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In the process of integrating large-scale wind farms into the power system, the harmonic interaction among wind farms causes potential safe and stable operation threats to the power grid. To effectively control the harmonics of the wind power grid-connected system, quantitative analysis of the harmonic interaction is very necessary and meaningful. Therefore, this paper firstly explains the harmonic interaction among wind farms from the perspective of the primary and secondary emission. We use the concept of harmonic impedance to analyze the mechanism of harmonic interaction and proposed a calculation method for quantitative analysis of the harmonic interaction. Using the calculation method, the influence caused by the wind farm self-impedance, the contact impedance, and Static Var Generator to the harmonic interaction are quantitatively analyzed. Finally, taking multiple wind farms in actual operation as a case, the effectiveness of the method is verified by time domain simulation.
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INTRODUCTION
Wind energy is a clean, renewable, and high-quality energy with large-scale development potential (Bak et al., 2013). However, the centralized operation of large-scale wind power also brings many power quality problems (Xu et al., 2019; Kunjumuhammed et al., 2016), of which Harmonic is the most important one in wind power grid connection (Badrzadeh et al., 2012; Kong et al., 2014). Harmonic emissions of variable speed wind turbines are a well-known issue (Tentzerakis and Papathanassiou, 2007). The harmonic of the point of common coupling (PCC) in the wind farm network is resulted from the combination of the one emitted by itself and the one caused from the external system (Ravindran et al., 2021; Tan et al., 2019). The closer the distance between the harmonic sources, the more obvious the harmonic interaction phenomenon (Arghandeh et al., 2013). When large-scale wind farms are integrated into the grid, their electrical distance is shorter, and the corresponding harmonic interaction is more obvious. Because of the interaction of harmonics, the uncertainty and complexity of harmonics are aggravated (Herberta and Amutha, 2014; Liang, 2017), which makes the evaluation of wind farm harmonics more complex. The interaction between wind farms may lead to the decline of system stability margin and even the unstable operation of local systems. Its randomness and uncertainty will also affect the optimal dispatching of power grid with new energy (Li et al., 2021) and multi-energy complementary energy management (Li et al., 2021). To better suppress the harmonic of wind power grid-connected system and improve the stability of wind power grid-connected system, it is necessary to quantitatively analyze the harmonic interaction of multiple wind farms.
To explain the interaction and propagation of harmonics, Bollen et al. (2011) proposed the concepts of primary emission and secondary emission. The interaction between harmonic sources is interpreted as primary emission and secondary emission, and it is further pointed out that the primary and secondary emissions of harmonics are not only applicable to the ultra-high harmonics (Gil-De-Castro a et al., 2014). The harmonic emission and the corresponding interaction in the wind farms can be interpreted as the primary and secondary emissions (Bollen and SK, 2016). Yang et al. (2014) explained the harmonic emission of wind turbine by using the primary emission and secondary emission and pointed out that the harmonic emission of wind turbine is a combination of the primary and secondary emissions. Primary and secondary emissions are very useful when quantifying the interaction between devices.
At present, several studies have focused on the harmonic interaction evaluation. The main research studies focus on two aspects: harmonic interaction between flexible AC transmission system (FACTS) devices and harmonic interaction between FACTS devices and power grid. On the basis of the Norton equivalent model of multiple grid-connected inverters, He et al. (2013) quantitively analyzed the interaction between different current control loops using the transfer function matrix. Yahyaie and Lehn (2016) employed the frequency coupling matrix method to analyze the harmonic interaction between grid-connected inverter and power grid. The existence of multiple harmonic sources leads to the increase in the order of the coupling matrix, which makes the matrix decoupling become difficult. On the basis of the equivalent output impedance method, Chen et al. (2017) established two parallel active power filter (APF) equivalent models to explain the two APF harmonic interactions from the perspective of control theory. Xu and Teng (2020) took two wind turbine clusters in a wind farm as the research object and established its admittance model. Considering the parameters of the phase-locked loop and the number of wind turbines, the interaction between the two wind turbine clusters is qualitatively analyzed on the basis of the generalized Nyquist criterion. The above research studies mainly make a qualitative analysis of harmonic interaction.
In contrast to quantitative analysis, the qualitative analysis methods only determine which side of the PCC dominates the harmonic and cannot provide specific contribution levels. Quantitative methods have thus drawn more attention. The existing quantitative analysis methods for harmonic interaction are the relative gain array (RGA) method and the measurement method. At present, the quantitative analysis methods of harmonics mainly include RGA and measurement method. The quantitative analysis of harmonic interaction is mainly focused on multi-infeed high-voltage direct current (HVDC) systems and multiple inverters. Guo et al. (2020) defined the harmonic current influence coefficients of the converter station based on the harmonic impedance method. The degree of harmonic interaction between converter stations is analyzed, and the feasibility and effectiveness of harmonic impedance in analyzing harmonic interaction is verified by simulation results. The absorption and amplification of harmonic current at AC side in multi-infeed HVDC systems are defined, and it is concluded that equivalent harmonic self-impedance in the converter station is the main factor affecting harmonic absorption and amplification (Yang G et al., 2016). Tang et al. (2016) used the diagonal relative gain of the RGA to quantitatively analyze the interaction between multiple inverters. However, the passive damping is used to suppress LCL filter resonance in its control strategy, which will increase active power loss and is not applicable to high-power grid-connected inverters. Han et al. (2020) established a wind farm transfer function model and quantitatively analyzed the harmonic interaction among the current control loops of multiple wind turbines based on the RGA. However, the RGA is mainly aimed at the coupling analysis of multivariate control processes. Zhao et al. (2020) used complex independent component analysis to quantitatively analyze the harmonic contribution of multiple wind farms at the grid-connected point. On the basis of the concept of harmonic propagation, Yang K et al. (2016) used the measurement method to explain the harmonic influence of wind turbines on other turbines in wind farms and the public grid but lacked quantitative theoretical analysis. The measurement of harmonic emission from different wind farms shows that there is broadband harmonic emission in the wind farm, and the harmonic emission changes with time and measurement points (Yang et al., 2011). It is difficult to determine the source of harmonics and quantitative analysis using measurement methods.
On the basis of the above research studies’ status, this paper makes a quantitative analysis of the harmonic interaction between wind farms from the perspective of system analysis. The contribution of this paper is the following four aspects. Firstly, we explained the harmonic interaction from the perspective of the primary and secondary emissions about wind farms. Secondly, on the basis of the concept of harmonic impedance, a harmonic impedance model of the multiple wind farms is established, and the mechanism of harmonic interaction between wind farms is analyzed. A calculation method for quantitative analysis of the interaction degree for the primary emission and secondary emission of harmonic current is proposed, and the quantitative index of the interaction degree is defined. Thirdly, this method is utilized for the quantitatively analyzing the influence of the wind farm self-impedance, contact impedance, and Static Var Generator (SVG) on the harmonic interaction from the mechanism. Finally, taking multiple wind farms in Northwest China as the practical case, we constructed the harmonic interactive simulation models of multiple wind farms with the PSCAD/EMTDC platform and verified the effectiveness of the method by the time domain simulation. The research results of this paper have reference significance for effective harmonic control and power quality improvement of wind power grid-connected systems.
The follow-up of the paper is organized as follows. Primary Emission and Secondary Emission of Harmonics Between Wind Farms elaborates the primary emission and secondary emission of harmonic sources and analyzes the interaction mechanism and main influencing factors. Quantitative Interaction Mechanism of Primary and Secondary Emissions for the Harmonic Current establishes the analysis model for harmonic interaction of multiple wind farms. On basis of this, the quantitative analysis method of harmonic interaction is given, and the quantitative mechanism of harmonic interaction is theoretically analyzed. Influence Analysis of the Primary and Secondary Harmonic Interaction Factors gives a quantitative analysis of the main reason, which is the influence of harmonic interaction. Simulation Analysis verifies the effectiveness of the proposed quantitative analysis method through time domain simulation combined with actual cases. In Conclusion, conclusions related to our work are summarized.
PRIMARY EMISSION AND SECONDARY EMISSION OF HARMONICS BETWEEN WIND FARMS
Primary Emission and Secondary Emission
The equivalent model of interaction generated between the primary and secondary emissions is shown in Figure 1 (Bollen et al., 2011). The two harmonic sources are equivalent to the current source models in case that the background harmonics are ignored. The two harmonic sources are denoted by [image: image] and [image: image], respectively. It is assumed that the filter capacitor between the harmonic source and the system is denoted by [image: image], the harmonic impedance of system is denoted by [image: image], and the harmonic current flowed between harmonic source 1 and the external system is represented with [image: image].
[image: Figure 1]FIGURE 1 | The model of primary and secondary emission.
Primary emission: As shown in Figure 1, when only harmonic source 1 existed in the system, the flow harmonic current, which is denoted by [image: image], flowed between the harmonic source 1, and the external system is called primary emission of harmonic source. Then, the primary emission can be expressed with Eq. 1 as follows:
[image: image]
where [image: image] is calculated as [image: image].
In practical terms, the primary emission is affected by many factors, such as the topological formation of the harmonic source and the impedance within the common connection point.
Secondary emission: When there are two harmonic sources in the system, [image: image] is mainly composed of two parts, which are the primary emission of the harmonic source 1 and the secondary emission resulted from the harmonic source 2. As a result, [image: image] can be expressed with Eq. 2 as follows.
[image: image]
Reasonably, the secondary emission is mainly affected by the emission intensity of the external harmonic source and the impedance among the harmonic sources.
Primary and Secondary Harmonic Emission Among the Wind Farms
When multiple wind farms are connected to the grid, the wind farm has the characteristics of the primary emission and secondary emission (Yang et al., 2014). The primary emission is the distortion generated within the wind farm itself, whereas the secondary emission is the distortion generated from other wind farms. The interactive propagation relationship of the primary and secondary emissions for the wind farms is concretely shown in Figure 2.
[image: Figure 2]FIGURE 2 | Primary emission and secondary emission of wind farm.
As distinctly seen from Figure 2, the harmonics generated by wind farms affect the adjacent wind farms, thus causing the interaction of the primary and secondary emissions in wind farms. Taking the 13th harmonic as the analysis object, the harmonic influence of wind farm 2 on wind farm 1 before and after wind farm 2 is shown in Figure 3. Compared to wind farm 1 operating alone, the harmonic current of wind farm 1 is oscillated more obviously when the wind farm 2 is incorporated. Therefore, there is interaction between the primary and secondary harmonics in wind farms.
[image: Figure 3]FIGURE 3 | Harmonic effect of wind farm 2 on wind farm 1. (A) Before wind farm 2 put into. (B) After the wind farm 2 put into.
It can be seen from Figure 4 that, when wind farm 1 operates alone, its primary emission distortion rate is 3.37%. Affected by the harmonic emission of wind farm 2, the secondary emission distortion rate of wind farm 1 increases to 4.26%.
[image: Figure 4]FIGURE 4 | Harmonic current amplitude of wind farm 1. (A) Before wind farm 2 put into. (B) After the wind farm 2 put into.
The primary emission and secondary emission of wind farms can distinguish the source of harmonics, which is conducive to the quantitative analysis of harmonic interaction. The primary emission of the wind farms mainly depends on the topological formation and the harmonic impedance of the wind farms, reactive power compensation devices, and other power quality control devices. The key factors influencing the secondary emission of wind farms are the harmonic emission intensity of adjacent wind farms, the size of the interconnection impedance between wind farms, and the impedance size of the external system.
QUANTITATIVE INTERACTION MECHANISM OF PRIMARY AND SECONDARY EMISSIONS FOR THE HARMONIC CURRENT
As the new energy base with large-scale wind farms is always far away from the load center, the harmonics generated by power grids are much smaller when compared with the harmonics generated by wind farms. The electrical coupling of wind farms is close together due to the approaching electrical distance within the wind farms when large-scale wind farms are connected to the grid. Therefore, the harmonic interaction among wind farms becomes more obvious.
To quantitatively analyze the interaction influence of the primary harmonic emission and the secondary harmonic emission between multiple wind farms, the interaction factor of harmonic current is defined, in Eq. 3 in this paper. More specifically, the defined interaction coefficient is calculated with the ratio that the primary harmonic current of the connection point in the integrated wind farm grid to the secondary harmonic current of the adjacent wind farm.
[image: image]
where [image: image] is the interaction influence coefficient of harmonic currents for [image: image]th-order primary and secondary emissions resulted from wind farm [image: image] to that of wind farm [image: image]. [image: image] is the harmonic variation of wind farm [image: image] caused by the primary emission of wind farm [image: image]. [image: image] is the primary emission of wind farm [image: image].
The magnitude of [image: image] represents the degree of interaction. Specifically, when the value of [image: image] is larger, the interaction of the primary emission for wind farm [image: image] is stronger to the secondary emission of the wind farm [image: image]. Conversely, when the value of [image: image] is smaller, the corresponding interaction degree is weaker. Hence, the interaction degree of primary emission to the secondary emission between any two wind farms can be obviously reflected with the influence factor.
When the electrical distance between harmonic sources is close, the electrical coupling is close, and the harmonic interaction between harmonic sources is more serious (Gil-De-Castro b et al., 2014). Therefore, the harmonic interaction generated from the wind farm and electrified wire netting is not considered in our analysis. In addition, when the power grid runs stably, the harmonic grid impedance can be approximately viewed as constant. At this point, the harmonics is mainly originated from the wind farm. The hth-order interaction model of multiple wind farms is shown in detail in Figure 5.
[image: Figure 5]FIGURE 5 | Harmonic interaction analysis model for multiple wind farms.
In Figure 5, [image: image], [image: image], and [image: image] are the hth-order harmonic currents originated from wind farms 1, wind farm 2, and wind farm n, respectively. [image: image], [image: image], and [image: image] are the primary emission currents of hth-order harmonics originated from the wind farm and flowed into the system finally. [image: image], [image: image], and [image: image] are the harmonic impedances of the wind farm, respectively. Moreover, the transformers and the current collection lines decide the values of [image: image], [image: image], and [image: image]. [image: image], [image: image], and [image: image] are the harmonic impedances of the wind farm compensation equipment, respectively. [image: image], [image: image], and [image: image] represent the contact impedance of the wind farms.
Taking wind farm 1 and wind farm 2 as shown in Figure 5 as the research objects, Eqs 4–7 can be obtained as follows when the influence of background harmonics in the AC system is ignored:
[image: image]
[image: image]
[image: image]
[image: image]
Substituting Eqs 6, 7 into Eqs 4, 5, respectively, we can get Eq. 8 as follows:
[image: image]
Therefore, Eq. 9 can be obtained with the combination of Eq. 3:
[image: image]
In the right end of Eq. 9, [image: image] and [image: image] can be expressed as in Eqs 10, 11:
[image: image]
[image: image]
With the same reason, Eq. 12 is derived as follows:
[image: image]
In Eq. 12, [image: image] and [image: image] can be further calculated with Eqs 13, 14:
[image: image]
[image: image]
where the self-impedance of the harmonic is separately denoted by [image: image] and [image: image] for the wind farm system, and [image: image] is the contact impedance among the wind farms.
It can be known from Eqs 9, 12 that the interaction originated from wind farm [image: image] and wind farm [image: image] is tightly interrelated with that of the harmonic impedance, the contact impedance, and the harmonic impedance of the SVG. The value of [image: image] is different from that of [image: image]. In addition, the value of [image: image] decreases with the increase of [image: image] and [image: image], whereas the value of [image: image] decreases with the increase of [image: image] and [image: image].
INFLUENCE ANALYSIS OF THE PRIMARY AND SECONDARY HARMONIC INTERACTION FACTORS
The Influence of Contact Impedance on Harmonic Interaction
The contact transformers and transmission lines between wind farms can be equivalent to contact impedance, representing the electrical distance between different wind farms. The wind farms are coupled through the contact impedance and result in the interaction between wind farms. The simplified analysis model of the contact impedance is given in Figure 6.
[image: Figure 6]FIGURE 6 | Harmonic impedance model of contact impedance.
With the observation from Figure 6, Eq. 15 can be obtained as follows:
[image: image]
where the equivalent impedance is denoted by [image: image] for the wind farm, and [image: image] and [image: image] are the harmonic currents at both ends of the contact impedance.
By Eq. 15, the harmonic current relationship between the first and last two ends of the contact impedance can be obtained as Eq. 16:
[image: image]
The admittance form of the Eq. 16 is expressed as Eq. 17:
[image: image]
It can be known from Eq. 16 that the electrical distance between wind farms and the degree of electrical connection between wind farms are featured with the contact impedance located at wind farms. Moreover, the value of [image: image] decreases simultaneously when the electrical distance of the wind farms decreases, and the harmonic interaction of the wind farms is much stronger. In particular, when the value of [image: image] is tend to 0, the corresponding electrical distance between wind farms is closer, the electrical connection is much inseparable, and the interaction is the most serious. However, the interaction originated from wind farms is negligible when the value of [image: image] approaches on toward [image: image].
Taking the 11th characteristic harmonic in a wind farm as an example, the relationship between the contact impedance and the interaction factor of the harmonic current is shown in Figure 7. It can be known from the figure that the interaction factors, i.e., [image: image] and [image: image] between wind farms, is continuously reduced when the contact impedance value [image: image] is enhanced. In detail, when the electrical distance between two wind farms increases, the interaction between wind farms is declined. Therefore, it is beneficial isolate influence between wind farms.
[image: Figure 7]FIGURE 7 | Influence of contact impedance on [image: image] and [image: image]
The Influence of Compensation Device on Harmonic Interaction
Because of the structural characteristics of the power electronics of SVG, the switching will cause changes in the primary emission of the grid-connected harmonic currents in wind farms and then affects the varieties in the secondary emission of adjacent wind farms. When SVG is incorporated into operation, the harmonic impedance model of the wind farm is clearly shown in Figure 8.
[image: Figure 8]FIGURE 8 | Harmonic analysis model of SVG.
In Figure 8, [image: image] is the equivalent impedance of the SVG, [image: image] is the harmonic current originated from the wind farm, and [image: image] is the harmonic current injected into the reactive power compensator. The relationship that the harmonic current poured into the system to the harmonic current of the wind farm is calculated with Eq. 18:
[image: image]
It can be known from Eq. 18 that the harmonic current poured into the system is tightly affected through the compensator of the wind farm. The value of the harmonic current injected into the grid is varied from [image: image] to [image: image] when the compensation equipment is incorporated into use before and after. The harmonic impedance of the compensation device is larger, and the harmonic current produced by the wind farm and poured into the external system is larger. The value of [image: image] is much smaller, and the harmonic current that is poured into the external system is much smaller.
The influence of SVG on the harmonic current of the grid connection point before and after the input is shown in Figure 9.
[image: Figure 9]FIGURE 9 | Harmonic current spectrum of wind farm before and after SVG operation.
Figure 9 shows that the total harmonic current distortion rate of wind farm decreases from 4.9% before SVG input to 2.8% after SVG input. SVG can inhibit the primary emission of wind farms and reduce the harmonic interaction between wind farms.
Influence of Equivalent Impedance on Interaction Factors
The variation of wind turbines number will cause the variation of the equivalent harmonic impedance of the wind farms. To reflect the influence of the equivalent impedance on the interaction factors of harmonic currents in wind farms, two typical wind farms 1 and 2 are selected as the analysis objects. As a result, when the reactive power and contact impedance unchanged, the magnitude of the harmonic self-impedance, which is denoted by [image: image] and [image: image], respectively, is changed with the variation of draught fans number connected to the grid from wind farm 1 and wind farm 2.
When the 13th-order characteristic harmonics is considered, the variation trend of relationship curves for [image: image] and [image: image] and [image: image] is given in Figure 10. Simultaneously, the variation trend of [image: image] varied with [image: image] and [image: image] is shown in Figure 11.
[image: Figure 10]FIGURE 10 | Relationship curve among [image: image], [image: image], and [image: image]
[image: Figure 11]FIGURE 11 | Relationship curve among [image: image], [image: image], and [image: image]
It can be seen from Figure 10 that the value of [image: image] is enhanced when the value of [image: image] is decreased. However, the value of [image: image] is parallelly enhanced when the value of [image: image] is increased. Furthermore, it also can be seen that the influence of [image: image] resulted from the variation of [image: image] is much greater than that caused by [image: image].
It can be seen from Figure 11 that the value of [image: image] is reduced with the decrease of [image: image]. Meanwhile, the value of [image: image] is reduced with the decrease of [image: image]. Furthermore, it also can be seen that the influence of [image: image] caused by the variation of [image: image] is much larger than that resulted from [image: image].
SIMULATION ANALYSIS
In this section, multiple wind farms existing in Northwest China are modeled in PSCAD. This wind farm base is rather typical for northwest areas in China, and it is far away from the load center. The harmonics generated by power grids are much smaller when it is compared with the harmonics generated by wind farms. In this wind farm base, the electrical coupling of wind farms is close together due to the approaching electrical distance within the wind farms.
It is assumed that the control parameters of the selected wind farm are all operated under the rated state. The maximum installed capacity of the wind farm is 120 MW, and the outlet voltage of the wind turbine generator is collected into the 35-kV bus through the boosted 0.69/35 kv box transformer and is transmitted to the 35/330 step-up transformer through the 35-kV line. Finally, it is accessed into the AC system. In addition, the SVG is paralleled at the 35-kV bus side. The topological structure of the wind farm base is shown in Figure 12. The main electrical equipment parameters in the wind power base are shown in Table 1. To make the simulation analysis closer to reality, simulation parameters are set according to the actual electrical parameters in simulation modeling.
[image: Figure 12]FIGURE 12 | The topological structure of wind farms in Northwest China.
TABLE 1 | The Main equipment parameters.
[image: Table 1]The Influence of Contact Impedance
The size of the contact impedance is closely related to the distance of the transmission line, and the distance of the transmission line can be used to characterize the size of the contact impedance. To reflect the relationship between the contact impedance and the harmonic interaction factors, three wind farms, i.e., wind farm 1, wind farm 3, and wind farm 4, are selected as research objects. The electrical distance sourced from wind farm 1 to wind farm 3 is 15 km, and the electrical distance between wind farm 1 and wind farm 4 is 65 km. Regardless of the impact of the number of grid-connected wind turbines, the number of wind turbines is set to 40 in the three wind farms. The relationship between the interaction factors of the primary and secondary emissions and contact impedance is shown in Figure 13.
[image: Figure 13]FIGURE 13 | The influence of contact impedance. (A) The relationship between [image: image] and [image: image]. (B) The relationship between [image: image] and [image: image].
It can be known from Figure 13 that the interaction degree of each harmonic between wind farm 1 and wind farm 3 is significantly greater than the influence factors between wind farm 1 and wind farm 4. Furthermore, the interaction factors, i.e., [image: image] and [image: image], are reduced with the increase of [image: image], whereas the values of [image: image] and [image: image] are enhanced with the decrease of [image: image]. It shows that, as the contact impedance decreases, the degree of coupling between wind farms is much larger, and the interaction factors will become larger. The higher-order harmonic interaction factors, i.e., [image: image] and [image: image], are varied more significantly when the contact impedance [image: image] is enhanced.
The Self-Impedance of Wind Farm Changes
To analyze the relationship between the self-impedance of wind farms and the influence factors. Wind farm 1 and wind farm 3 are taken as the research objects, and the electrical distance between them is 15 km. That is, [image: image] remains unchanged. Taking the 11th characteristic harmonic as an example. Keep the number of wind turbines in wind farm 1 unchanged at 50, and change the number of wind turbines in wind farms 3. When the number of wind turbines in wind farm 3 changes, its self-impedance also changes. The relationship between the interaction factor and the number of wind turbines is shown in Figure 14.
[image: Figure 14]FIGURE 14 | The relationship among the number of wind turbines, [image: image] and [image: image].
It can be known from Figure 14 that the changing trends of [image: image] and [image: image] are completely different. With the increasing number of wind turbines in wind farm 3, [image: image] shows a decreasing trend, whereas [image: image] shows an increasing trend. It can be seen from the change trend of [image: image] and [image: image].When the number of wind turbines in wind farm 3 increases from 10 to 50, the interaction degree caused by wind farm 1 to that of wind farm 3 is reduced continuously, but the interaction degree caused by wind farm 3 to that of wind farm 1 is reduced continuously. Furthermore, when the number of wind turbines in wind farm 3 is 40, the self-impedances of the two wind farms are approximately equal, and the interaction factors [image: image] and [image: image] are the same size.
Impacts of SVG Operating Modes
To analyze the impact of SVG on interaction factors, in this case, taking wind farm 1 and wind farm 2 in Figure 10 as the research objects, the number of wind turbines in both wind farms is 35. The electrical distance between two wind farms is 45 km, that is, the self-impedance and contact impedance of the two wind farms remain unchanged. Before, the SVGs of the two wind farms were put into use. The current total harmonic distortion (THD) of wind farm 1 is 3.37%, and the current THD of wind farm 2 is 4.89%. There are three operation modes that existed in the SVG. The current THD of two wind farms under the different modes is shown in Table 2.
TABLE 2 | Harmonic current distortion rate under 3 operating modes.
[image: Table 2]According to the data analysis in Table 2, under three different operating modes, the current THD of the two wind farms has decreased, which also shows that SVG can play a positive role in harmonic suppression. The current THD of wind farm 1 decreases more obviously in operation mode 1, and the current THD of wind farm 2 decreases more obviously in operation mode 2. Under operation mode 3, when the SVGs of wind farm 1 and wind farm 2 are put into operation at the same time, the current THD of the two wind farms decrease greatly. The current THD of wind farm 1 and wind farm 2 have been reduced from 3.37% and 4.89% to 2.14% and 2.28%, respectively.
According to the analysis of Figure 15, the value of [image: image] becomes more and more larger with the incorporation of SVG in wind farm 1 in operation mode 1, whereas [image: image] decreases with the incorporation of SVG in the same case. Under operation mode 2, the value of [image: image] decreases with the incorporation of SVG in wind farm 2, and the [image: image] increases with the incorporation of SVG. Compared with working condition 1 and working condition 2, [image: image] and [image: image] are relatively smallest in case of working condition 3, which is consistent with the conclusion of theoretical analysis.
[image: Figure 15]FIGURE 15 | Impacts of SVG operating modes. (A) The value of [image: image] under three working conditions. (B) The value of [image: image] under three working conditions.
CONCLUSION
This paper analyzes the harmonic interaction between wind farms from the perspective of the primary and secondary emissions of harmonics. Through establishing the harmonic interaction model of multiple wind farms, a method for quantitative analysis of harmonic interaction is proposed, and the mechanism and quantitative analysis of harmonic interaction between wind farms are carried out. This method is utilized for quantitatively analyzing the influence of the wind farm self-impedance, contact impedance, and SVG on the harmonic interaction from the mechanism. Taking the actual wind farms as a research case, the effectiveness of the method is verified by time domain simulation. Finally, the following conclusions are drawn.
1) The harmonic current interaction factor of the primary emission and secondary emission between wind farms is closely related to the contact impedance. Specifically, the contact impedance rises with the increase of electrical distance between wind farms, but the harmonic interaction factor shows an opposite trend. Vice versa, the contact impedance decreases and the harmonic interaction factor increases when electrical distance between wind farms is reduced.
2) In case that the capacity of single wind turbine is identical, the harmonic impedance of the wind farm is changing with the variety in the number of grid-connected wind turbines. When the harmonic order is same, the harmonic impedance difference between wind farms is greater, the harmonic interaction factor is greater, and the interaction is stronger. When the harmonic impedance between wind farms is equal or similar, the harmonic interaction factor is smaller, and the interaction is smaller.
3) The input or exit of SVG is closely related to the change of harmonic interaction factor. The harmonics can be suppressed by the input of SVG, and the degree of harmonic interaction between wind farms can be also reduced.
The method proposed in this paper provides a reference for the harmonic control and power quality optimization of multiple wind farm grid-connected systems. However, certain impact caused by the interaction between multiple wind farms is conducted to the power quality and the stable operation of the power grid, which is a significant task to be improved in the future.
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