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Abstract

:

In this paper, a coordinated DC voltage control strategy is proposed based on the VSG (virtual synchronous generator) method for the VSC-HVDC transmission system to participate in the frequency regulation of the connected weak grid. The voltage and power control capability of the VSC-HVDC is explored to attenuate the rate of change of frequency and to diminish the deviation of frequency. This is realized by the coordinated control of DC voltages at both the sending and the receiving ends with the VSG method. A small-signal model is established to investigate the dynamics of the control system. A tuning method for the selection of control parameters is also discussed in detail. The validity and superiority of the proposed control strategy are tested in the scenarios of sudden load changes and short circuit faults.
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1. Introduction


Nowadays, developing renewable energy is widely accepted as a solution to the worldwide energy crisis and carbon emission issue. However, the abundant renewable energy resources, such as large-scale wind farms and photovoltaic plants, are mainly located far away from the centers of consumption. For example, in China, the renewables are mainly distributed in the West and North, while the major load centers are located in Eastern and Central [1]. To facilitate power allocation, the technology of remote and bulk power transmission is advocated. The voltage source converter high voltage direct current (VSC-HVDC), emerges as one of the most potential technologies because of its flexibility in independent active and reactive power control at each end, and will no doubt gain more and more application in the future [2,3,4].



With the penetration of renewable energy increases constantly, some grids will be mainly supplied by the renewable resources connected with VSC-HVDC transmission. However, because the renewable energy power station and the grid are decoupled by the VSC-HVDC system, the grid frequency variation could not be sensed by the renewable energy power generators even though they possess the energy reserve for frequency regulation [5,6]. In this situation, immediate frequency support might not be available when a disturbance emerges.



Several novel ancillary control strategies are proposed to enable the frequency regulation capability of the VSC-HVDC systems [7,8,9,10]. To provide an inertial response for the grid, the energy stored in the capacitor of HVDC transmission is exploited. When a sudden increase in power demand occurs, the voltage of the capacitor is forced to decrease to release its energy, which is used to compensate for the power vacancy and mitigate frequency variations [11]. However, the stability of the DC part may be threatened if the capacitor voltage decreases too much to make up for the massive power shortage. Increase the capacity of the capacitor may be an effective tradeoff, but it will render incremental cost. To overcome this deficiency, the idea of blending the energy stored in the HVDC link and the energy reserved from the remote power station is put forward in [12]. The DC voltage is decreased to release energy for an inertial response, and the voltage deviation is detected by offshore wind farms, which will adjust their active power output to recovery the DC voltage. Similar work can be found in [13,14,15]. Recently, the VSG (virtual synchronous generator) method, which could mimic the operating mechanism of synchronous generators, is attracting more and more concerns in the control of voltage source converters [16,17]. In [18,19], the VSG method is introduced into the control of the convert at the sending end of the VSC-HVDC. When the grid frequency changes, the output power of the VSC station will adjust accordingly to slow the rate of change of frequency and reduce the frequency deviation.



However, in the literature above, little attention has been paid to the interaction between the AC part and the DC part of VSC-HVDC. Actually, the DC voltage fluctuation caused by AC side variation will affect the output power of the VSC-HVDC, making it hard to output the exact power needed for frequency regulation. Besides, if the DC voltage decreases too much and even exceeds the safety range, the system stability may be threatened. Some methods consider the DC voltage variation, but they only compensate it to the nominal value when it decreases too much. These methods could guarantee the stability of the DC part, but fail to fully exploit the potentiality of the VSC-HVDC transmission system in frequency regulation.



Motivated by the aforementioned limitations, this paper proposes a novel coordinated DC voltage control strategy, whose main features, compared with those already work, include:




	
A coordinated control strategy is proposed to improve the response speed and capability in frequency regulation by adjusting DC voltage both at the sending and the receiving end.



	
A method to design the transmitted power reference for frequency regulation by analyzing the process of traditional power system frequency regulation.



	
An optimization model is built to derive the DC voltage reference for transmitted power adjustment.



	
The small-signal model of the system is established to investigate the system dynamics and to select the tuning control parameters.








This paper is organized as follows. The calculation method of transmitted power by VSC-HVDC for frequency regulation and the advantage of adjusting DC voltage at both ends are analyzed in Section 2. The detailed coordinated DC voltage control strategy is presented in Section 3. In Section 4, the small-signal model of the system is established and the tuning methods of the control parameters are discussed in detail. Time-domain simulation results are given in Section 5 to verify the feasibility and validity of the proposed strategy, and the conclusions are given in Section 6.




2. Problem Formulation


2.1. VSC-HVDC Control in Frequency Regulation


The typical topology of VSC-HVDC is shown in Figure 1. On the grid side, the load is supplied by two synchronous generators and a VSC-HVDC transmission system. When power mismatch occurs, e.g., a load is added to the system, the rotors of SGs will decelerate because the electromagnetic power is getting larger and exceed the input mechanical power, this deceleration process will release the kinetic energy stored in the rotors, and the energy released by the deceleration of rotors can be calculated as [20]:


   P  inertia   = −  J  eq   ω   d ω   d t    



(1)







The frequency may deviate from its nominal value even though the rotors decelerate to release their kinetic energy. To prevent the frequency from deviating seriously, the prime mover of the synchronous generator will take urgent measures to adjust the input mechanical power to balance the power generation and consumption to recover the frequency. The added power for frequency regulation is proportional to the frequency deviation, which can be expressed as [20]:


   P  prime   = − K  (  ω −  ω 0   )   



(2)







The Pinertia and Pprime represent the active power caused by the inertial response and prime frequency regulation respectively, and ω and ω0 are the actual and rated angular frequency of the grid. Jeq and K is the equivalent inertia and droop coefficient.



One feasible way for the VSC-HVDC transmission system to participate in frequency regulation is that it alters its transmitted power depending on the frequency variation of the weak grid, and two terms should be considered. One of them is the inertial response, which is proportional to the rate of change of frequency (ROCOF), and the other one is proportional to the error of the frequency (EOF), which emulates the primary frequency control. Hence, the calculation for power reference P* could be designed as


   P ∗  =  P 0    −    K I  f   d f   d t     −    K P   (  f −  f 0   )   



(3)




where P0 is the transmitted active power in steady-state. The KI characterizes the inertia of the VSC-HVDC, and the KP represents the primer frequency regulation ability of VSC-HVDC. The tuning methods of them are shown below.



The inertia time constant TJ is widely used to characterize the synchronous generator, which is defined as


   T J  =    J  SG    Ω 0 2    2  S n     



(4)




where JSG is the moment of inertia of synchronous generator rotor; Ω0 is the rated speed of the rotor; Sn is the rated capacity of synchronous generator.



If the number of pole-pairs is p, the relationship among the electric angular speed ω, the angular speed of the rotor Ω, and power system frequency f can be expressed as


  ω = p Ω = 2 π f  



(5)







The kinetic energy stored in the rotor of the synchronous generator is


   E k  =  1 2   J  SG    Ω 2   



(6)







When frequency changes, the power released by the rotor can be calculated as


  P = −   d  E k    d t   = −  J  SG   Ω   d Ω   d t   = −   2  T J   S n     f 0 2    f   d f   d t    



(7)




where f0 is the rated frequency. By analogy to (3), the KI could be chosen as


   K I  =   2  T J   S n     f 0 2     



(8)







For synchronous generators, the typical value of TJ is 2–10 s, which is a reference for the tuning of KI.



Assume the maximum of allowed frequency deviation is Δfmax, and the maximum of power of VSC-HVDC transmission system for frequency regulation is ΔPmax. The KP could be chosen as


   K P  =   Δ  P  max     Δ  f  max      



(9)








2.2. Advantages of Coordinated DC Voltage Control


Assume the VSC stations and transformers in Figure 1 are ideal and lossless, and the loss of reactor could be neglected, the transmitted active power from renewable energy generators to the weak grid could be calculated as


  P =     V   dc 1     −   V   dc 2       2 R     V   dc 2      



(10)







The transmitted active power is depending on the DC voltages of the VSC1 station and VSC2 station, and control Vdc1 or Vdc2 to make the transmitted active power trace the power reference P* may be feasible. However, adjust Vdc1 or Vdc2 alone may limit the potential of frequency regulation or render a slow response. Concretely speaking, suppose the DC voltage of VSC1 station and VSC2 station in steady-state is    V  dc 1  0    or    V  dc 2  0   , and the safety range of them are [   V  dc 1  L   ,    V  dc 1  H   ] and [   V  dc 2  L   ,    V  dc 2  H   ] respectively. The maximal power for frequency regulation in different condition are


   {     P 1  max   =    V    dc 1    H  −  V    dc 2    0    2 R    V    dc 2    0  ,     adjust      V   dc 1      alone      P 2  max   =    V    dc 1    0  −  V    dc 2    L    2 R    V    dc 2    L  ,     adjust      V   dc 2      alone      P 3  max   =    V    dc 1    H  −  V    dc 2    L    2 R    V    dc 2    L  ,     adjust     both    V   dc 1      and    V   dc 2         



(11)







It is obvious that    P 2  max     ≤    P 3  max     with respect to    V  dc 1  0    ≤    V  dc 1  H   . To compare    P 1  max     and    P 3  max    , the partial derivative of P with respect to Vdc2 is calculated


    ∂ P   ∂  V   dc 2      =    V    dc 1     − 2  V    dc 2       2 R    



(12)







Generally, R is very small and Vdc1 is approximately equal to Vdc2, so ∂P/∂Vdc2 < 0, yielding that    P 1  max     ≤    P 3  max     with respect to    V  dc 2  L    ≤    V  dc 2  0   .



Besides, adjusting both Vdc1 and Vdc2 will accelerate the adjustment of transmitted active power, leading a fast response in frequency regulation. Hence, the coordinated DC voltage control is adopted in this paper.





3. Control Strategy Design


3.1. VSG-Based DC Voltage Control Scheme


The VSG method has the good property of power tracking since the control parameters could be adjusted flexibly. In this paper, the second-order VSG is utilized to realize the DC voltage tracking, and the typical control diagram is shown in Figure 2 [19].



Where Tm is input torque, and Te is electromagnetic torque; δ and ω are power angle and angular frequency of VSG; J is the virtual inertia and D is the damping factor. Uref and U are the reference and the measured value of AC voltage; Qref and Qe are the reference and the output of reactive power; Kv and Kq are the coefficients of voltage and reactive power, respectively.



The DC voltage is related to the active power, which mainly depends on the power angle deviation between the VSC station and AC system. This deals with the P-f control of VSG, which could be expressed as


   {      d δ   d t   = ω     J   d ω   d t   =  T m  −  T e  − D  (  ω −  ω 0   )       



(13)







To control the DC voltage of the converter to track the given value, the proportional-integral (PI) controller is introduced to generate the Tm, and the systemic control diagram is shown in Figure 3.



The frequency of the weak grid could be obtained through the voltage vabc at the point of common coupling (PCC) with PLL, which is used to calculate the active power reference P* by Equation (3). Then, the DC voltage references are calculated according to Equation (20). Since these processes are implemented in the receiving end, the    V  dc 2   ref     could be used to generate the input torque for VSG2 directly. While the sending end VSC station is far away from the receiving end, the communication infrastructure will be introduced to transmit the    V  dc 1   ref    , which is shown in the above figure with a dotted line. Similarly, the input torque for VSG1 is computed by the PI controller on the deviation between    V  dc 1   ref     and Vdc1.




3.2. Optimization of DC Voltage References


To obtain the DC voltage references, an optimization model is established as follows.


      min    V  dc 1  ∗  ,  V   dc 2   ∗            (   V  dc 1  ∗  −  V  dc 1  0   )  2  +   (   V   dc 2   ∗  −  V   dc 2   0   )  2          s  . t   .     P *  =    V  dc 1  ∗  −  V   dc 2   ∗    2 R    V   dc 2   ∗                 V  dc 1  L  ≤  V  dc 1  ∗  ≤  V  dc 1  H                 V   dc 2   L  ≤  V   dc 2   ∗  ≤  V   dc 2   H     



(14)




where    V  dc 1  *    and    V  dc 2  *    are DC voltage reference of VSC1 station and VSC2 station, respectively.



The optimization goal is to minimize the combination of deviation between    V  dc 2  *    and    V  dc 2  0    as well as the deviation between    V  dc 2  *    and    V  dc 2  0   . The physics meaning of this goal could be understood from two aspects. One is that smaller deviation takes less time for adjustment, which accelerates the change of transmitted power; the other one is that bigger deviation may jeopardize the DC capacitor and even threaten the stability of the DC side of the VSC-HVDC system. The first constraint in (14) guarantees that the transmitted power from renewable energy generators to gird is equal to P* calculated in (3). The last two constraints are the safety range of DC voltages.



To solve (14) with general methods may be tedious. Actually, the optimization goal and constraints have a clear geometric meaning if (14) is expressed in a graph, as shown in Figure 4.



The red dot represents the initial state, the physics meaning of (14) is to find a candidate point on the blue line in the green area whose distance from the red dot is shortest. Obviously, when the line connecting the red dot and the candidate point is perpendicular to the tangent line of the candidate point, the candidate point is just the solution of (14).



The slope of the tangent line of the candidate point can be calculated from (14), which is


   k 1  =   d  V   dc 1   ∗    d  V   dc 2   ∗    = 1 −   2 R  P ∗     V   dc 2   ∗    2     



(15)







The slope of the line connecting the red dot and candidate point is


   k 2  =    V   dc 1   ∗  −  V   dc 1   0     V   dc 2   ∗  −  V   dc 2   0     



(16)







These two lines are vertical yielding that


   k 1   k 2  = − 1  



(17)







Substitute (15) and (16) to (17), and with (14) into consideration, the below equation can be obtained


     V   dc 2   ∗  −  V   dc 2   0     V   dc 1   0  −  V   dc 1   ∗     = 1 +     V   dc 2   ∗  −  V   dc 1   ∗     V   dc 2   ∗     



(18)







In practice,    V  dc 2  *    −    V  dc 1  *    <<    V  dc 2  *   , so we have


   V   dc 2   ∗  −  V   dc 2   0  =  V   dc 1   0  −  V   dc 1   ∗   



(19)







The physics meaning is that the deviation between    V  dc 1  *    and    V  dc 1  0    is equal to the deviation between    V  dc 2  *    and    V  dc 2  0   . The final solution of (14) could be expressed as


   {     V   dc 1    ref   =   3  (   V   dc 1   0  +  V   dc 2   0   )  −      (   V   dc 1   0  +  V   dc 2   0   )   2  − 16 R  P ∗     4       V   dc 2    ref   =    V   dc 1   0  +  V   dc 2   0  +      (   V   dc 1   0  +  V   dc 2   0   )   2  − 16 R  P ∗     4       



(20)









4. Small Signal Model and Parameters Tuning


4.1. Small Signal Model


In Figure 4, the injected active power Pe from VSC2 station to the weak grid can be calculated as


   P e  =   3 U V  X  sin δ  



(21)




where U and V are AC voltage RMS values at the terminal of VSC2 station and PCC respectively; δ is the phase deviation between U and V; X represents the equivalent inductance. Suppose Pe = Te/ω ≈ Te/ω0, and the small signal of P-f control of VSG could be obtained from Figure 3.



Where


   S E  =       ∂  P e    ∂ δ    |    δ =  δ 0     



(22)







According to Figure 5, the transfer function from ΔTm to ΔTe can be obtained as


    Δ  T e    Δ  T m    =    ω n 2     s 2  + 2 ξ  ω n  +  ω n 2     



(23)




where


   {       ω n  =      S E    J  ω 0            ξ =  D 2       ω 0    J  S E             



(24)







The damping ratio characterizes the dynamic process of VSG. An overdamping system may have a slow response; while an underdamped system may introduce too much overshoot and lead to instability. Thus, critical damping is adopted, which is a balance between response time and stability. The undamped natural angular frequency ωn will be discussed in the design of the voltage control loop below.



The active power injected into the VSC2 station could be calculated as


   P  in   =  V  dc 2    (     V   dc 1    −  V  dc 2     2 R   − C   d  V  dc 2     d t    )   



(25)




where C is the equivalent capacitance in the DC side of the VSC2 station. To analysis the dynamic of the VSC2 station, the Vdc1 could be regarded as constant and equal to    V  dc 1  0   , and the small signal model of Pin and Vdc2 is


  Δ  P  in   = −   2  V  dc 2  0  −  V   dc 1   0    2 R   Δ  V   dc 2    −  V  dc 2  0  C   d Δ  V  dc 2     d t    



(26)







Suppose the VSC2 station is ideal and losses, which satisfies that the input power ΔPin is equal to output power ΔPe, by Laplace transform, the (26) can be expressed as


    Δ  V  dc 2     Δ  P e    = −   2 R   2 R  V  dc 2  0  C s + 2  V  dc 2  0  −  V   dc 1   0     



(27)







According to (23), (27), and Figure 5, the small signal model of voltage control diagram of VSC2 can be obtained as shown in Figure 6.



The open-loop transfer function of the voltage control diagram is


   G V   ( s )  =   − 2 R  ω n 2   ω 0   (   k p  s +  k i   )    s  (   s 2  + 2 ξ  ω n  +  ω n 2   )   (  2 R  V  dc 2  0  C s + 2  V  dc 2  0  −  V   dc 1   0   )     



(28)








4.2. Parameters Tuning


To achieve better performance in frequency regulation, the parameters related to active power control need to be fine-tuned.



The open transfer function of the proposed voltage control has three poles and one zero point, and the Bode diagram analysis is utilized to design parameters for admirable performance. To ensure voltage stability, the crossing frequency ωc should be at the −20 dB/dec part of the amplitude frequency curve. Besides, the ωn should be greater than ωc, otherwise, the phase margin will be so small that the robustness of the system becomes weak. The desired Bode diagram can be plotted as shown in Figure 7.



Firstly, determine the crossing frequency ωc. When the three-phase voltage at the AC side are asymmetrical, the voltage at the DC side will ripple, whose minimum frequency is twice the power frequency [21]. To avoid their bad influence on voltage control, the cut-off frequency ωc could be chosen as one-tenth of the minimum frequency of harmonic. For example, if power frequency is 50 Hz, ωc = 1/10·2π·50 (rad). As discussed before, the ωn should be greater than ωc, but if ωn is too high, the high frequency harmonics will not be effectively attenuated. Hence, the ωn could be selected around twice or three times as the ωc. From (24) and the critical damping characteristic (ζ = 1) of (23), the inertia J and damping factor D could be selected as


   {    J ∈  [     S E    9  ω 0   ω c 2    ,    S E    4  ω 0   ω c 2     ]      D = 2     J  S E     ω 0           



(29)







Then, determine the phase margin γ, which could be calculated from (28) and expressed as


    γ =  90 ∘  + arctan  (     k p   ω c     k i     )  − arctan  (    2  ω n   ω c     ω n 2  −  ω c 2     )              − arctan  (    2 R  V  dc 2  0  C  ω c    2  V  dc 2  0  −  V   dc 1   0     )     



(30)







It is shown that γ depends on the ratio of kp to ki. In practice, the phase margin γ is usually designed to be around 60°. On the other hand, When s = jωc, the amplitude of GV in (28) is equal to 1, which can be expressed as


    2 R  ω n 2   ω 0     k p 2   ω c 2  +  k i 2       ω c   (   ω n 2  +  ω c 2   )       (  2 R  V  dc 2  0  C  ω c   )   2  +    (  2  V  dc 2  0  −  V   dc 1   0   )   2      = 1  



(31)







Combine (30) with (31) and the kp to ki could be selected as


   {     k i  =    ω c   (   ω n 2  +  ω c 2   )       (  2 R  V  dc 2  0  C  ω c   )   2  +    (  2  V  dc 2  0  −  V   dc 1   0   )   2      2 R  ω n 2   ω 0     m 2   ω c 2  + 1          k p  = m  k i       



(32)




where m satisfy


    arctan  (  m  ω c   )  = arctan  (    2  ω n   ω c     ω n 2  −  ω c 2     )    +                                   arctan  (    2 R  V  dc 2  0  C  ω c    2  V  dc 2  0  −  V   dc 1   0     )  − 30    



(33)









5. Simulation Results


The proposed control strategy is tested on the system shown in Figure 1 to evaluate its validity and superiority. In the testing system, the weak grid is on the right dashed area of Figure 1, which is supplied by the VSC-HVDC transmission system and two synchronous generators (SG1 and SG2). These two SGs use the typical second-order model in the MATLAB/Simulink [22], whose main parameters are shown in Table 1. The parameters of the VSC-HVDC transmission system are shown in Table 2.



The control parameters of VSC stations are selected according to Figure 3 and are shown in Table 3.



The proposed control strategy is tested in the scenarios of sudden load changes and short circuit faults, comparing with the same simulation scenarios using the control method in [18,19], which is noted as the ‘traditional control mode’, to highlight the effectiveness of the proposed control strategy.



5.1. Sudden Load Changes


Initially, the total load is 850 MW. The output power of SG1 and SG2 are 300 MW and 250 MW respectively. The initial value of Vdc1 and Vdc2 are 305.1 kV and 294.9 kV, respectively, and the transmitted power calculated by (10) is equal to 300 MW, which ensures the balance of power supply and consumption.



At t = 20 s, a load of 50 MW is added; at t = 40 s, a load of 80 MW is removed. The weak grid frequency variations and output power of different sources in different control modes are shown in Figure 8.



It can be seen from Figure 8 that in the traditional mode, the maximum frequency deviation is 0.16 Hz, and it decreases to 0.12 Hz when the proposed control strategy is adopted. Besides, the rate of change of frequency is also reduced. The reason is that in the proposed control mode, the transmitted power of VSC-HVDC is adjusted fast to eliminate the imbalance between the power supply and demand, which is shown in Figure 9. This also alleviates the adjustment burden of other SGs in the weak grid.



To show the mechanism of the control strategy in detail, the variations of DC voltages of both VSC stations are shown in Figure 10.



When the load is added, the power demands increase. The Vdc1 increases and Vdc2 decreases, which increases the transmitted power of VSC-HVDC. Contrarily, when the load is removed, the power demands decrease, and Vdc1 decreases, and Vdc2 increases, which decreases the transmitted power of VSC-HVDC. This operating mechanism will no doubt contribute to the frequency regulation of weak grid.




5.2. Short Circuit Faults


The initial condition is the same as Section 5.1. The total load (850 MW) is supplied by SG1 (300 MW), SG2 (250 MW), and VSC-HVDC (300 MW). At t = 20 s, a single phase to ground fault occurs at the terminal SG2, and the fault lasts for 1 s. Figure 11 and Figure 12 show the frequency variations and output power of different sources with different control strategies. The DC voltage variations of both ends are also shown in Figure 13.



When the short circuit fault occurs, massive power is consumed in the faults, and the frequency decreases even though SGs increase their output power. In traditional control mode, the transmitted power increment by VSC-HVDC is approximately 20 MW, and the frequency decreases to 49.54 Hz. If the proposed control strategy is adopted, the transmitted power by VSC-HVDC increases quickly and reaches about 350 MW, which reduces the change rate as well as the deviation of frequency.





6. Conclusions


In this paper, a coordinated DC voltage control strategy is presented to exploit the capability of the VSC-HVDC in frequency regulation. When the frequency of the grid changes, The VSC-HVDC system could adjust its output power more quickly and adequately to provide an inertial response and prime frequency support by altering the DC voltages both at the sending end and the receiving end. The proposed control strategy has accelerated the speed of transmitted power adjustment and explored the potential of the VSC-HVDC system in frequency regulation, which plays a vital role in attenuating the rate of change of frequency as well as diminishing the frequency deviation. This control strategy may be an alternative for the control of the VSC-HVDC transmission system in the future power system with little inertia.
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Figure 1. Single-line diagram of voltage source converter high voltage direct current (VSC-HVDC) transmission system. 
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Figure 2. Typical virtual synchronous generator (VSG) control diagram. 
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Figure 3. Proposed VSG-based coordinated DC Voltage control strategy for VSC-HVDC. 
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Figure 4. The process of solving (14). 
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Figure 5. Small signal model of P-f control diagram of VSG. 
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Figure 6. Small signal model of voltage control diagram of VSC2. 
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Figure 7. Bode diagram of voltage open-loop control. 
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Figure 8. Frequency variation in different control modes under sudden load changes. 
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Figure 9. Output power of different sources in different control modes under sudden load changes. 
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Figure 10. DC voltage variation of proposed control under sudden load changes. 
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Figure 11. Frequency variation in different control modes under short circuit fault. 
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Figure 12. Output power of different sources in different control modes under short circuit fault. 
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Figure 13. DC voltage variation of proposed control under short circuit fault. 
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Table 1. The parameters of SG1 and SG2.






Table 1. The parameters of SG1 and SG2.





	Parameter
	SG1
	SG2





	Apparent Power
	400 MVA
	300 MVA



	Rated voltage
	380 kV
	380 kV



	Rated frequency
	50 Hz
	50 Hz



	Inertial impedance
	6 Ω, 0.2 H
	5 Ω, 0.2 H



	Inertia
	9 s
	7 s



	Damping factor
	285 pu
	257 pu
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Table 2. The parameters of VSC-HVDC.
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	Parameter
	Value





	Rated apparent Power
	400 MW



	Nominal DC voltage
	300 kV



	Nominal AC voltage
	220 kV



	DC capacitance
	3.3 mF



	Cable length
	100 km



	Cable resistance
	0.05 Ω/km
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Table 3. The control parameters of the VSC station.
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	Parameter
	Value





	Virtual inertia J
	1200 kg·m2



	damping factor D
	3.4 × 105 N·m·s/rad



	ki
	1300



	kp
	95
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