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The large-scale integration of wind power into the power grid can cause a new type of sub-synchronous power oscillation, different from traditional thermal power generation. The oscillation energy will spread extensively in the grid, causing power oscillation and even grid-cascading events. To address this issue, this article proposes a method for quantitatively analyzing the propagation characteristics of oscillation energy based on branch oscillation energy. Firstly, analyzing the oscillation energy shared by different branches in the network based on transient energy function. Next, a method is proposed to identify the dominant propagation path of sub-synchronous oscillation by defining the oscillation energy of branches under the dominant oscillation mode and the oscillation energy distribution coefficient of each branch. The oscillation partition set formed by the dominant propagation path can be used to locate the high-risk oscillation area of the system. Finally, the effectiveness of the method proposed in this paper for studying the wide-area propagation characteristics of sub-synchronous oscillations was verified through time-domain simulation analysis.
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1 INTRODUCTION
Currently, series compensation devices are widely used in the transmission lines of large-scale wind power grid-connected systems in China. However, in recent years, sub-synchronous oscillations caused by large-scale wind power being connected to the grid through series compensation have occurred multiple times (Li and Peng, 2016; Xie et al., 2017; Zhao et al., 2019), seriously affecting the large-scale transmission of new energy wind power and the safe and stable operation of the power grid (Chen et al., 2018). Multiple accidents have occurred globally where power transmission through series-compensated transmission lines from wind farms has caused sub-synchronous oscillations. In 2009, the Double Fed Wind Power Plant in Texas, United States, experienced sub-synchronous power oscillations due to the series-compensated transmission lines. The detection revealed sub-synchronous components of 20 Hz in the wind farm output current, leading to many wind turbines tripping and causing damage to the crowbar circuit (Adams et al., 2012). In 2011, Ontario, Canada also experienced sub-synchronous power oscillations of 9–13 Hz due to a double-fed wind power system connected through series compensation (Narendra et al., 2011). In 2012, the Guyuan Wind Farm in Hebei, China also experienced sub-synchronous oscillations of 6–8 Hz multiple times, resulting in a large number of wind turbines tripping and seriously affecting the safe operation of power grid equipment (Li et al., 2017). In 2015, a wind farm in Hami, Xinjiang, China experienced sub-synchronous oscillations of 20–40Hz, leading to the tripping of the generator rotor protection of a thermal power plant located 300 km away due to torsional vibration, causing it to be disconnected from the grid and shut down (Wang et al., 2015; Xie et al., 2016; Liu et al., 2017). These oscillation incident reports indicate that compared to direct-drive permanent magnet generator units, double-fed units are more susceptible to sub-synchronous oscillations incidents when series-compensated capacitors are present in the transmission line.
This type of sub-synchronous oscillation issue is typically believed to be caused by the sub-synchronous control interaction between the power electronic converter of the double-fed wind turbine generator and the series-compensated capacitor in the power system (Ostadi et al., 2009). Sub-synchronous oscillations caused by large-scale wind power grid integration typically involve multiple regions, units, and equipment. The sub-synchronous oscillation energy permeates from the wind farm side to the remote power system and spreads widely across multiple levels of the power system. Preliminary research results indicate that sub-synchronous oscillation energy has the characteristic of wide-area propagation in the power system (Ma et al., 2020).
Currently, research on disturbance energy propagation leading to system oscillations mainly focuses on the scope of electromechanical transients in power systems. In reference (Thorp et al., 1998), a mathematical model was established for the propagation of electromechanical disturbance energy. The concept of electromechanical waves was used to describe the evolution process of disturbance energy in the system. Reference (Ma and Wang, 2016) studied the dynamic characteristics of electromechanical wave reflection and transmission in a continuum model and explained from an energy perspective that the oscillation nature of power systems is the dynamic superposition of different frequency electromechanical waves during their propagation. The research in reference (Wang et al., 2017) showed that the dynamic characteristics of disturbance energy during its propagation are greatly influenced by the oscillation frequency. However, it remains to be further verified and explored whether the existing theory on electromechanical wave disturbances propagation applies to the wide-area propagation of sub-synchronous oscillations caused by large-scale wind power integration. Although phasor measurement units (PMUs) can provide wide-area measurement information, in practice, the PMUs only collect fundamental electrical quantities, and the electrical quantities of sub-synchronous frequency and various harmonic and inter harmonic components are filtered out by the filters. The traditional power frequency measurement method of PMUs is difficult to accurately measure the oscillating electrical quantities (Xie et al., 2019).
In reference (Ren et al., 2018), the transient energy flow method was applied to the study of sub-synchronous oscillations, and its physical meaning was discussed in depth, explaining the relationship between transient energy flow in oscillations and the power and damping in the system. However, the study was limited to sub-synchronous oscillations involving the generator shaft system. In reference (Cao et al., 2020), the transient energy flow method was used for oscillation source localization, and the transient energy flow of a doubly-fed wind turbine was derived. The direction of the energy flow during system oscillations was determined by the energy flow power index, and thus the forced oscillation source of the system was located. However, there was no research on the influence of the control parameters of the system inverter on the transient energy flow. Reference (Maslennikov et al., 2017) proposed a dissipation energy flow method to locate weakly-damped oscillation sources in the system using measured PMU data. However, network losses and load characteristics can affect the accuracy of the dissipation energy flow method, and further verification is needed to determine whether this method can be used for studying oscillation propagation characteristics. Reference (Ma et al., 2022) proposed an analysis method that combines the dissipation energy flow method with signal processing to locate and identify sub-synchronous oscillation sources. However, it is not possible to determine the diffusion and propagation path of oscillation energy in the system based solely on the branch dissipation energy flow.
Reference (Wen et al., 2019) proposed a sub-synchronous oscillation propagation factor that characterizes the propagating characteristics of sub-synchronous oscillations based on frequency domain methods. This factor is obtained from the transfer function matrix of the system, but no analysis was performed on the factors that affect the propagation factor during the study. Reference (Zhang et al., 2017) proposed a branching coefficient method to locate the propagation path of sub-synchronous oscillations caused by wind power integration into weak grids. However, this method did not consider the effect of oscillation power and can only characterize the propagation path of sub-synchronous currents in the system. In addition, the branching coefficients depend on the frequency characteristics and network structure of the system. Reference (Xie et al., 2020) proposed criteria and a framework for identifying sub-synchronous and super-synchronous oscillation sources based on measurements but did not provide a clear explanation of the specific form of oscillation power. Reference (Yang et al., 2021) analyzed the spreading characteristics of sub-synchronous oscillation power in different branches of the network through the proposed branching coefficient. However, it is difficult to determine the propagation strength of oscillation power at each node through quantitative analysis. Reference (Gong et al., 2019) studied the propagation characteristics of oscillating current along a weakly damped path based on an RLC circuit model under the condition of a single oscillation frequency. However, it did not consider the situation where different frequency components coexist and the propagation mechanism in complex networks. In the study presented in reference (Yang et al., 2019), a propagation factor was proposed to quantify the amplitude of oscillations propagated from one point to other points through a multi-input multi-output transfer function. However, it cannot identify the critical nodes and branches for the propagation of oscillation power in the network. Reference (Zhan et al., 2019) used frequency-domain modal analysis to identify the stability and propagation paths of oscillation modes in renewable energy-integrated systems. However, there was no specific quantitative analysis of the propagation paths of oscillation power at specific oscillation frequencies.
Exploring the evolution path of sub-synchronous oscillations can provide early warning of critical equipment and lines, and effectively interrupt the propagation path of sub-synchronous oscillations by adding damping control devices at weak nodes in the power grid, thereby mitigating its further development in the power grid. Currently, the wide-area propagation mechanism of sub-synchronous oscillation is still unclear, and its wide-area propagation characteristics need to be further explored from different perspectives.
In summary, studying the wide-area propagation characteristics of sub-synchronous oscillations, and tracking and locating the propagation path of sub-synchronous oscillations are the basis for effectively suppressing and blocking the development and evolution of sub-synchronous oscillations. Obtaining the propagation characteristics of oscillation power caused by large-scale wind power integration can deepen our understanding of the oscillation propagation mechanism, provide the basis for the location of oscillation propagation paths and regions, and ensure the warning, control, monitoring, and suppression of oscillations, ensuring the safe, stable, and economic operation of the “double high” power system for efficient export and integration of large-scale renewable energy power in China. This study will provide the foundation for enhancing the stability of new-generation high-penetration renewable energy power systems. Therefore, studying the wide-area propagation characteristics of sub-synchronous oscillations in the power grid has profound research significance.
The main contribution of this paper is to address the challenge of quantitatively analyzing the propagation characteristics of sub-synchronous oscillations generated by large-scale wind farms during grid integration. A quantitative analysis method is proposed based on branch oscillation energy to identify the dominant propagation paths of sub-synchronous oscillations. This method aims to determine the propagation and distribution patterns of oscillation energy within the system after oscillation occurrence. The research provides a foundation for the subsequent real-time monitoring, control, and wide-area warning and suppression of sub-synchronous oscillations. The specifc research process of the paper is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Block diagram of the research process.
2 CONSTRUCTION OF SYSTEM TRANSIENT ENERGY FUNCTION
The method based on energy function construction is used to derive and construct the system’s transient energy function. Assuming there are N nodes in a certain power system, according to Kirchhoff’s current law in circuit theory, the system node voltage equation can be written as:
[image: image]
Where [image: image], [image: image], and [image: image] are n-dimensional complex vectors representing the system node voltage, generator output current, and current flowing into the load, respectively, and [image: image] is the node admittance matrix of the system. At any moment, the system operation satisfies Equation 1 of the node voltage equation. From this, we can obtain:
[image: image]
Taking the imaginary part of the above Equation 2 and integrating it, we can get:
[image: image]
In the equation, [image: image] and [image: image] represent:
[image: image]
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Here, [image: image], [image: image], [image: image], and [image: image] is the amplitude of node i’s voltage [image: image], and [image: image] is the phase angle of node i’s voltage [image: image].
2.1 Energy function of a generator
When a generator adopts a classical second-order model, its state equation is:
[image: image]
In the equation, the unit of [image: image] is radian, which represents the rotor angle of the generator, the unit of [image: image] is rad/s, which represents the difference between synchronous speed and rotor angular speed, [image: image] is the damping coefficient, [image: image] is the inertia constant, [image: image] and [image: image] are the per-unit values of the electromagnetic power and mechanical power, respectively. Taking the imaginary part of the above equation and integrating it yields:
[image: image]
Equation 7 above is the energy function corresponding to the generator.
2.2 Energy function of the load
Usually, the changes in active and reactive power of a load with frequency and voltage variations can be described by algebraic equations using the static model of the load. When a constant power static load model is used for the load model, the following relationship is established:
[image: image]
Integrating the above equation gives the energy function of the load:
[image: image]
2.3 Energy function of the network
The node’s admittance matrix of the system is [image: image], assuming that the system is a lossless network, and the conductance [image: image] is approximately zero, then there is the following relationship:
[image: image]
Sorting out the terms [image: image] and the terms [image: image] in Equation 10 above yields:
[image: image]
Integrating the Equation 11 further gives:
[image: image]
Equation 12 is also commonly referred to as transient electromagnetic potential energy in a network.
2.4 Transient energy function of the system
When the generator is modeled as a classical model and the load is modeled as a constant power model, assuming that the system is a lossless network and neglecting the system’s damping, let [image: image] be:
[image: image]
Differentiating the sum of equations (7) and (9), and (12) yields:
[image: image]
[image: image] in the above equations is the transient energy function of the entire system.
3 ANALYSIS AND QUANTIFICATION OF BRANCH OSCILLATION ENERGY
During sub-synchronous oscillations, branches can often reflect a lot of information about oscillation energy propagation and diffusion in the network. The oscillation energy of branch oscillations at the time of oscillation occurrence is analyzed according to the system energy function, and the dominant oscillation branches of the oscillation system are identified and located.
3.1 System energy function during oscillation
According to Kirchhoff’s current law, it follows from [image: image] and Equation 2 that:
[image: image]
In Equation 15, the current flowing from node [image: image] to node [image: image] is [image: image], the current flowing out of the generator is [image: image], the current injected into the load is [image: image], all of which are n-dimensional complex vectors. Furthermore, Equation 15 can be derived as follows:
[image: image]
When sub-synchronous oscillations occur in the system, the oscillation energy also appears accordingly. The total oscillation energy of the entire system during oscillation can be obtained by Equation 3 based on the above equation.
[image: image]
In the above equation, [image: image] represents the total oscillation energy in the system after oscillation occurs. During the oscillation process, the oscillation energy in the system interacts with each other between the sending and receiving ends of the transmission line. However, the total oscillation energy in the system is conserved, namely, the total oscillation energy in the system is a constant, denoted as [image: image].
3.2 Energy function of branch oscillation
The transmission lines in the entire power network serve as the medium for the interaction and propagation of oscillation energy in the system. The electrical quantities and oscillation energy in the transmission lines reflect the oscillation characteristics and specific conditions of the whole system after oscillation occurs. At this point, the total oscillation energy of all transmission lines in the power network is defined as [image: image]:
[image: image]
For any branch in the network, the oscillation energy will be injected into the branch from one of its terminals. Therefore, the oscillation energy of branch [image: image] is defined as:
[image: image]
In the equation, [image: image] is the active power flowing from node [image: image] to node [image: image] on the branch [image: image], [image: image] is the active power flowing from node [image: image] to node [image: image] on the branch [image: image], and similarly, [image: image] and [image: image] are the reactive powers flowing from node [image: image] to node [image: image] and from node [image: image] to node [image: image], respectively, on the branch [image: image].
3.3 Branch mode oscillation energy
The total oscillation energy of all branches in the entire system is shared by each branch, and the difference in oscillation energy shared by each branch can reflect the distribution of oscillation energy in the whole system after oscillation occurs, indirectly reflecting the wide-area propagation characteristics of the oscillation energy. In practical engineering, when sub-synchronous oscillations occur in the system, the oscillation mode is often not unique, and there are oscillation characteristics with multiple sub-synchronous frequencies overlaid. Therefore, based on the derivation of branch oscillation energy and the existence of different oscillation modes during oscillation, research on the oscillation distribution of the entire system under different oscillation modes is conducted.
During system oscillation, various electrical quantities are composed of the steady-state component of power frequency and the sub-synchronous oscillation component of different frequencies. The active power of a branch during system oscillation is defined as:
[image: image]
In the equation, [image: image] is the active power of the branch during oscillation, [image: image] is the steady-state active power component of the branch during oscillation, [image: image] is the sub-synchronous frequency oscillation component of the active power of the branch during oscillation, and [image: image] is the sub-synchronous frequency oscillation component of the active power of different oscillation modes in the system. Similarly, other electrical quantities have a similar compositional form as in Equation 20. At this point, the branch oscillation energy can be expressed as:
[image: image]
Although there are multiple oscillation modes during system oscillation, there are usually a few dominant oscillation modes that have much larger oscillation energy than other oscillator modes. Additionally, the steady-state component of power frequency is much larger than the sub-synchronous frequency oscillation component during oscillation. Assuming that the dominant oscillation modes in the oscillating system are modes [image: image] and [image: image], and only consider active power, which is represented by the first term in Equation 21, the following relationship exists:
[image: image]
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The following relationship can be obtained in this case:
[image: image]
Similar to the derivation process above, simplifying all terms in Equation 21 yields:
[image: image]
The above equation represents the branch mode oscillation energy under the dominant oscillation mode. In this equation, A represents the branch mode oscillation energy under oscillation mode B, while C represents the branch mode oscillation energy under oscillation mode D. The specific relationship they satisfy is shown in Equation 26:
[image: image]
3.4 Identification of dominant paths for oscillation propagation
Based on the derived oscillation energy of the branch mode defined in the previous section, this section defines the oscillation energy distribution coefficient of the branch and proposes a method for identifying the dominant propagation path of sub-synchronous oscillation based on the oscillation energy distribution coefficient of the branch. The dominant propagation path of sub-synchronous oscillation can be identified by the difference in the oscillation energy distribution coefficients of different branches. The branches with higher oscillation energy distribution coefficients are also the most fragile branches that share the most oscillation energy in the system. These fragile branches together form the oscillation cut set of the system. The oscillation cut set can be used to locate the areas of high oscillation risk in the system after oscillation occurs. Therefore, the identification of the dominant propagation path of the system oscillation can be completed by locating the area of dominant oscillation in the system.
The oscillation energy distribution coefficient (OEDC) of the branch [image: image] under the dominant oscillation mode [image: image] in the power network is specifically defined as:
[image: image]
In the equation, [image: image] represents the total oscillation energy of all branches in the entire power network under oscillation mode [image: image], [image: image] represents the oscillation energy of branch [image: image] under oscillation mode [image: image], and [image: image] represents the number of nodes in the system.
The main steps of the method are as follows:
(1) Using the time-domain simulation platform built for the doubly fed wind farm connected to the grid system with series capacitor compensation, set the relevant parameters in the simulation model to excite sub-synchronous oscillation phenomena in the system. After the system generates oscillations, calculate the oscillation energy [image: image] of all branches in the network and the total oscillation energy [image: image] of all branches in the system using Equation 19 based on the time-domain simulation data of various electrical quantities in the system.
(2) Obtain the dominant oscillation mode [image: image] of the system through spectrum analysis, and then obtain the oscillation energy of the branch mode under the dominant oscillation mode and the total oscillation energy of all branch modes under the dominant oscillation mode, and then calculate the oscillation energy distribution coefficient of the oscillation mode according to the definition.
(3) The size of the oscillation energy distribution coefficient of all branches in the system is used to determine and identify the dominant paths of oscillation propagation. These dominant paths of oscillation propagation are often fragile branches with lower damping in the system. Therefore, after identifying the dominant paths of oscillation propagation, these fragile branches are defined as the oscillation cut set of the system, and the oscillation energy distribution coefficients of the branches included in the oscillation cut set are compared under the dominant oscillation mode. Based on the size of the oscillation energy shared by the oscillation cut set, the high oscillation risk area of the system can be further located.
4 CASE ANALYSIS
To verify the accuracy of the theoretical analysis and the effectiveness of the proposed research method in this paper, a simulation system model of sub-synchronous oscillation is constructed based on the PSCAD/EMTDC simulation platform. The simulation models include a doubly fed wind power plant with series compensating lines connected to a four-machine two-area system and an IEEE 10-machine 39-bus system, and are subjected to time-domain simulation analysis and verification.
4.1 Single oscillation source case study of four-machine two-area system
The time-domain simulation verification of the series capacitor compensated line connected to the four-machine two-area small system is carried out by connecting the doubly fed wind power plant with series capacitor compensated lines to Node 6. The doubly-fed wind power plant connected to Node 6 is equivalent to 40 doubly-fed wind turbines with the same parameters of the rated power of 5MW, which operate under the same control parameters and at their rated states. The system frequency is 60 Hz. The doubly fed wind power plant is stepped up through a 0.69kV/35 kV transformer before being connected to the busbar, then stepped up again through a 35kV/230 kV transformer before being connected to the series capacitor compensated line, and finally connected to Node 6 of the four-machine two-area system through the series capacitor compensated line, as shown in Figure 2.
[image: Figure 2]FIGURE 2 | The equivalent model of the four-machine two-area system with the doubly fed wind farm connected to it through a series compensating line.
40 doubly fed wind turbines are integrated into the system for steady-state operation. At 1s of the system operation, series compensating capacitors are put into operation and the series compensation degree is set to 30%, which excites the occurrence of sub-synchronous oscillation phenomenon. Data is recorded continuously for 4 s from 1 s before the onset of oscillation. The current output and its frequency spectrum analysis of the wind farm are shown in Figure 3, while the measured output power and its frequency spectrum analysis of one phase of the wind farm are shown in Figure 4.
[image: Figure 3]FIGURE 3 | Wind farm output current and frequency spectrum in different time periods.
[image: Figure 4]FIGURE 4 | Wind farm output power and its spectral analysis.
From Figure 3, it can be observed that in the steady-state stage before introducing the series compensating line, the system frequency is only at the steady-state power frequency. When the series compensating capacitor is introduced at 1 s, the wind farm output current quickly diverges. By the time it reaches 2 s, the wind farm output current tends to a state of equal amplitude oscillation. During the equal amplitude sub-synchronous oscillation stage, the current waveform contains not only the steady-state power frequency component of 928A and 59 Hz, but also sub-synchronous components with an amplitude of 1.69 kA and frequency of 13.5 Hz, as well as an amplitude of 136A and frequency of 32 Hz (small enough to be ignored). During the rapid divergence stage of the oscillation, in addition to containing the steady-state power frequency component of 683A and 59 Hz, there are also sub-synchronous components with an amplitude of 958A and frequency of 28.3 Hz, as well as an amplitude of 740A and frequency of 13.7 Hz. From Figure 4, it can be seen that in the power waveform after exciting the sub-synchronous oscillation, there are sub-synchronous components with an amplitude of 18.7 MW and frequency of 31.25 Hz, as well as an amplitude of 40.1 MW and frequency of 45.5 Hz.
It can be inferred from this that after the system is excited into sub-synchronous oscillation, the system exhibits sub-synchronous oscillation characteristics in which the sub-synchronous frequency of the oscillating current and the sub-synchronous frequency of the oscillating power complement each other, that is, the sum of the sub-synchronous oscillation current frequency and the sub-synchronous oscillation power frequency is the steady-state power frequency of the system at 60 Hz.
At this point, the oscillation power and its spectrum of the four generator outlet branches in the system are obtained, as shown in Figure 5. It can be seen that the oscillation amplitudes in the outlet branches of generators G1 and G2 in the sending end area are the largest, and the oscillations are the most obvious among all. The amplitude corresponding to the sub-synchronous oscillation frequency is also the largest. It can be inferred that the oscillation energy shared by the branches around these sending-end generators is also relatively large.
[image: Figure 5]FIGURE 5 | Oscillating power and spectrum of generator export branches.
At the same time, the dominant sub-synchronous oscillation mode of the system is the sub-synchronous oscillation mode with an equal wind farm output amplitude of 18.7 MW and frequency of 31.25 Hz, and amplitude of 40.1 MW and frequency of 45.5 Hz. The sub-synchronous oscillation component with a frequency of 31.25 Hz is defined as system oscillation mode one, and the sub-synchronous oscillation component with a frequency of 45.5 Hz is defined as system oscillation mode two. Based on the quantified index of the oscillation energy of the defined branch mode and the oscillation energy distribution system, the oscillation energy of each branch of the system is analyzed and calculated, and the oscillation energy distribution coefficients of each branch are obtained for the two oscillation modes of the system, as shown in Figure 6. It can be observed from the figure that the oscillation energy distribution coefficients of branches 1–5, 2–6, 5-6, and 6-7 are relatively large, and the oscillation energy distribution coefficients of the branches far from the oscillation source are relatively small. Branch 9–10 is located at the sending end of area 2 in the four-machine system, so the oscillation energy distribution coefficient on this branch increases. Furthermore, in the branches after node 6 where the oscillation source is connected, the oscillation energy distribution coefficient of mode one with a frequency of 31.25 Hz is greater than that of mode two with a frequency of 45.5 Hz, starting from branch 6–7.
[image: Figure 6]FIGURE 6 | Oscillation energy distribution coefficient of each branch in the system.
From this, it can be inferred that oscillation modes with higher frequencies generally have less effect on distant areas of the system, while oscillation modes with lower frequencies have a wider range of energy propagation and a greater impact on distant areas of the system. Therefore, in the power grid, oscillation components with lower frequencies contain more energy than those with higher frequencies, and are less likely to be dissipated in the grid. Consequently, the sub-synchronous oscillation components with lower frequencies propagate to farther areas in the grid and have a greater impact on the oscillation range.
Based on the calculation and analysis of the oscillation energy distribution coefficients of each branch in the system, the dominant paths of oscillation propagation can be identified, and the fragile branches that bear larger oscillation energy can be located. These fragile branches form the oscillation-cut set of the system, as shown in the blue dashed line in Figure 7 for the four-machine two-area system. The oscillation high-risk areas in the studied system can be further located based on these oscillation-cut sets. In the subsequent research, with the real-time data of measuring devices on the high-risk areas of oscillation and the dominant paths of oscillation propagation, the oscillation can be accurately warned and monitored, and the sub-synchronous oscillation of the system can be further controlled and suppressed, improving the safety and stability of the system’s operation.
[image: Figure 7]FIGURE 7 | System high oscillation risk area identification.
4.2 Case of multiple oscillation sources in the 10-machine 39-node system
The previous section considered the possibility that research results on the mechanism and distribution characteristics of sub-synchronous oscillation propagation in a four-machine two-area small system might be affected by system structural parameters. It also considered the limitations of sub-synchronous oscillation in a system caused by a single oscillation source. In this section, we continue to investigate the propagation mechanism and distribution characteristics of sub-synchronous oscillation energy in the IEEE 10-machine 39-bus system, while also considering the universality of the research conclusions.
The IEEE 10-machine 39-bus system is shown in Figure 8. The difference between the constructed research system in the previous example and the simulation case is that two equivalent doubly-fed wind farm oscillation sources are simultaneously connected at different locations in the system. The specific system parameter settings are as follows:
[image: Figure 8]FIGURE 8 | Two doubly-fed wind farms connected to IEEE 10 machine 39 node system.
The system steady-state frequency is set to 50 Hz, and the two doubly-fed wind farms are connected to the system at nodes 9 and 10 via series compensating lines. Doubly-fed wind farm 1 consists of 20 identical 5 MW doubly-fed induction wind turbines, with each turbine having the same control parameters and running at the rated state. It is connected to node 9 via a series compensating line with a compensator rating of 9%. Doubly-fed wind farm 2 consists of 30 identical 5.5 MW doubly-fed induction wind turbines and is connected to node 10 via a series compensating line with a compensator rating of 20%. Both wind farms are stepped up via 0.69kV/35 kV transformers and connected to the main bus after being stepped up to 35kV/345 kV. Then they are connected to series capacitor compensating lines. Both series capacitor compensating lines are 100 km long and their line parameters correspond to typical transmission line parameters.
The simulation system for the IEEE 10-machine 39-node system with the above system parameters for the two wind farms is shown in Figure 8. After 1 s of steady-state operation of the system, the series capacitor compensating lines in the output lines of the two wind farms are simultaneously put into operation, which will excite the phenomenon of sub-synchronous oscillation in the system.
Measurements were made on the output current and power of doubly-fed wind farm 1 connected to node 9 and doubly-fed wind farm 2 connected to node 10. The system was set to operate continuously for 2 s, and when it reached the first second, the series capacitor compensator was put into operation, immediately exciting the same amplitude of the sub-synchronous oscillation phenomenon in the system. The waveforms and spectral analysis of the output current and power of the two wind farms are shown in (a) and (b) of Figure 9, respectively.
[image: Figure 9]FIGURE 9 | Frequency spectrum analysis. (A) Oscillation current and its frequency spectrum from two wind farms’ outputs. (B) Oscillation power and its frequency spectrum from two wind farms’ outputs.
From the figure, it can be seen that there is a sub-synchronous oscillation component of 19 Hz in the oscillating current and a sub-synchronous oscillation component of 31 Hz (dominant oscillation mode) in the oscillating power. Specifically, the amplitudes of sub-synchronous frequency components of the oscillating current and power of doubly-fed wind farm 1 at sub-synchronous frequency are 486A and 5.1 MW, respectively; the amplitudes of sub-synchronous frequency components of the oscillating current and power of doubly-fed wind farm 2 at sub-synchronous frequency are 621A and 7.2 MW, respectively. Their oscillation characteristics also satisfy the complementary relationship between the sub-synchronous oscillation frequencies of the oscillating power and current.
The branches of the IEEE 10-machine 39-node system are numbered, and the specific number corresponding to each branch is shown in Table 1. There are a total of 46 branches and 39 nodes in the entire system, of which 10 nodes are traditional generator-sending end nodes.
TABLE 1 | Corresponding numbers for each branch of the IEEE 10 machine 39 node system.
[image: Table 1]Through simulation data and calculations, it was found that the oscillation at the exits of the 31st, 32nd, and 39th generator nodes closest to the two doubly-fed wind farm oscillation sources is the most significant, and the oscillation energy around these branches is also the largest. Based on theoretical derivations, the oscillation energy in the system and the branch oscillation energy of each branch under the condition of equal-amplitude oscillation mode were calculated. The oscillation energy distribution coefficients of each branch under the dominant oscillation mode were then obtained, as shown in Figure 10.
[image: Figure 10]FIGURE 10 | Oscillation energy distribution coefficient for each branch of the system.
By calculating the oscillation energy distribution coefficients of each branch in the system under the dominant 31 Hz oscillation mode, the dominant path for the propagation of sub-synchronous oscillation in the entire network can be located. From the magnitudes of the branch oscillation energy distribution coefficients in Figure 10, it can be seen that after the sub-synchronous oscillation is excited in the network by the two doubly-fed wind farms connected through series capacitor compensator, the areas near the oscillation source are most significantly affected by the oscillation. After being excited by the two wind farms, the oscillation diffuses and spreads to the downstream circuits and surrounding tie lines connected to nodes 9 and 10, which are where the wind farms are integrated. According to the results of the branch oscillation energy distribution coefficients, the largest share of branch oscillation energy occurs on the branches 9–8, 9–39, 10–11, 10–13, and 10–32, i.e., branches with numbers 16, 17, 18, 19, and 20. The oscillation gradually spreads to the downstream branches and adjacent lines connected to these five branches, and the distribution coefficients of branch oscillation energy also gradually decrease. The branches with the maximum impact from the oscillation and the largest distribution coefficients are all near the power sources G1, G2, and G3, indicating that the propagation and diffusion of oscillation are most significant in the power-sending end area near the oscillation sources in the system. The oscillation energy on the lines and other power-sending end branches far away from the sending end area near the oscillation source is almost negligible, and their oscillation energy distribution coefficients are much smaller than those of the oscillation energy distribution coefficients of the dominant path of oscillation propagation.
Furthermore, the oscillation cut set can be determined to locate the high-risk oscillation areas of the system. The system’s oscillation cut set determined by the branch oscillation energy distribution coefficients is shown in Figure 11. The black dashed line in the figure represents the high-oscillation-risk area of the system when the oscillation sources are connected to nodes 9 and 10.
[image: Figure 11]FIGURE 11 | Systematic oscillation cut sets and location of oscillation high-risk areas.
Keeping the series compensation level of 9% of the series capacitor compensation line of doubly-fed wind farm 1 unchanged, the series compensation level of the series capacitor compensation line of doubly-fed wind farm 2 connected to node 10 is increased to 40%. After 1 s of system operation, the series compensation line is energized, causing sub-synchronous oscillation in the system. The waveforms and spectra of the oscillating current and power output of the two doubly-fed wind farms are compared in (a) and (b) of Figure 12.
[image: Figure 12]FIGURE 12 | Frequency spectrum analysis. (A) Oscillatory current and its spectrum after changing the series compensation of wind farm 2. (B) Oscillation power and its spectrum after changing the series compensation of wind farm 2.
From the figure, it can be observed that after the doubly-fed wind farm 2 is connected with series compensation line, its output current and power diverge rapidly, and approximately 0.25 s later, its output current and power remain in an equal-amplitude oscillation state. During the phase where its output current and power diverge rapidly, the oscillating current output by Doubly Fed Wind Farm 2 comprises oscillation frequencies and amplitudes of 21.9 Hz and 2.7 kA, as well as 33.6 Hz and 1.3 kA. The oscillating power output by Doubly Fed Wind Farm 2 comprises oscillation frequencies and amplitudes of 27.3 Hz and 29.8 MW, as well as 16.4 Hz and 11.9 MW. During the equal-amplitude oscillation phase of its output current and power, the frequencies and amplitudes of the oscillating current and power are 8.2 Hz and 6.4 kA, and 41.8 Hz and 105.6 MW, respectively. Its oscillation characteristics still satisfy the complementary relationship between the sub-synchronous oscillation frequency of the oscillating power and the oscillating current. At this time, the oscillation energy distribution coefficients of each branch were calculated under the equal-amplitude oscillation phase, i.e., the dominant oscillation mode with a frequency of 41.8 Hz, as shown in Figure 13. The oscillation cutting set and high-risk areas determined by this method are similar to those shown in Figure 11.
[image: Figure 13]FIGURE 13 | Sub-synchronous oscillation energy distribution coefficients of each branch after changing the series compensation of wind farm 2.
Keeping the series compensation degree of 9% for the capacitor of Doubly Fed Wind Farm 1’s series compensation line unchanged and the connection position unchanged, the connection position of Doubly Fed Wind Farm 2 was changed to busbar 17, and its series compensation degree of the series compensation capacitor line was increased to 40%. After one second of system operation, the series compensation line was put into operation, causing sub-synchronous oscillation in the system. At this time, the oscillation energy distribution coefficients of each branch were calculated based on the simulation data of the system, as shown in Figure 14.
[image: Figure 14]FIGURE 14 | Sub-synchronous oscillation energy distribution coefficients of each branch after changing the location of wind farm 2.
After changing the position of Wind Farm 2 to connect to node 17, the results of the calculation of the branch oscillation energy distribution coefficients showed that the branches 17–16, 17–18, and 17–27 had a greater share of the oscillation energy, specifically, branches 26, 30, and 31. The oscillations propagated to the downstream lines connected to these three branches, and the oscillation energy distribution coefficients of the branches gradually decreased. Besides, except for the oscillation energy distribution coefficients of branches near node 9 remaining relatively large, the oscillation did not have much influence on the branches in the power supply area far away from node 17. When the oscillation source is connected to the system’s busbar, the oscillation energy will radiate from the connection point to the surrounding lines, making it difficult to propagate to the nearby power supply areas. It only affects some branches of the contact lines without power support nearby and the receiving end area.
Based on this, the dominant propagation path of the system oscillation was identified, and further determination of the oscillation cutting set was made to locate the high-risk area of the system oscillation as shown in Figure 15. The black dotted line in the figure represents the high-risk oscillation area of the system when the oscillation source is connected to nodes 9 and 17.
[image: Figure 15]FIGURE 15 | Locating oscillation cut-sets and high-risk areas of sub-synchronous oscillation after changing the location of wind farm 2.
The analysis and calculation results of the simulation example above show that when the oscillation source is connected near the power supply area, the oscillation energy has a significant impact on the power supply area, and the distribution of oscillation energy will change with the flow of active power in the system. However, the impact of oscillation energy on remote power supply areas far from the oscillation source is minimal, and it is difficult for oscillation energy to propagate to the remote power supply areas of the system through transmission lines. When the oscillation source is connected to the system busbar, the oscillation energy will radiate from the connection point to the surrounding lines, making it difficult to propagate to nearby power supply areas. It only affects the contact lines without power support nearby and the system receiving end area lines, thereby affecting the nearby electrical equipment and loads. Therefore, it can be concluded that the propagation and diffusion characteristics of system sub-synchronous oscillation energy are influenced by multiple factors such as network source-load structure, system active power flow, and the location of the oscillation source connection.
5 CONCLUSION
Based on the theoretical foundation of system transient energy function, this article analyzes the oscillation energy shared by different branches in the power grid and quantitatively analyzes the degree of different branches participating in the sub-synchronous oscillation. Based on the distribution and evolution of oscillation disturbance energy in the branches of the power network after oscillation occurs, the dominant paths of oscillation energy distribution can be identified and quantified by defining a coefficient based on the oscillation energy in the branches under the dominant oscillation mode. If these dominant paths carry a large amount of oscillation energy under the dominant oscillation mode, they are more fragile in the system. These fragile branches are defined as oscillation cut-sets, which are used to further locate high-risk areas of sub-synchronous oscillation in the system. The proposed quantitative analysis method for oscillation energy propagation characteristics can rapidly and accurately compute the distribution of oscillation energy in the power system after oscillations occur in large-scale wind power integration systems. This method identifies the dominant propagation paths of oscillation energy and high oscillation risk areas within the system. The effectiveness of the proposed research method was verified through time-domain simulation, and the conclusion is as follows:
(1) In the power supply end area near the oscillation source in the system, the branches that share the oscillation energy after oscillation occurs carry a large amount of energy, and the propagation and diffusion of the oscillation are the most significant in these branches.
(2) The sub-synchronous oscillation modes with higher frequencies have less impact on the areas that are far away from the oscillation source in the system, while the oscillation energy under the sub-synchronous oscillation modes with lower frequencies can propagate and diffuse to a wider range, and have a greater impact on the distant areas of the system.
(3) The system network structure, the distribution of active power flow, and the connection position of the oscillation source can affect the propagation and distribution characteristics of sub-synchronous oscillation energy in the system. When the oscillation source is connected to the system’s tie bus, the oscillation energy will radiate from the connection point to the surrounding lines, making it difficult to propagate to nearby power supply end areas. It will only affect the tie lines without power support nearby and some branches in the receiving end area.
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D; the damping coefhcient

E; the total oscillation energy

Ey the total oscillation energy of all transmission lines

E; the oscillation energy of branch i — j

Eviic the oscillation energy of branch i — j under oscillation mode Ak
I generator output current

I, current flowing into the load

the current flowing from node i to node j

fgi the current flowing out of the generator

iu the current injected into the load

M; the inertia constant

n the number of nodes in the system

P per-unit values of the electromagnetic power
P per-unit values of the mechanical power

the active power flowing from node i to node j on the branch i - j

the active power flowing from node j to node i on the branch i - j

P, the active power of the branch during oscillation

P, the steady-state active power component of the branch during oscillation

P, the sub-synchronous frequency oscillation component of the active power of the branch during oscillation
P, P the sub-synchronous frequency oscillation component of the active power of different oscillation modes in the system
Qy the reactive powers flowing from node i to node j on the branch i - j

Qi the reactive powers flowing from node j to node i on the branch i - j

U; the amplitude of node s voltage U;

U the system node voltage

w the transient energy function of the entire system

Y node admittance matrix of the system

0; the phase angle of node i's voltage Uy

the rotor angle of the generator

w the difference between synchronous speed and rotor angular speed
DFIG Doubly Fed Induction Generator
OEDC The oscillation energy distribution coefficient

RLC Resistor-Inductor-Capacitor
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