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Owing to the increased proportion of new energy power generation, such as wind power and photovoltaics, connected to the island grid, the system powered by the voltage source converter-based HVDC (VSC-HVDC) is prone to oscillate or even lose stability when disrupted. In this study, considering the rapid power compensation (RPC), an active power control strategy has been suggested for the receiving-end converter station of VSC-HVDC that could efficiently suppress the low-frequency oscillation of the island power system. First, the mechanism of VSC-HVDC inhibiting low-frequency oscillation of the island grid is analyzed in this study, and then, it theoretically determines that the damping capacity and inertia level of the rapid power compensation control strategy are stronger than those of conventional droop control and inertia control. Second, the receiving-end converter station switches from the RPC mode to droop control in order to allow the system to have a smooth recovery from the steady-state operation in the later stage of oscillation suppression. Moreover, detailed control logic and state-switching strategies have been designed. Finally, the simulation reflects that the proposed control strategy has a stronger oscillation suppression ability, allowing it to obtain rapid suppression of low-frequency oscillation.
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1 INTRODUCTION
The internal load of the island is increasing in tandem with the rapid rise of the scale of offshore drilling platforms and the development of the island. When the island’s configured power supply including wind power, photovoltaics, and synchronous generators (SGs) is unable to meet the increased load, the transmission mode of power supply from the bulk power grid to the island grid through VSC-HVDC gets more attention (Wang et al., 2020; Lan et al., 2021; Zhang et al., 2021). Meanwhile, the growing proportion of wind power and photovoltaics linked to the island grid poses a series of challenges to the island grid’s steady functioning, particularly in low-frequency oscillations (Zhou W. et al., 2020; Erdiwansyah et al., 2021). For this purpose, determining how to suppress low-frequency oscillation fast and effectively while also improving power supply reliability has become a significant research topic (Huang et al., 2021).
In order to suppress low-frequency oscillation, a variety of solutions have been proposed. The typical method is the installation of a power system stabilizer (PSS) to the SG’s excitation regulator to give positive damping torque for generators (Bhukya and Mahajan, 2019; Liu et al., 2020). However, the relevant research indicates that PSS is not always efficient for low-frequency oscillation, mainly in interval oscillation (Oscullo and Gallardo, 2020). Furthermore, the energy storage device is considered an effective way to enhance the security and stability of the power grid. While compensating for imbalanced power in the island grid, the energy storage device can efficiently suppress low-frequency oscillation due to its flexible control modes and rapid response (Ersdal et al., 2020). However, the high cost of the energy storage device configuration will lower the operational economy of the island grid. With the rapid advancement in the new energy power generation technology, more and more experts are making efforts to use wind power and photovoltaics to suppress the oscillation after adjusting their active power output, which does not require an additional hardware configuration (Chen et al., 2021). However, this method requires a large capacity of the reserve, which significantly reduces the usage rate of wind power and photovoltaics (Zhang et al., 2019). In addition, wind power and photovoltaics are both heavily influenced by wind speed and light intensity, respectively, and thus, their available adjustment capacity cannot be guaranteed (Singh, 2017).
The VSC-HVDC technology provides control flexibility, allowing the converter station to quickly switch the operation mode. By adding a damping control link to the active or reactive power control of the original device, VSC-HVDC can offer positive damping for the system to suppress the low-frequency oscillation of the AC side (Saadatmand et al., 2019; Zeng et al., 2019). Currently, adding damping control to the original control structure is a common idea (Xu et al., 2020). Therefore, the additional damping control based on VSC-HVDC has been extensively researched, particularly in the damping interval oscillation, which has a more flexible control mode and rapid response than the traditional damping control (Huang et al., 2019a; Shao et al., 2021).
In the case of an AC/DC hybrid grid with VSC-HVDC, the active and reactive powers of the VSC-HVDC converter may be adjusted by designing additional controllers, which can effectively suppress the inter-regional low-frequency oscillation and enhance the dynamic performance of the system. Moreover, by using state feedback, Ni et al. (2019) proposed a supplementary damping controller of multiterminal HVDC systems based on voltage source converters (VSC-MTDC), which can produce supplementary control signals and regulate the active power of each converter to suppress the system oscillation. An adaptive supplementary damping controller was also proposed by Shen et al. (2017) on the basis of the goal representation heuristic dynamic programming, which reflects good damping characteristics in inter-area low-frequency oscillation suppression. It encompasses rapid online learning capability and does not require building a mathematical model of a power system. However, it was determined that the supplementary damping controller can effectively suppress the low-frequency oscillation of VSC-MTDC by using a coordinated design method based on the concept of eigenvalue sensitivity (Renedo et al., 2021). In order to study the damping control mechanism of low-frequency oscillation, damping torque analysis can be proved as an effective method for analysis. Zhou T. et al. (2020) further used the analysis theory to design the VSC-HVDC additional damping controller, which can significantly enhance the dynamic stability of the AC/DC system.
The abovementioned control strategies have a relatively weak response ability to the AC system in the early stage of low-frequency oscillation, as evidenced by two factors: 1) the available positive damping is small and 2) the decay period of the low-frequency oscillation is relatively long. Therefore, it is high time to suggest a suitable fast damping technology to suppress oscillation in the VSC-HVDC systems. In this study, an RPC strategy has been proposed for the receiving-end converter of VSC-HVDC to suppress low-frequency oscillations of the island grid. In the early stage of oscillation, a convertor maintains the active power at the power limit by increasing or decreasing it to quickly compensate for an unbalanced power of the system. In the later stage, the droop control is employed for smoothly switching toward the steady-state operation. The key contributions of this article are presented as follows:
1) The mechanism of suppressing the low-frequency oscillation of the island grid by VSC-HVDC is theoretically investigated. To be specific, the electromagnetic power of the SG may be changed indirectly by adjusting the active power of the VSC-HVDC receiving-end converter.
2) It is proved that the RPC approach suggested in this study has a better inhibitory capacity on the rotor speed deviation Δω of SG and the rate of change of rotor speed dω/dt than conventional droop control and inertia control.
3) A comprehensive switching strategy for each mode is suggested by examining the switching mechanism of the control strategy combining RPC with droop control.
4) The simulation confirms that the proposed strategy can effectively suppress the low-frequency oscillations of the island grid.
The rest of the article is organized as follows: Section 2 analyzes the detailed mechanism of VSC-HVDC suppressing low-frequency oscillation in the island grids. Based on it, Section 3 investigates the performance of different VSC-HVDC suppression strategies. Section 4 describes the implementation of a control strategy combining RPC with the droop control. Section 5 verifies the effectiveness of the proposed control method. Finally, conclusions are drawn in Section 6.
2 MECHANISM OF VSC-HVDC SUPPRESSING LOW-FREQUENCY OSCILLATION
This study examines the effect of the active power output of the VSC-HVDC inverter side converter station on electromagnetic power of SG in the island grid by considering the application scenario of VSC-HVDC to suppress the low-frequency oscillation of the island grid as an example. Among them, the bulk power grid as a sending end has a high capacity and excellent anti-interference capabilities, but the island grid as a receiving end has a small capacity and weak stability, making it prone to low-frequency oscillations when disrupted. In this case, the bulk power grid can offer active support to the island grid for suppressing its low-frequency oscillation.
Figure 1 mainly includes the bulk power grid, VSC1 (sending-end converter station onshore), VSC2 (receiving-end converter station on the island), submarine cables, the island grid, the prime motor, T1 (transformer of the VSC-HVDC sending end), T2 (transformer of the VSC-HVDC receiving end), and SG. Z0, Z1, and Z2 are the equivalent impedances of the line. The line voltages of the AC side of VSC2, the island grid, and the SG are V, U, and E, respectively. VDC depicts the DC side voltage of VSC-HVDC. P0 and PE are the steady-state power and compensation power of VSC2, respectively. Id and Iq are the d-axis current and q-axis current of VSC2 in the dq-axis coordinate system, respectively. δ is the power angle of the SG, and θ is the phase of the line voltage, U.
[image: Figure 1]FIGURE 1 | Application scenario of VSC-HVDC to suppress low-frequency oscillation of the island grid.
This study has considered the constant DC voltage control method to maintain the constant DC voltage on the rectifier side of VSC-HVDC. Meanwhile, on the inverter side, the constant active power control method is employed to offer active support for the island grid. This study does not include the constant voltage control strategy of the rectifier side as it is not the research area. When the island grid experiences low-frequency oscillation, VSC2 injects an adjustable active power into the island grid by monitoring the frequency and equivalent signal of the SG in order to restore the speed of SG to the rated value. Given that the dynamic process of low-frequency oscillation belongs to the second-level electromechanical time scale, whereas the response process of a fully controlled PWM inverter happens on the millisecond-level electromagnetic time scale, the VSC-HVDC system can be regarded as a controlled current source that outputs a controllable current according to the needs of the oscillation suppression. Further, the physical system model presented in Figure 1 is simplified, as shown in Figure 2.
[image: Figure 2]FIGURE 2 | Simplified system model.
Figure 2 reflects that X is the line-equivalent impedance between grid-connected node A and SG (i.e., X = Z1) and XT is the line-equivalent impedance between A and the island grid (i.e., XT = Z2). The electromagnetic power of SG can be described as the following:
[image: image]
The active power absorbed by the island grid can be expressed as
[image: image]
Hence, the KCL equation of node A in Figure 2 is given by the following:
[image: image]
where Id is the active output current of VSC2.
The real and imaginary sections of Eq. 3 can be presented as
[image: image]
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Combining Eqs 4, 5, we will have
[image: image]
Linearizing Eq. 6, the resulting equation is as follows:
[image: image]
where Id0 is the rated output current of VSC2.
The simplified model of the system, shown in Figure 2, reflects that the voltage V at the grid-connected node A is influenced by the power angle δ of SG and the output current Id of VSC2. Therefore, the δ and Id in Eq. 7 are perceived as independent variables and V as a dependent variable. Furthermore, the equation is as follows:
[image: image]
Substituting Eq. 8 into a linearized Eq. 1, the resulting equation is as follows:
[image: image]
After simplifying Eq. 9, the result is as follows:
[image: image]
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where Kg and Ke are the synchronization coefficient of the grid and the control coefficient of VSC2, respectively, which are solely linked with the structures, parameters, and working points of the system. Consequently, in the case of low-frequency oscillation, the electromagnetic power of SG can be adjusted through the active current of VSC2. Therefore, it is necessary to suggest an efficient active control strategy for VSC-HVDC for suppressing the low-frequency oscillation.
3 PERFORMANCE ANALYSIS OF DIFFERENT VSC-HVDC SUPPRESSION STRATEGIES
As shown in Figure 3, in order to assess the effect of oscillation suppression, there are three key indexes, including the rotor speed deviation Δω of SG, the rate of change of rotor speed dω/dt, and the rotor oscillation area Sω, when the low-frequency oscillation starts appearing in the island grid. Among them, the calculation method of Sω is described in Eq. 13. Therefore, it is necessary to suppress the low-frequency oscillation of the island grid with the three following aspects: 1) suppress Δω to avoid stall of SG, 2) restrain dω/dt to avoid mechanical damage of the SG rotor, and 3) suppress Sω to avoid an excessive oscillation duration and amplitude.
[image: image]
where ω0 is the synchronous speed of SG.
[image: Figure 3]FIGURE 3 | Dynamic evaluation index of the rotor speed.
If VSC-HVDC provides active support to the island grid, the damping coefficient TD and the inertia coefficient TJ of the island grid (Zhu et al., 2019) are as follows:
[image: image]
[image: image]
where D and H are the inherent damping and inertia coefficient, respectively. Kp and Kd are the droop and inertia controller gains, respectively.
In order to suppress the low-frequency oscillation of the island grid, the existing control strategy of VSC-HVDC is mainly divided into droop control (damp control) and inertia control. Eqs 14, 15 reflect that the control effect of the P controller and D controller is equivalent to damping control and inertia control, respectively. By increasing Kp, the damping coefficient TD of the island grid will also go up and VSC2 will provide more damping torque to the island grids, which will effectively suppress the Δω. Similarly, by increasing the Kd, the inertia coefficient TJ will go upward as well. To suppress dω/dt, VSC2 will provide more inertia support. Thus, the above analysis reflects that the adjusting gain of the PD controller can equivalently change Sω.
Therefore, consider VSC2 working in the droop control mode as an instance to assess the effect of Kp on the output power of VSC2. As illustrated in Figure 4A, the island grid exhibits a low-frequency oscillation at time t0, and the time period t1-t2 is selected for description in the article. Figures 4A–C depicts the decline in the speed of SG during the period t1-t2 and the absolute value of dω/dt monotonously. Therefore, VSC2 is required to enhance the active power for compensating the power shortage of the island grid, which will weaken the process of low-frequency oscillation to make the island grid come back into a steady state. Equation 16 represents that PD will significantly go up with an increase in Kp, and its damping effect on the system will further improve. The continuous increase in Kp will make PD reach saturation quickly, and it will be impossible to further improve the compensation capability of VSC2 by adjusting Kp, as reflected in Figure 4D.
[image: image]
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where PD and PJ are the active power of VSC2 under droop and damping control, respectively. s is the derivative operator.
[image: Figure 4]FIGURE 4 | Effect of control parameters on inertia control and droop control when frequency falls: (A) rotor speed change of SG; (B) absolute value of rotor speed deviation; (C) absolute value of the change rate of rotor speed; (D) the effect of Kp on PD; (E) the effect of Kd on PJ.
Similarly, when VSC2 is in the inertia control mode, PJ will go up noticeably with an increase of Kd, as shown in Eq. 17. Meanwhile, Figure 4E reflects that the increase of Kd will shift the power curve of VSC2 upward. Due to low reserve capacity, PJ will be limited to maximum power Pmax if the trend continues.
In summary, the impact of droop control and inertia control of VSC2 is amplified to the limit when Kp and Kd approach a certain limit. VSC2 will increase or decrease active power alternately with maximum power Pmax or 0. This study considers this working mode of VSC2 as the RPC.
In order to compare the advantages of RPC with the traditional droop and inertia control in control performance, the following derivation is presented:
1) RPC mode: when the island grid runs in a steady-state operation, the active power PVSC2 provided by VSC2 is equal to the active power PIG absorbed by the island grid (i.e., PVSC2 = PIG), resulting in the following:
[image: image]
Assume that the load power of the island grid suddenly increases ΔPL at a certain time, causing low-frequency oscillation of the island grid. Simultaneously, the imbalanced power Pim will no longer be 0, requiring VSC2 to deliver additional power PE to compensate for the power shortage of the system. As indicated in Eq. 19, the output power of VSC2 will then consist of steady-state power P0 and compensation power PE.
[image: image]
Since the load of an asynchronous motor in the island grid will automatically raise its loss of power with the increase of system frequency (Huang et al., 2019b), PIG will include the steady-state load PL0, ΔPL and KL (ω0 − ω), as illustrated in Eq. 20.
[image: image]
where KL is the intrinsic frequency response coefficient of the island grid.
Then, substituting Eqs 19, 20 into Eq. 18, it is equal to
[image: image]
When the island grid runs on the steady mode, P0 is equal to PL0, and Eq. 21 will be revised as
[image: image]
If the RPC strategy is used to suppress the low-frequency oscillation (i.e., PE = ΔPmax), Eq. 22 can be rewritten as
[image: image]
where ΔPmax is the maximum power that VSC2 can compensate.
Solving the first-order non-homogeneous linear differential equation as shown in Eq. 23, it is equal to the following:
[image: image]
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2) Droop control mode: when using droop control to suppress low-frequency oscillation, substituting PE = Kp(ω0 − ω) into Eq. 22, we will get the following:
[image: image]
By solving the first-order non-homogeneous linear differential Eq. 26, the expression of Δω and dω/dt will receive as Eqs 27, 28.
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Due to the power limitation of VSC2, the PE will obtain the maximum power when Δω reaches the highest value, as presented in Eq. 29.
[image: image]
Then, Kp can be described as
[image: image]
By substituting Eq. 30 into Eq. 27, the result is as follows:
[image: image]
Comparing Eq. 31 with Eq. 24, the equation is as follows:
[image: image]
Similarly, by combining Eq. 28 and Eq. 25, it holds the following:
[image: image]
Equations 32, 33 demonstrate that RPC can suppress Δω and dω/dt better than droop control. Similarly, it shows that RPC has a stronger ability than inertia control (Xiong et al., 2021).
4 IMPLEMENTATION OF THE CONTROL STRATEGY COMBINING RPC WITH DROOP CONTROL
Although the RPC mode can suppress low-frequency oscillation better than droop control and inertia control, VSC2 should not be used in the RPC mode for an extended period. The RPC mode may induce overcompensation when the oscillation amplitude can effectively control in the late period of low-frequency oscillation suppression. The inertia control is mainly used to suppress dω/dt due to its lower suppression ability to Δω; this study considers droop control to realize the VSC2 smooth exiting RPC mode. Based on the above analysis, a low-frequency oscillation suppression strategy combining RPC with droop control has been proposed in this study. In the early stage of low-frequency oscillation, the RPC is used to rapidly suppress Δω and dω/dt, while in the later stage of the low-frequency oscillation, since the amplitude of the oscillation is fully controlled, it switches smoothly to steady-state operation using the droop control. Figure 5 presents a schematic diagram of the SG’s speed curve and the power compensation curve of VSC2 in the case of low-frequency oscillation. Also, the whole process includes four operating modes. Figure 6 contains the control block diagram combining RPC with droop control. Since VSC2 only offers active power support in this study, let the instruction value of the q-axis current be 0 (i.e., [image: image]). The following is the detailed description of each mode as well as switching conditions:
[image: Figure 5]FIGURE 5 | Speed of SG and the compensation power of VSC2.
[image: Figure 6]FIGURE 6 | Control block diagram combining RPC with droop control.
Mode I: Steady-state operation mode. If Δω and dω/dt satisfy [image: image] and [image: image], it shows that the system has no low-frequency oscillation or has completed the suppression of the low-frequency oscillation.
Mode II: Positive RPC mode. If dω/dt < − Rth2 and [image: image] identify in a small neighborhood after the zero-crossing point of Δω, the sudden increase in load at this time drastically reduces the speed of the SG and then VSC2 requires to provide positive maximum power to deal with the power shortage of the island grid.
Mode III: Negative RPC mode. Contrary to mode II, if dω/dt > Rth2 and [image: image], the island grid appears at power surplus at this time, so VSC2 needs to switch to the negative RPC mode for reducing the power generation.
Mode IV: Droop control mode. If Rth1 < dω/dt < Rth2 or − Rth2 < dω/dt < − Rth1 and [image: image], it shows that the low-frequency oscillation is effectively suppressed at this time; therefore, smooth switch should be made to steady-state operation through the droop control mode.
The mode switching logic is described by a pseudo-code, in detail, as follows:
begin
Define the zero-crossing threshold of the speed deviation, ωth.
Define the threshold Rth1 and Rth2 for variables dω/dt.
Define the working mode variable, mode, and initialize mode = 1.
Define the state machine variable, step, and initialize step = 1.
Input Δω and dω/dt
while (ω == ωth)
1) If the switching condition of RPC is met when low-frequency oscillation occurs, the following logical structure will inevitably be entered.
if (dω/dt < − Rth2 && [image: image])&& (step = = 1‖ step = = 2)
mode = 2. Switch to mode II.
step = 2. State machine switches to RPC state.
elseif (dω/dt > Rth2 && [image: image])&& (step = = 1‖ step = = 2)
mode = 3. Switch to mode III.
step = 2. State machine switches to RPC state.
elseif ((Rth1 < dω/dt < Rth2) ‖ (−Rth2 < dω/dt < − Rth1))&& [image: image]&&step = = 2
mode = 4. Switch to mode IV.
step = 3. State machine switches to droop control state.
elseif [image: image] && [image: image] && step = = 3
mode = 1. Switch to mode I.
step = 1. State machine switches to steady-state operating state.
endif
2) If the RPC switching condition is not satisfied when the low-frequency oscillation occurs, it will inevitably enter the following droop control logic structure:
if ((Rth1 < dω/dt < Rth2) ‖ (−Rth2 < dω/dt < − Rth1))&& ([image: image])&&(step = = 1)
mode = 4. Switch to mode IV.
step = 3. State machine switches to droop control state.
endif
end while
end
In this study, the state machine is configured to achieve the unidirectional transition from steady-state operation (i.e., step = 1) to the RPC mode (i.e., step = 2), then to the droop control mode (i.e., step = 3), and finally back to steady-state operation. While suppressing oscillation, just a sole detection is conducted in the small neighborhood after the zero-crossing Δω to avoid the consumption of CPU resources in real-time detection.
The basic control idea behind the strategy proposed in this study can be described as the following:
1) The control strategy combining RPC with droop control. If the switching criteria of the RPC model are fulfilled by Δω and dω/dt during the early stage of the oscillation, the state machine will definitely switch from step 1 to 2. Afterward, the state machine will switch from step 2 to 3, when the oscillation decays to match the droop control switching criteria. At last, the state machine will move from step 3 to 1 after the oscillation completely suppresses.
2) Droop control works alone. When the island grid is less disrupted (i.e., Δω and dω/dt do not meet the switching criteria of the RPC mode), the oscillation will be directly suppressed through the droop control. Meanwhile, the state machine switches from step 1 to 3 and finally gets back to step 1.
5 SIMULATION VERIFICATION
Considering the MATLAB/Simulink, a simulation model of the receiving-end island grid containing the VSC-HVDC transmission system was built, with an aim to assess the efficiency of the control strategy proposed in this study. The performance of the control strategy combining RPC with droop control and inertia control was compared and evaluated. Figure 1 reflects the simulation topology, and the main parameters are shown in Tables 1, 2. Assume that the load mutation is set at 3 s, an obvious low-frequency oscillation will occur in the island grid, and then, the oscillation will suppress by the proposed strategy.
TABLE 1 | Main parameters of VSC-HVDC.
[image: Table 1]TABLE 2 | Other related parameters of the system.
[image: Table 2]5.1 Suppression Strategy Combining RPC With Droop Control
By increasing Kp, the suppression effects of different droop control modes on low-frequency oscillation are compared and analyzed. In addition, as shown in Figures 7, 8, the rotor speed characteristics of SG under the aforementioned control mode and the control strategy combining RPC with droop control are compared.
[image: Figure 7]FIGURE 7 | Rotor speed dominated by droop control modes.
[image: Figure 8]FIGURE 8 | Rate of change of rotor speed dominated by droop control modes.
It can be seen from Figures 7, 8 that by increasing Kp, the oscillation amplitude of the SG rotor goes down gradually, while there is no significant impact on the oscillation period. Therefore, increasing Kp can enhance the damping ability of the island grid and then effectively suppress Δω. However, there is no significant improvement in the inertial level of the system. The control strategy combining RPC with droop control not only lowers the rotor speed deviation of the SG but also reduces the oscillation period of the system, allowing the island grid to quickly recover into steady-state operation.
The curve of the three-phase output current of VSC2 under different droop control modes can be seen in Figure 9. It is clear that when the rotor speed goes up, the output current of VSC2 will reduce under droop control. On the other hand, when the rotor speed decreases, VSC2 will raise the output current rapidly to compensate for the power shortage of the system. By increasing Kp, the output current of VSC2 also goes up drastically. When Kp = 6,000, since VSC2 has reached the upper limit of power output, the local period is pushed to limit the amplitude. However, as shown in Figure 9C, the damping level of the island grid has improved.
[image: Figure 9]FIGURE 9 | Three-phase output current of VSC2 under different droop control modes.
It can be seen from Figure 9D that VSC2 rapidly suppresses low-frequency oscillations under the RPC control strategy in the first cycle of oscillation. Therefore, the Δω and dω/dt can be effectively inhibited during the early stage of oscillation. Afterward, by switching to the droop control mode in the later period of the oscillation, VSC2 smoothly leaves the RPC control mode for restoring the island grid into steady-state operation.
Therefore, the suppression effect of the individual droop control on low-frequency oscillation is not an ideal approach. The combined control strategy proposed in this study can maximize the oscillation suppression ability of VSC2 and significantly enhance the damping capacity and inertia level of the system.
5.2 Suppression Strategy Combining RPC With Inertia Control
By changing Kd, the impacts of different inertia control modes on low-frequency oscillation are compared and evaluated. Furthermore, as shown in Figures 10, 11, the rotor speed characteristics of SG under the different inertia control modes and the control strategy combining RPC with inertia control are compared.
[image: Figure 10]FIGURE 10 | Rotor speed dominated by inertia control modes.
[image: Figure 11]FIGURE 11 | Rate of change of rotor speed dominated by inertia control modes.
By combining Figures 10, 11, it is determined that increasing Kd causes the curve of rotor speed and the rate of change of rotor speed to move to the right but has no discernible inhibitory impact on the amplitude of low-frequency oscillation. As a result, an individual inertia control is unable to swiftly restore SG’s speed to the synchronous speed. However, with respect to the low-frequency oscillation suppression, the control strategy combining RPC with inertia control is obviously superior to the individual inertia control. This is mainly because VSC2 suppresses low-frequency oscillation with a power limit when it switches to II and III modes in 3–3.5 s, and also, the rotor speed deviation and the rate of change of rotor speed get significantly improved. The control strategy combining RPC with inertia control in Figure 10 allows the island grid to recover into steady-state operation at 4.5 s, while control strategy combining RPC with droop control in Figure 7 can fully suppress the oscillation at 3.8 s, which shortens the oscillation attenuation period by 15.5%. Therefore, the proposed control strategy combining RPC with droop control can suppress oscillation better.
Figure 12 represents the curve of the three-phase output current of VSC2 under different inertia control modes. It is a fact that with an increase in Kd, the output current of VSC2 also goes up significantly. Also, when the output current of VSC2 is increased to 600, as illustrated in Figure 12C, it is pushed to a limit in local periods. Nonetheless, the inertia level of the island grid has considerably improved, making it easier to suppress the low-frequency oscillation.
[image: Figure 12]FIGURE 12 | Three-phase output current of VSC2 under different inertia control modes.
By comparing Figure 9D with Figure 12D, it can be derived that since the two combined control strategies are both in the RPC mode from 3.0 to 3.5 s, the output current of VSC2 is similar under the two combined control strategies in this period. After the switching of 3.5 s to mode IV, due to the weak damping characteristics of inertia control, the output current of VSC2 requires to get adjusted through several cycles for completing the suppression of oscillation, while the droop control can fulfill the suppression of low-frequency oscillation rapidly. Therefore, the proposed combined control strategy considers droop control as a state transition strategy in mode IV.
5.3 Comparison of the State-Of-The-Art Low-Frequency Oscillation Suppression Methods
In order to further verify the damping effect of the control strategy proposed in this study, it is compared with the additional damping control based on state feedback (SF-SDC), adaptive additional damping control (ASDC), and additional damping control based on damping torque analysis (DTA-SDC) described above. The rotor speed characteristics are shown in Figures 13, 14.
[image: Figure 13]FIGURE 13 | Rotor speed under the state-of-the-art suppression methods.
[image: Figure 14]FIGURE 14 | Rate of change of rotor speed under the state-of-the-art suppression methods.
It can be seen from Figures 13, 14 that SF-SDC, ASDC, and DTA-SDC have terrific inhibitory effects on low-frequency oscillation so that the oscillation is basically attenuated at 4.75, 4.70, and 4.50 s, respectively. The combined control strategy proposed in this study makes the low-frequency oscillation decay rapidly in the initial stage of oscillation, and the dynamic performance of the system is significantly improved; the oscillation was completely suppressed at 3.8 s, whose attenuation period was shortened by 20, 19, and 15.5% compared with the above three methods.
Although the above three control methods have their own unique advantages, the combined control strategy has obvious superiority in the response speed to low-frequency oscillation. In summary, the control strategy combining RPC with droop control can quickly suppress Δω and dω/dt and shorten the oscillation cycle, allowing the SG rotor speed to rapidly recover to synchronous speed.
6 CONCLUSION
Considering the issue of low-frequency oscillation suppression of the island power system supplied by VSC-HVDC, the suppression of oscillation of the island power system by adjusting the active power output of the VSC-HVDC receiving-end converter station is made. Moreover, in order to enhance the damping ability and the inertia level of the system simultaneously, an active power control strategy based on RPC is suggested. As a whole, the following conclusions are drawn from the whole analysis:
1) In contrast to the conventional droop and inertia control, the RPC control strategy suppresses the Δω and dω/dt more effectively. In other words, it contains a rapid response speed and a shorter attenuation time for low-frequency oscillation, which is consistent with the corresponding theoretical demonstration in this study.
2) By combining RPC with droop control, the island power system may achieve the maximum power response of VSC2 during the early stage of oscillation and then seamlessly switch to steady-state operation after applying effective control of Δω and dω/dt. The proposed strategy shortens the oscillation attenuation period by 15.5% compared with the strategy combining RPC with inertia as well as 20, 19, and 15.5% compared with SF-SDC, ASDC, and DTA-SDC methods, which has stronger damping characteristics for low-frequency oscillations.
Furthermore, the proposed control strategy combining RPC with droop control is primarily focused on active power control and the VSC-HVDC system that allows to adopt active and reactive power decoupling control. Therefore, the author will investigate the reactive power control based on VSC-HVDC to suppress low-frequency oscillation in the future, extending the advantages and potential of VSC-HVDC.
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