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With the increasing proportion of wind power integration, the effect on the stability of the system power angle cannot be ignored. In this paper, based on the different power characteristics of direct-drive wind generators before a fault and after its clearance, the system model of the receiving-end grid with thermal units replaced by wind turbines is simplified. The influence of the increase in the replacement ratio of wind power in the receiving-end grid on the transfer impedance between the sending end and receiving end is analyzed. Based on the equal area rule, the influence of the replacement ratio k within the receiving-end grid, power grid operation mode, and wind power integration point on the system power angle stability is analyzed. It is concluded that the stability of the system’s power angle will first get better and then deteriorate with the increase in the replacement ratio of wind power, the system can bear a larger proportion of wind turbines under the low-load operation mode, and the system’s power angle of the replacement of wind power with equal capacity in the load center region is relatively better. The aforementioned conclusions are verified by simulation with real data from a bulk power system in China. Therefore, the method and conclusion can also be used to study the power angle stability of other large-scale power grids.
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1 INTRODUCTION
With the depletion of fossil energy, clean energy has developed rapidly. Wind power is the most mature form of clean energy power generation, so countries all over the world are committed to the manufacture of large-scale wind power (Alexiadis et al., 1998; Feijóo and Villanueva, 2016a; Gu et al., 2021). The increase in wind power penetration has had a certain impact on the voltage of the grid, the short-circuit current, the frequency (Adetokun, Muriithi and Ojo, 2020; Ozioko et al., 2022a; Ozioko et al., 2022b), and other aspects. The use of a doubly fed induction generator (DFIG)-based low-voltage-ride-through (LVRT) scheme including a crowbar, power system stabilizer (PSS), rotor-side converter (RSC), and grid-side converter (GSC) in order to enhance the transient stability of a grid-connected DFIG has been proposed (Duong et al., 2016). A DFIG-based fault ride-through (FRT) scheme with a crowbar, and rotor-side and grid-side converters has been proposed for improving the transient stability; in particular, a hybrid cascade fuzzy-PI-based controlling technique has been demonstrated to be able to control the insulated gate bipolar transistor (IGBT)-based frequency converter in order to enhance the transient stability (Duong et al., 2018). At present, there are few research studies on the power angle stability of the receiving end of the power grid with large-scale wind power access, and this paper makes some original contributions to this field. Direct-drive wind turbines have the advantages of being suitable for low wind speed scenarios, having low operating and maintenance costs, and low energy consumption, which is more suitable for the development requirements of wind power in China. Therefore, according to the “Notice on Relevant Requirements for Wind Power Construction Management” in China, direct-drive wind turbines are used in the grid connection. Conroy and Watson studied the influence of permanent magnet direct-drive wind turbines on the transient stability of the power grid through simulation (Conroy and Watson, 2009).
The literature works are mainly researched on small-scale cases, while the goal of this paper is to study large-scale power grids derived from engineering practice. Due to the large difference in the power balance mode of the power grid at the sending end and the receiving end, there are also differences in the stability of the transient power angle at both ends. With the deepening of the Double Carbon goal proposed by the Chinese government (McGrath, 2020), the development of wind power will be accompanied by the withdrawal of certain thermal power units. From the perspective of the receiving-end power grid, this paper studies how to increase the penetration rate of wind power in the power grid by replacing thermal units with direct-drive wind turbines and uses the equivalent electrical distance of the system to reflect the stability of the system. Based on the equal area rule (Zhang et al., 1995), the influence mechanism of the replacement ratio, power grid operation mode, and the wind power access position on the power angle stability of the system is analyzed, and the theory is proved through simulation analysis with real data on a bulk power system in China.
2 INFLUENCE MECHANISM OF DIRECT-DRIVE WIND GENERATOR INTEGRATION ON THE SYSTEM ELECTRICAL DISTANCE
2.1 Simplified model of direct-drive wind generators
Due to the unique randomness and intermittent nature of wind power generation, wind turbines must be connected to the grid through converters. Usually, the grid-connected converter (GFL) needs additional frequency devices for virtual inertia support, which does not behave directly in the frequency characteristics, so it can be equivalent to a negative constant load (Sajadi, Kenyon and Hodge, 2022) instability problems of large power grids.
Direct-drive wind turbines are usually controlled by constant power. When the grid is disturbed, the wind power will enter the low-voltage ride-through mode to provide reactive power to the grid (Alexandrova, Semken, and Pyrhönen, 2014). When the grid runs normally, the active power output of direct-drive wind generators remains unchanged and is positive, providing active power to the grid, while the reactive power remains zero, so the direct-drive wind generators under no fault conditions can be equivalent to a negative resistance. Suppose that the voltage of the wind power connecting point is U and the fault current is I during the fault period, then the power provided by the direct-drive wind generators to the grid can be expressed as follows:
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where P and Q, respectively, represent the active and reactive power output by the direct-drive wind generators to the system during the fault period; rw and xw represent the equivalent resistance and reactance of the direct-drive wind generators, respectively. During the occurrence of a voltage drop, the active and reactive power output by the direct-drive wind generators is positive. When studying the stability situation at the global level of the large power grid, the details that have no essential influence can be ignored, and the direct-drive wind generators during fault are equivalent to parallel negative resistance and negative reactance. Figure 1 shows the simplified model of systems before and during a fault, where SG1 represents the sum of sending-end grid units; SG2 represents the sum of receiving-end thermal power units; and PMSG represents the sum of receiving-end wind turbines.
[image: Figure 1]FIGURE 1 | Simplified system model. (A) Simplified system model system before fault. (B) Simplified system model during fault.
According to the complex network theory, the topology conceals the physical information on the network and abstracts the relationship between nodes for study. When the object to be analyzed is a network structure with a large number of nodes and lines, the influence of the network topology structure is usually focused, while the internal details of the node elements are ignored. Therefore, when the research target is a large-scale power grid, the specific internal structure and operation mode of the turbine can be ignored.
Figure 1A shows a simplified system model before the fault. Figure 1B shows a simplified system model during the fault.
It has been proven that the doubly fed wind turbine can be simply equivalent to a pure impedance model when analyzing the power angle stability of large power grids (Liu, Shi, and Pang, 2020). In order to prove that the direct-drive wind generator can also be similarly equivalent, this paper analyzes the synchronous stability under disturbance (three-phase short circuit) when the doubly fed wind generator and the direct-drive wind generator are, respectively, connected to three power systems with different scales. The results are shown in Figure 2. It can be seen that with the increase in the scale of the power grid, the synchronous control capabilities provided by the direct-drive wind turbine and the doubly fed wind turbine tend to be the same. Combining the conclusions given in the previous literature studies, when studying the synchronous stability of large-scale power grids in this paper, the direct-drive wind generator is also similarly equivalent to impedance.
[image: Figure 2]FIGURE 2 |  Comparison of the synchronization control ability of different types of wind turbines in three power systems with different scales. (A) Results in the IEEE 9-node sample system. (B) Results in the IEEE 39-node sample system. (C) The Guangdong power system with 21596 nodes in China.
Figure 2A shows the IEEE 9-node power grid (maximum difference: 6.92°). Figure 2B shows the IEEE 39-node power grid (maximum difference: 5.15°). Figure 2C shows the Guangdong power system with 21,596 nodes in China (maximum difference: 0.1268°).
2.2 Influence mechanism of wind power integration on an equivalent electrical distance of the power grid
In order to study the influence of wind turbine replacement on the power angle stability of the system under fault conditions, a short-circuit fault in the power grid at the receiving end is taken as an example. First, the system situation is analyzed before the fault occurs.
Figure 3A shows a simplified circuit without a wind turbine connected to the grid, where S is the equivalent node of the power grid at the sending end, R is the equivalent node of the power grid at the receiving end, and W is the position connected to the wind turbine; XdT1 is the equivalent reactance of generators and transformers of the sending-end grid, XL represents the equivalent reactance of the power transmission channels between the sending-end power grid and the receiving-end power grid, and XdT2 is the equivalent reactance of the receiving-end power grid units, transformers, and loads. Figure 3B is a corresponding simplified model of the system after the replacement in the receiving-end grid before the fault. Since the wind turbine only outputs active power, the equivalent impedance has only the real part. Let the capacity of a single wind turbine be the reference value of the per-unit system; hence, N represents the per-unit value of the total capacity of synchronous units and wind turbines in the receiving-end power grid, and k represents the proportion of thermal units replaced by equal-capacity wind turbines in the receiving-end power grid.
[image: Figure 3]FIGURE 3 | Simplified models of a power grid under different conditions. (A) Simplified model of power grid without wind turbine. (B) Simplified model of power grid replaced by wind turbines before fault. (C) Simplified model of power grid without wind turbine under fault. (D) Simplified model of power grid replaced by wind turbines under fault.
Figure 3A shows a simplified model of a power grid without a wind turbine. Figure 3B shows the simplified model of a power grid partially replaced by wind turbines before the fault. Figure 3C shows a simplified model of a power grid without a wind turbine under the fault. Figure 3D shows the simplified model of a power grid partially replaced by wind turbines under the fault.
Suppose that [image: image], [image: image], for Figure 3A, the system transfer impedance without a wind turbine is as follows:
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For Figure 3B, the system transfer impedance with a wind turbine is as follows:
[image: image]
One can construct function F1 as follows:
[image: image]
where a1>0, b1 > 0, F1 (0) = 0, so function F1 is a concave function, and the extremum point is located in the left half of the coordinate system, and [image: image] before the fault occurs; the equivalent electrical distance of the system with wind turbines is greater than that without those turbines.
Figure 3C is a simplified model of the system without wind turbine access during a fault, and Figure 3D is a corresponding simplified model of the system with wind turbines during a fault, where XΔ is the additional reactance during a short-circuit fault.
For Figure 3C, the transfer impedance between the system sending-end power grid S and receiving-end power grid R is as follows:
[image: image]
For Figure 3D, the transfer impedance of system with wind turbines is as follows:
[image: image]
The function F2 similar to Equation 4 is constructed as follows:
[image: image]
where d = m + n+1/XΔ.
[image: image]
For large networks, when N is large enough, d could be approximated as [image: image]. For function F2, a1>0, b1 < 0, function F2 is a concave function, and the extremum point is located in the right half of the coordinate system. When k = 0, F2 (0) = 0; when k = 1, [image: image]. The suggestive curve of function F2 can be roughly represented in Figure 4.
[image: Figure 4]FIGURE 4 | Curve of function F2.
When 0 < k<s, [image: image], and the equivalent electrical distance between the sending- and receiving-end power grids with wind turbines decreases along with the growth of k.
When s<k<l, [image: image], and the equivalent electrical distance between the sending- and receiving-end power grids with wind turbines is still shorter than that between grids without wind turbines but increases along with the growth of k.
When k>l, [image: image], and the equivalent electrical distance between the sending- and receiving-end power grids with wind turbines is longer than that between grids without wind turbines.
3 INFLUENCE OF THE WIND POWER RATIO ON THE SYSTEM POWER ANGLE STABILITY
3.1 Influence mechanism of the wind power ratio on the system power angle stability
The power characteristic equation of a generator during a fault is shown in Equation 9.
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where
[image: image]
Suppose that the numerator of Z11 is (c + ej) when the denominator is removed.
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As previously mentioned, for large networks, N is large, so the value of the imaginary part e containing N2 is much larger than that of the real part c. It can be approximated that c ≈ 0, sinθ11 ˜ 1, θ11 ˜ 90°, α11 ˜ 0°, and sinα11 ˜ 0. Now, Equation 9 can be expressed as follows:
[image: image]
For curve F in Figure 5A, when 0 < k1<k2<s, the acceleration and deceleration areas under different wind turbine ratios are shown in Figures 5B–D, where I, II, and III are, respectively, characteristic curves before a fault, during a fault, and after the clearance of the fault without a wind turbine; IV, V, and VI are, respectively, the characteristic curves before a fault, during a fault, and after the clearance of the fault when the wind turbine ratio is k1; VII, VIII, and IX are, respectively, the characteristic curves before a fault, during a fault, and after the clearance of the fault when the wind turbine ratio is k2. [image: image] before a fault, so curves IV and VII are below curve I, and the peak value of the curve decreases with the increase in k. For the same reason, during a fault, curves V and VIII are over curve II, and the peak value of the curve increases with the increase in k. At the same time, the curves shift α1 (α2) to the right, and α1<α2. At the early stage of the fault, the wind generator outputs reactive power to the system, and the generator is equivalent to a resistance and a reactance with a negative value in parallel. However, in the later stage of the fault, reactive power is not output, and the reactance is 0. There is only negative resistance, so the curve after the fault of the wind generator replacement system consists of two parts, and the curve VI is lower than IX. Replacement of the thermal power unit by wind power leads to a reduction in system input power; so when the replacement ratio is k1 or k2, the input power curves PT1 and PT2 are lower than the input power curve PT0 in the system without wind turbines. Suppose that the fault is cleared when the power angle is δ′, with no wind turbine accessed, the operating point of the generator before the fault is a0, and the acceleration and deceleration areas are, respectively, [image: image] and [image: image]. When k = k1, the operating point of the generator before the fault is a1, the acceleration area is [image: image], and the deceleration area is [image: image]. When k = k2, the operating point of the generator before fault is a2, the acceleration and deceleration areas are, respectively, [image: image] and [image: image]. To meet the requirements of the equal area rule, when the power angle moves to δ0, [image: image] = [image: image]; when the power angle moves to δ1, [image: image] = [image: image]; and when the power angle moves to δ2, [image: image] = [image: image]. Analysis shows that δ2<δ1<δ0, and the larger the wind turbine replacement ratio, the faster the system can meet the requirements of the equal area rule, so with the increase in the wind power replacement ratio, the power angle stability of the system is gradually enhanced for small k, and the stability is stronger than that of the system without wind turbines.
[image: Figure 5]FIGURE 5 | When 0 ≤ k < s, acceleration and deceleration areas under different turbine replacement ratios. (A) Comparison of acceleration area and deceleration area at different k. (B) When no turbine is connected. (C) When k = k1. (D) When k = k2.
Figure 5A shows acceleration and deceleration areas under different turbine replacement ratios with wind power access when 0 < k<s. Figure 5B shows the acceleration and deceleration areas under different turbine replacement ratios without wind power access. Figure 5C shows the acceleration and deceleration areas when k = k1. Figure 5D shows the acceleration and deceleration areas when k = k2.
When s<k3<k4<l, the acceleration areas and the deceleration areas under different wind turbine replacement ratios are shown in Figure 6. When the proportion of wind power increases gradually, in order to ensure the safe and stable operation of the power grid and consider the law of the development of the real power grid, it is usually necessary to replace thermal units with wind turbines and ensure the output of the thermal power unit at the same time. Therefore, it is assumed that before the fault, the power curve and the input power curve of the prime mover remain unchanged, where I is the power characteristic curve before the fault. II and III are, respectively, the power characteristic curves during the fault and after clearance of the fault when the wind turbine replacement ratio is k3. IV and V are, respectively, the power characteristic curves during the fault and after clearance of the fault when the wind turbine replacement ratio is k4. Suppose that the fault is cleared when the power angle is δ'. When k = k3, the acceleration area is [image: image], and the deceleration area is [image: image]. When k = k4, the acceleration area is [image: image] and the deceleration area is [image: image]. To meet the requirements of the equal area rule, [image: image] = [image: image] when δ = δ3, and [image: image] = [image: image] when δ = δ4. Analysis shows that δ3<δ4 and that systems with a larger wind turbine replacement ratio meet the requirements of the equal area rule more slowly, so with the increase in the wind turbine replacement ratio, the power angle stability of the system is weakened.
[image: Figure 6]FIGURE 6 | When s<k<l, acceleration and deceleration areas under different turbine replacement ratios.
When k>l, with the increase in the replacement proportion, the power angle curve and the prime mover input power curve during the fault gradually decrease, and compared with the condition that wind turbines cannot be accessed, the change cannot be ignored, so it will be more difficult to accurately find the critical value of the power angle with the equal area rule. In the actual operation of the power grid, when the proportion of wind power reaches a considerable value, it will cause instability of the grid voltage, frequency, and other problems. Furthermore, the operation of the actual power grid does not allow the elimination of excessive thermal power units, so this paper does not analyze the power angle stability of the scenario when k>l.
3.2 Example simulation and analysis
As an important coastal province, Guangdong has abundant offshore resources for the development of offshore wind power. At the same time, in order to ensure the high-load operation of the Guangdong Power Grid, it needs to rely on the power support of Yunnan, Guizhou, and Guangxi, which cause the Guangdong grid to become a typical receiving-end power grid in the Southern Power Grid.
The 2022 summer high-load operation mode of the China Southern Power Grid is taken as an example, in which the Guangdong Power Grid is the receiving-end network (R), as can be seen in Figure 7A. By replacing thermal power units in coastal cities with direct-drive wind turbines to improve the replacement ratio of the Guangdong Power Grid, six simulation scenarios are obtained, where k1 = 2.5%, k2 = 12.5%, k3 = 25%, k4 = 39.8%, k5 = 51.1%, and k6 = 60.28%.
[image: Figure 7]FIGURE 7 | Map of the geographical location. (A) The global situation of power transmission from west to east in the China Southern Power Grid (B) The position of disturbed lines. (C) The position of the turbine access.
Figure 7A shows the global situation of power transmission from west to east in the China Southern Power Grid. Figure 7B shows the position of disturbed lines. Figure 7C shows the position of the turbine access.
At 0.2 s, two three-phase short-circuit disturbances are applied separately. The first fault happens on the transmission line from node Yuexuanhai21 near the integration point of the Guangdong Power Grid Xuanwu Offshore Wind Plant to node Yuexuanwu21, and the second fault happens on the transmission line from node Yuexianling51 to node Yuehuadu51, far away from the wind power integration point. Both of the two faults were removed at 0.32 s. Taking the power angle change of unit YueyuhaiG1 as an example, the approximate position of the disturbed line is shown in Figure 7B. Figures 8A,B respectively, show the power angle curves of YueyuhaiG1 in the wind power ratio of k1, k2, and k3 under the two faults.
[image: Figure 8]FIGURE 8 | Power angle when k = k1, k2, and k3 in the high-load operation mode. (A) The Yuexuanhai21-Yuexuanwu21 line. (B) The Yuexianling51-Yuehuadu51 line.
Figure 8A shows the Yuexuanhai21–-Yuexuanwu21 line (a three-phase short circuit occurs). Figure 8B shows the Yuexianling51–-Yuehuadu51 line three-phase short circuit.
As can be seen in Figure 8, when the proportion of wind power is relatively small, with the increase in k, the swing amplitude of the system power angle decreases and the stability of the power angle increases, which is consistent with the results of the analysis in Figure 8.
Thermal power is continuously replaced with wind power, and the same disturbances are set. Figure 9 shows the power angle curve of YueyuhaiG1 when the proportion of wind power is k4, k5, and k6.
[image: Figure 9]FIGURE 9 | Power angle when k = k4, k5, and k6 in the high-load operation mode. (A) The Yuexuanhai21-Yuexuanwu21 line. (B) The Yuexianling51-Yuehuadu51 line.
As can be seen in Figure 9, when the proportion of wind power increases further, the swing amplitude of the system power angle will increase and the stability of the power angle will become weaker, which is consistent with the results of the analysis in Figure 6.
Figure 9A shows the Yuexuanhai21–-Yuexuanwu21 line (a three-phase short circuit occurs). Figure 9B shows the Yuexianling51–-Yuehuadu51 line three-phase short circuit.
According to the simulation results, compared to the fault far away from the wind power access point, the condition of the system power angle is more stable when the fault occurs near the wind power access point, and the whole swing of the system power angle is more consistent with the theoretical derivation results given in Section 2.1.
4 STUDY ON THE INFLUENCE OF THE OPERATION MODE ON THE POWER ANGLE STABILITY OF THE SYSTEM
According to the simulation in Section 2.2, when the Guangdong Power Grid operates in the high-load operation mode, there exists a proportion value of wind power replacement that makes the power angle situation the best, that is, k = s, and s is in the range 25% < s < 40%. According to Equation 7, there exists an extreme point of the wind power replacement ratio that makes the system power angle the most stable, which is
[image: image]
For a large network, the value N is quite large, so it can be approximated that [image: image]. In both large and small operation modes, N, xw, and rw all stay the same, so [image: image] is a constant. Let [image: image], then
[image: image]
When the power grid operates in the low-load operation mode, the equivalent impedance of the power grid load at the receiving end becomes larger, leading to larger [image: image] and smaller n. With the decrease in n, the denominator of s decreases by twice as much as the numerator, and s becomes larger.
Taking the 2022 summer low-load operation mode of the China Southern Power Grid as an example, in which the Guangdong Power Grid is the receiving network (R), the wind power replacement ratio of the Guangdong Power Grid is improved by replacing thermal power units in coastal cities with direct-drive wind turbines, and six simulation scenarios are obtained, where k1 = 0.25%, k2 = 10%, k3 = 22.05%, k4 = 32.63%, k5 = 43.12%, and k6 = 51.73%.
At 0.2 s, a three-phase short-circuit disturbance was applied to the transmission line from node Yuexuanhai21 near the integration point of the Xuanwu Offshore Wind Plant of the Guangdong Power Grid to node Yuexuanwu21, and the fault was removed at 0.32 s. The change in the power angle of unit YueyuhaiG1 was studied as an example. Figure 10A shows the power angle curve of YueyuhaiG1 when the ratios of wind power are k1, k2, and k3 during the fault. With the increase in the wind power ratio, the swing amplitude of the power angle decreases and the stability of the power angle increases.
[image: Figure 10]FIGURE 10 | Power angle when k differs in the low-load operation mode. (A) The power angle when k = k1, k2, and k3. (B) The power angle when k = k4, k5, and k6.
Figure 10A shows the power angle when k = k1, k2, and k3 in the low-load operation mode. Figure 10B shows the power angle when k = k4, k5, and k6 in the low-load operation mode.
The thermal units are continuously replaced with wind turbines, and the same disturbances are set. Figure 10B shows the power angle curve of YueyuhaiG1 when the wind power ratios are k4, k5, and k6. When the wind power ratio increases from k4 to k5, the power angle stability of the system is still improved. Since the wind power ratio is still in the interval 0 < k<s, when it increases further and reaches k6, it will be found that the condition of the system power angle begins to deteriorate, and the proportion of wind power k enters the interval k>s. Therefore, under the low-load operation mode, the optimal power angle for wind power accounts for 32.63% < s < 43.12%, which can withstand a higher percentage of wind turbine replacement than the high-load operation mode, which is consistent with the theoretical analysis results.
In order to avoid the particularity of fault line selection, a short-circuit fault is set for several lines of the Guangdong Power Grid, and the transient power angle stability under fault is analyzed, considering the short circuit of two or three lines at the same time. Table 1 shows the results of the maximum generator power angle difference of the Guangdong Power Grid under different line short-circuit faults. According to the simulation, with the increase in the wind power replacement ratio, the transient power angle stability of the receiving power grid (Guangdong Power Grid) first improves and then deteriorates, which is consistent with the results of the theoretical derivation.
TABLE 1 | Maximum generator power angle difference of the Guangdong Power Grid under different line faults.
[image: Table 1]5 STUDY ON THE INFLUENCE OF THE WIND POWER INTEGRATION POSITION ON THE POWER ANGLE STABILITY
The difference in the integration location of offshore wind power will affect the topological structure of the receiving-end grid. Taking the Guangdong Power Grid as an example, the integration points of the high-voltage DC transmission line from western provinces are concentrated in the Pearl River Delta region. Therefore, when offshore wind power is connected to the Pearl River Delta region, the equivalent reactance ([image: image]) of synchronous units in the receiving-end grid is relatively small. When offshore wind power is connected to the east and west regions of Guangdong, the distance from the Pearl River Delta increases and [image: image] becomes larger. Therefore, the study on the influence of the offshore wind power integration position on the power angle stability of the system is to study the influence of the change in equivalent reactance ([image: image]) of the synchronous units at the receiving end of the grid on the power angle.
For Equation 7, suppose that d = n and F2 as the function of n, then F3 can be obtained as follows:
[image: image]
where a3<0, b3 < 0, and F3 (0)>0, the extreme point of the function is located in the left half of the coordinate system. Therefore, with the increase in n, F3 decreases, that is, with the decrease in [image: image], the equivalent transfer impedance of the system decreases and the stability of the system increases due to the equal area rule.
According to the Guangdong offshore wind power development plan, Guangdong will develop offshore wind power in the Pearl River Delta (Zhuhai, Huizhou, and Jiangmen), eastern Guangdong (Shantou, Shanwei, Jieyang, and Chaozhou), and western Guangdong (Zhanjiang and Yangjiang) coastal areas in the future. To study the influence of the centralized access area of wind power on the power angle of the system, under the 2022 summer high-load operation mode of the Guangdong Power Grid, roughly 9% of the wind turbines will replace the thermal units in the eastern and western Guangdong, and the Pearl River Delta, respectively. Figure 7C shows different access locations of wind turbines.
The three-phase short-circuit disturbance was set at 0.2 s in the non-offshore wind power access area, and the disturbance ended at 0.32 s. The change in the power angle of unit YueyuhaiG1 was studied as an example. Figure 11 shows the comparison of the system power angle after replacing the thermal units with wind turbines in the eastern Guangdong, western Guangdong, and Pearl River Delta regions.
[image: Figure 11]FIGURE 11 | Wind power angle in different regions.
According to the simulation results, when the disturbance occurs in the non-offshore wind power access region and when offshore wind power is connected to the Pearl River Delta region, the power angle stability of the system is the best, followed by eastern Guangdong. The power angle stability is relatively poor when the thermal units are replaced by wind power in western Guangdong, which is consistent with the previous theoretical derivation results.
6 CONCLUSION
In this paper, based on the different power characteristics of direct-drive wind turbines before and during a fault, a simplified equivalent model of wind turbines is carried out. Before the fault, the wind turbine is equivalent to negative resistance, and during the fault, it is equivalent to negative resistance and negative reactance in parallel. Based on this simplified system model of the replacement of thermal units by direct-drive wind turbines in the receiving-end power grid, the influence of the replacement on the transient power angle stability of the receiving system is reflected by analyzing the effect of the replacement ratio on the electrical distance between the sending-end network and the receiving-end network. Based on the equal area rule, the influences of different wind power replacement ratios k, power grid operation mode, and wind power access position on the power angle stability of the system are analyzed. In addition, through the verification of the Guangdong Power Grid simulation, the following conclusions are obtained:
(1) As the ratio of thermal unit replacement by direct-drive wind turbines of the receiving-end grid increases, the transfer impedance between the sending-end and receiving-end grids will continue to increase before the fault. During a fault, the transfer impedance between the sending-end and receiving-end networks will first decrease and then increase. The change in transfer impedance will affect the power angle curve of the system and then the power angle stability of the system. As the replacement ratio of the receiving-end grid increases, the electrical distance between the sending-end and the receiving-end grid will first decrease and then increase, and the transient power angle stability of the system will first increase and then decrease.
(2) In theory, there exists a ratio value that makes the most stable power angle for the replacement, namely, k = s. In addition, the range of this value s is also different in the high- and low-load operation modes. In the low-load operation mode, the s value is relatively larger, that is, to ensure the stability of the power angle, the system can withstand a larger wind power replacement ratio. At the same time, according to the theoretical derivation, the optimal ratio of wind power replacement is related to the topology structure of the receiving-end network, and the influence of the network topology change caused by the development of the power grid on this extreme value can be considered in the subsequent research.
(3) Different locations of centralized access to offshore wind power also affect the stability of the system power angle, and the system power angle is relatively good when offshore wind power is integrated near the load center region.
The influence of the change in the inertia center caused by the position difference of the disturbance on the stability of the power angle of the system will be considered in the follow-up study. Combined with the actual situation of the power grid, the average electrical distance of the power grid between the sending end and receiving end is determined to quantitatively analyze the power angle stability of the system more accurately.
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