Figure 4 corresponds to point (±120°, 1) in Figure 5. At this juncture, the threshold value of the complex short-circuit ratio is 1, with an angle index of 120°. This criterion is met when there is a 120° difference between the angles of the system’s Thevenin equivalent impedance and the equivalent impedance of the device.
(4) Point (4, 0) in Figure 4 corresponds to point (±180°, 0) in Figure 5. At this juncture, the threshold value of the complex short-circuit ratio is 0, with two scenarios for the angle index of ±180°. In this unique case, where only reactance is considered for both the device’s equivalent impedance and the system’s Thevenin equivalent impedance, one exhibiting positive reactance while the other negative reactance, it signifies an extreme scenario within the power grid.
In the actual power grid, the Thevenin equivalent impedance of the system is R ≥ 0 and X ≥ 0, so it is more reasonable to set the Thevenin equivalent impedance Angle of the AC system at (0, 90°).
Assuming Condition 1: In scenarios involving conventional DC or new energy grid integration on the device side, when the device injects positive active power into the system, the angle of the device’s equivalent impedance ranges from (−180°, −90°) to (90°, 180°). Consequently, the angle range for the complex short-circuit ratio is (−180°, 0) and (90°, 180°). Following Eq. 20, one can generate the magnitude plot of the threshold value of the complex short-circuit ratio as illustrated in Figure 6.
[image: Figure 6]FIGURE 6 | The threshold value amplitude of complex short circuit ratio is assumed under condition 1.
Assuming Condition 2: When the device injects positive reactive power into the system, such as in the case of phase reversal failure during the operation of the LCC, there will be significant changes in the reactive power consumption by the LCC (Yin and Li, 2021). It will cease to consume excess reactive power and instead feed the surplus reactive power into the AC system. At this juncture, the impedance angle of the device ranges from (−180°, −90°), allowing for the calculation of the angle of the complex short-circuit ratio within the ranges of (90°, 180°) and (−180°, −90°). Subsequently, the threshold value of the complex short-circuit ratio becomes (0, 2), leading to the generation of the magnitude plot illustrating the threshold value of the complex short-circuit ratio, as depicted in Figure 7A.
[image: Figure 7]FIGURE 7 | The threshold value amplitude of complex short circuit ratio is assumed under condition 2. (A) shows the threshold value amplitude of the complex short-circuit ratio when the index Angle of the complex short-circuit ratio is from −180° to −90° and when the index Angle of complex short-circuit ratio is from 90° to 180°. (B) shows the threshold value amplitude of the complex short-circuit ratio when the index Angle of the complex short-circuit ratio is from −180° to 0°.
When the device injects negative reactive power into the system, thereby absorbing excess reactive power from the system. For example, a generator can decrease excitation current to operate at a leading power factor, thereby absorbing excess reactive power from the system (He and Wen, 2016). At this juncture, the impedance angle of the device ranges from (90°, 180°), facilitating the computation of the angle of the complex short-circuit ratio as (−180°, 0). The threshold value of the complex short-circuit ratio at this stage is (0, 4), leading to the graphical representation of the threshold value of the complex short-circuit ratio, as illustrated in Figure 7B.
Figures 7A,B both share a common element of (−90°, 0), which is associated with the magnitude of the equivalent impedance angle under the assumed conditions and the impedance angle of the equivalent device.
Assumption 3. In the scenario where the device operates under load conditions and injects negative active power into the system, the impedance angle of the equivalent device ranges from −90° to 90°. Consequently, the complex short-circuit ratio angle falls within the range of −90°–180°, and a graphical representation of the threshold value of the complex short-circuit ratio can be constructed using Eq. 20 as depicted in Figure 8.
[image: Figure 8]FIGURE 8 | The threshold value amplitude of complex short circuit ratio is assumed under condition 3.
Assumption 4. When the device introduces negative reactive power into the system, the impedance angle of the device spans from 0° to 90°, resulting in a complex short-circuit ratio angle of −90°–90°. In this case, the threshold value of the complex short-circuit ratio ranges from 2 to 4, leading to the magnitude plot shown in Figure 9A. On the other hand, if the device injects positive reactive power, the impedance angle of the device ranges from 0 to −90°, yielding a complex short-circuit ratio angle of 0°–180°. The corresponding The corresponding the threshold value of the complex short-circuit ratio is between 0 and 4 is between 0 and 4, resulting in the magnitude plot shown in Figure 9B.
Both Figures 9A,B exhibit a common element of (0, 90°), which is related to the magnitude of the Thevenin equivalent impedance angle and the device equivalent impedance angle under the assumed conditions.
This section presents the derivation of the threshold value of the complex short-circuit ratio in diverse scenarios, taking into account the complex short-circuit ratio angle. As a result, the critical value of the complex short-circuit ratio are not simply specific values under certain assumed conditions, as is the case with the short-circuit ratio index. Consequently, the use of the complex short-circuit ratio index to analyze voltage support issues in power grids is no longer confined to the traditional scenario of DC injection into an AC grid, as with the short-circuit ratio index.
[image: Figure 9]FIGURE 9 | The threshold value amplitude of complex short circuit ratio is assumed under condition 4. (A) shows the threshold value amplitude of the complex short-circuit ratio when the index Angle of the complex short-circuit ratio is from −90° to 90°. (B) shows the threshold value amplitude of the complex short-circuit ratio when the index Angle of the complex short-circuit ratio is from 0° to 180°.
5 EXAMPLE ANALYSIS
The Matlab model was employed to calculate the system’s maximum power transmission using the continuous load flow method. The equivalent impedance model of the AC system, which considers different reactive power injections, was devised, accounting for both reactance and impedance. Through simulating a single-feed system when a three-phase fault occurs at the grid connection point, the correlation between the threshold value of the complex short-circuit ratio and the critical short-circuit ratio is validated.
Table 2 presents the equivalent impedance of the AC system for the single-device grid system depicted in Figure 3. Furthermore, Figure 10 demonstrates the P-V curve of the single-device grid system under different reactive power injections.
TABLE 2 | Parameters of the single device grid-connected system.
[image: Table 2][image: Figure 10]FIGURE 10 | P-V curve of single device grid-connected system. (A) shows the P-V curve of the single device grid-connected system when R = 0. (B) shows the P-V curve of the single device grid-connected system when R = 0.1.
Based on Figure 10, the critical short-circuit ratios for the single-device grid system depicted in Figure 3 under different reactive power injections can be computed and are presented in detail in Table 3.
TABLE 3 | CSCR of single device grid-connected system.
[image: Table 3]By calculating the angle of the complex short-circuit ratio index and combining it with Eq. 20, we can obtain the threshold value of the complex short-circuit ratio for the single-feed-in system depicted in Figure 3 under different reactive power injections, as presented in Table 4.
TABLE 4 | [image: image] of single device grid-connected system.
[image: Table 4]For grid-connected systems with varying reactive power injections, their P-V curves exhibit differences, resulting in distinct critical stability points and, consequently, varying critical short-circuit ratio index. The angles of the complex short-circuit ratio index, vary under different reactive power injections, leading to unique numerical values for the calculated the threshold value of the complex short-circuit ratio. By integrating data from Tables 3, 4, it becomes apparent that the threshold value of the complex short-circuit ratio in Table 4 correspond to the numerical values of the critical short-circuit ratio in Table 3. This correspondence illustrates that the complex short-circuit ratio index can effectively quantify and evaluate the voltage support strength of the power grid in a systematic manner.
Analysis of Table 4 reveals that when both active and reactive powers are injected positively, the angle of the complex short-circuit ratio falls exactly within the range of Figure 7A. Conversely, when injecting positive active power alongside negative reactive power, the angle of the complex short-circuit ratio falls within the range shown in Figure 7B.
From Tables 3, 4, it can be observed that the threshold value of the complex short-circuit ratio equals 2 only when active power is injected at the equipment side and the system side considers only reactance. Additionally, these tables highlight a considerable disparity in the threshold value of the complex short-circuit ratio when factoring in the influence of resistance compared to disregarding it at the same level of reactive power injection. Therefore, when quantitatively assessing voltage support strength, the influence of resistance cannot be ignored.
6 CONCLUSION
This paper mainly conducts relevant research on the influencing factors of the critical short-circuit ratio, the construction method of the complex short-circuit ratio index, and the calculation analysis method of the threshold value of the complex short-circuit ratio under the static voltage stability. The following conclusions can be drawn:
(1) Through the derivation of the critical short-circuit ratio, it can be proved that the threshold value of 2 is obtained under specific assumptions, and can only be applied to the traditional DC grid-connected scenario.
(2) The proposed the complex short-circuit ratio index integrates considerations both the magnitude and phase angle of the equivalent impedance of the device and the Thevenin equivalent impedance of the AC system. This makes the complex short-circuit ratio index a two-dimensional metric, facilitating a quantitative assessment of voltage support strength in the grid-connected scenario of diverse devices.
(3) By considering the angle of the complex short-circuit ratio index, this paper establishes a linkage between the device side and the AC power grid side of the grid-connected system. Leveraging the criteria of static voltage stability, the paper derives the threshold value of the complex short-circuit ratio. Notably, variations in the threshold value of the complex short-circuit ratio across diverse devices grid-connected configurations are evident from the analysis.
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