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Abstract

:

The central Tibet AC interconnection project (CTAIP), which connects the Tibet power grid and the Sichuan power grid through a long distance transmission line of more than 1400 km, has a significant problem of voltage regulation. In order to improve the voltage regulation performance, six sets of ±60 Mvar static VAR compensators (SVC) were installed in the CTAIP. However, the SVCs may lead to electromagnetic oscillation below 50 Hz while improving voltage regulation capability. In this paper, the electromagnetic oscillation modes and the sensitivity of control parameters of SVC are analyzed. Then, the characteristics and influencing factors of the oscillation are discussed. It was found that there is an inherent electromagnetic oscillation mode below 50 Hz in the ultra-long distance transmission system. The employ of SVCs weaken the damping of this mode. Large proportional gain and integral gain (PI) parameters of SVCs can improve the voltage regulation performance, but weaken the electromagnetic oscillation mode damping. Therefore, a suppression method based on SVC PI parameters optimization is proposed to damp the oscillation. The essential of this method is to use the rising time of voltage response and setting time of SVCs as performance indicators of voltage regulation, and take the damping level of the electromagnetic oscillation mode as the performance index of SVC electromagnetic oscillation suppression ability. Combining the two indicators to form a comprehensive optimization index function, an intelligent optimization algorithm is applied. The process of SVC parameter optimization and the steps of multi-SVC parameter optimization in large power grids is proposed. Finally, PSCAD and real-time digital simulation (RTDS) simulation results verified the correctness of the proposed method. The optimization strategy was applied to CTAIP. The artificial grounding short circuit experimental results proved the effectiveness of the proposed strategy.
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1. Introduction


The central Tibet AC interconnection project (CTAIP) connects the central Tibet, Changdu, and Sichuan power grids of China. It has a long tie-line of more than 1400 km. Due to the long tie-line and its weak connection, the short circuit current of 500 kV buses is only 3–5 kA, and the reactive power and voltage regulation ability is extremely weak. In order to improve the voltage regulation performance of the interconnected system, six sets of ±60 Mvar static VAR compensators (SVC) were installed in the CTAIP. Due to the special network structure and the large capacity of SVCs, a kind of electromagnetic oscillation phenomenon with an oscillation frequency less than 50 Hz, which is similar to the subsynchronous oscillation, was observed through electromagnetic transient simulation.



In fact, the electromagnetic oscillation is one of the typical problems in power electronized power systems [1,2]. In the point view of oscillation frequency, the oscillation phenomenon in CTAIP is similar to the oscillation caused by subsynchronous control interaction (SSCI) [3,4]. There has been a large number of studies focused on SSCI. It has been pointed out in [5] that a power system stabilizer may deteriorate the subsynchronous oscillation mode damping of power systems. Reference [6] shows the subsynchronous oscillation of turbo-generators caused by HVDC. Subsynchronous resonance with VSC-based HVDC transmission systems was studied in [7]. Subsynchronous torsional interaction with power electronic converters was studied in [8]. Constant power load based on power electronics causing an oscillation was found in [9]. Subsynchronous oscillation caused by a wind farm was discussed in [10,11]. Reference [12] pointed out that the control interaction between a D-PMSGs-based wind farm and SVCs leads to sub-synchronous oscillation. However, there are very few reports of electromagnetic oscillation caused by SVCs. In [13], the phenomenon of 14 Hz oscillation in the central Tibet power grid caused by SVCs was introduced. However, the mechanism of oscillation is not clear yet. In [14], a ultra-low frequency oscillation and suppression method in the Central Tibet and Sichuan power grids was introduced, but it did not involve electromagnetic oscillation. To suppress the oscillation, additional damping controllers are often used for low frequency oscillation, while less research has been carried out on the suppression of electromagnetic oscillation. PSSs and SVC damping controllers were employed for suppressing local and inter-area low frequency oscillation in [15]. In [16], an adaptive neuro-fuzzy inference system-based controller was proposed for controlling the reactive power provided by static var compensator to damp inter-area oscillations. Reference [17] proposed a new time delayed controller to damp inter-area oscillations. Reference [18] studied the location and optimal capacity of SVCs. However, the location of SVC installation in this paper was fixed, and this method is not applicable to the problem to be studied in this paper. In [19], coordinated control of SVCs and TCSCs for voltage profile improvement employing particle swarm optimization was proposed, but oscillation suppression was not discussed. A novel modified fruit fly optimization algorithm combined with probabilistic sensitivity indices was proposed to coordinate and optimize SVC damping controller parameters to enhance the power system stability of the wind farm cluster in [20], but the PI control parameters of SVCs were not involved. In practice, the PI parameters of SVCs are decreased to eliminate the oscillation. It should be noted that although the reduction of the PI parameters increases the damping and suppresses the oscillation, the voltage regulation ability is weakened, which is very important in a weak networking power system such as CTAIP. However, there is no systematic method to optimize the PI parameters of SVCs considering both the electromagnetic oscillation suppression and voltage regulation capability.



In this paper, the characteristic and influencing factors of the electromagnetic oscillation are discussed. Based on it, an optimization strategy of SVC is proposed, considering both the suppressing of oscillation and voltage regulation capability. Firstly, the main oscillation modes are computed. Then the reactive power regulation performance of SVC is computed. After that, the optimization of PI parameters for SVC is implemented with an objective function considering both damping ratio improvement and the dynamic performance of the SVC. The features of this strategy are summarized as follows:




	(1)

	
A quantitative method is provided for evaluating the influence of SVC on electromagnetic oscillation modes.




	(2)

	
The contradiction between reactive power regulation ability and electromagnetic oscillation suppression ability of the SVC is revealed, which provides a basis for the definition of a comprehensive optimization objective function.




	(3)

	
The performance criteria considering the damping characteristic and reactive performance of the SVC provides a new way to optimize PI parameters aiming at minimizing the negative effects of the SVC.




	(4)

	
The process of SVC parameter optimization and the steps of multi-SVC parameter optimization in large power grid are proposed.









Finally, the proposed systematic strategies were applied to CTAIP. Numerical simulations under different typical faults with PSCAD and real-time digital simulation (RTDS) verified the correctness of the proposed method. The proposed strategy has been applied in practical engineering. The effectiveness of the proposed strategy was proved by the artificial grounding short experimental results of CTAIP.



This paper is structured as follows. The basic characteristics of CTAIP and electromagnetic oscillation below 50 Hz are presented in Section 2. Section 3 discusses the key influencing factors of electromagnetic oscillation mode, and the contradiction between oscillation suppression and reactive power regulation is pointed out. A systematic optimization strategy of SVC PI parameters, considering both the electromagnetic oscillation suppression and reactive power regulation, is proposed in Section 4. In Section 5 and Section 6, the effectiveness of the proposed strategy is verified by the simplified system and the CTAIP, respectively. Finally, conclusions are drawn in Section 7.




2. Problem Formulation


In this section, the CTAIP and the risk of electromagnetic oscillation caused by SVCs are introduced.



2.1. A Brief Introduction of CTAIP


As shown in Figure 1, there are seven 500 kV substations, and one 500 kV switch station in the CTAIP. The central Tibet, Changd, u and Sichuan power grids form a synchronous interconnected grid through this project.



The major features of the project are summarized as follows:




	(1)

	
The length of the tie-line reaches 1497 km, and there is no power supply on the transmission lines.




	(2)

	
The maximum short circuit current of 500 kV bus is only 5 kA. In substation LZ, it is only 3–4 kA.









The reactive power and voltage regulation capability of the project is very poor due to the above characteristics. As shown in Figure 2, the voltage fluctuation of the 500 kV system caused by the switching on and off of a single set of low-voltage reactor (60 Mvar) reaches 23 kV during the system charging start-up process.



In order to control the voltage of the interconnected system, two ±60 Mvar TCR+FC type SVCs are installed in LX, BM, and MK substations, respectively.




2.2. Electromagnetic Oscillation of CTAIP


SVCs are required to provide fast support of reactive power with relatively large PI parameters. However, excessive or inappropriate SVC PI parameters may cause electromagnetic oscillations below 50 Hz. Or in the case of failure resulting in the system short-circuit capacity reduction, SVCs may cause instable electromagnetic oscillation. A typical oscillating waveform is shown in Figure 3.





3. Characteristics of Electromagnetic Oscillation Induced by SVCs


In order to explain the principle and key influence factors of the electromagnetic oscillation phenomenon in the CTAIP, a simplified system is used. The eigenvalue of electromagnetic oscillation is calculated. The influence of line length, system equivalent impedance, capacity of SVCs and SVC control parameters on the electromagnetic oscillation mode is discussed.



3.1. Simplified Model


Single power series two lines, with the SVC system model is shown in Figure 4. Xs is the impedance of power supply. R, X and B are line resistance, reactance and admittance, respectively. Lh is the high voltage shunt reactor, of which the compensation is considered within 70%. Transformer capacity is 750 MVA with rated voltage of 550/242/36 kV. The primary device parameters are shown in Table 1.




3.2. Electromagnetic Oscillation Mode Calculation


The equation of inductance and capacitance under Park’s transformation can be expressed as


   {     X   ω 0    s  i  d q   = X  [     0   1      − 1    0     ]   i  d q   +  u  d q        B   ω 0    s  u  d q   = B  [     0   1      − 1    0     ]   u  d q   +  i  d q        



(1)




where,    i  d q   =    [   i d       i q   ]   T  ,    u  d q   =    [   u d       u q   ]   T   , s is the differential operator. id, iq are the d axis and q axis components of the current, respectively. ud, uq are the d axis and q axis components of the voltage, respectively. ω0 is reference frequency. X is inductance, B is admittance.



The primary circuit and simplified circuit of a TCR+FC type SVC is shown in Figure 5. TCR can be equivalent to a variable reactor and the filter is equivalent to a series branch of inductor and capacitor.



A simplified control block diagram of SVC is shown in Figure 6.



State space model of the control block diagram is as follows:


   {    s x =  k i   (   U  r e f   −  U l   )      s  B  T C R   =  1   T v    x −  1   T v     B  T C R   +    k p     T v     (   U  r e f   −  U l   )       



(2)




where, BTCR is the admittance of TCR. Tv is time constant of inertial link. kp is proportional gain, ki is integral gain. Uref, Ul are reference voltage and actual voltage of the SVC, respectively. s is the differential operator, x is the state variable.



Since the filter can be decomposed into inductor and capacitor, it can be modeled by the method shown in Equation (1). The TCR model under simplified circuit can be expressed as


   {    s x =  k i   (   U  r e f   −  U l   )      s  B  T C R   =  1   T v    x −  1   T v     B  T C R   +    k p     T v     (   U  r e f   −  U l   )       1   ω 0    s  I  T C R   =  [     0   1      − 1    0     ]   I  T C R   −  B  T C R    U  l d q        



(3)




where,    I  T C R   =   [      I  T C R d        I  T C R q       ]  T   ,    U  l d q   =   [      U  l d        U  l q       ]  T   ,    U l  =    U  l d     2  +  U  l q     2     . ω0 is reference frequency. ITCRd, ITCRq are the d axis and q axis components of the TCR current respectively. Uld, Ulq are the d axis and q axis components of the SVC voltage, respectively.



Let all state variables constitute the phasor y, the linearized model of the system including inductors, capacitors and SVC is


  M Δ y = λ N Δ y  



(4)




where, M is coefficient matrix of the linearized model of the system. N is a diagonal matrix, of which the diagonal element is 1 or 0. The diagonal element of N corresponds to a differential equation is 1, and corresponds to an algebraic equation is 0. λ is a complex number, which is also known as the generalized eigenvalue of matrix pair (M, N). The electromagnetic oscillation mode of the power system furnishing with SVC can be calculated by solving this generalized eigenvalue problem. The eigenvalues can be expressed as


  λ = σ ± j ω  



(5)




where, σ is attenuation factor. ω is the frequency of electromagnetic oscillation mode. The oscillation frequency f and damping ratio ζ are


   {    f =  ω  2 π       ξ =   − σ      σ 2  +  ω 2           



(6)







It is difficult to obtain an analytical solution because of the high order of the equation of the equivalent system, so numerical solutions are chosen.




3.3. Key Influence Factors of the Electromagnetic Oscillation


The inherent oscillation mode of the system is shown in Figure 7. In the absence of an SVC, with the increase of line length, the frequency of electromagnetic oscillation gradually decreases. When the line length is longer than 500 km, the electromagnetic oscillation mode with a frequency below 50 Hz occurs. With the increase of system equivalent impedance, the frequency and attenuation coefficient of the electromagnetic oscillation gradually decrease.



The variation trend of the eigenvalue of the main electromagnetic oscillation mode with different capacities of SVCs is shown in Figure 8. As shown in Figure 8, the access of SVCs decrease the damping of the electromagnetic oscillation mode. The larger the SVC capacity, the greater the negative impact on the electromagnetic oscillation mode.



If line tripping, generator tripping, and other faults occur, the equivalent impedance of the system increases. The rapid reactive power regulation of SVC may lead to electromagnetic oscillation.




3.4. Sensitivity of SVC Control Parameters to Electromagnetic Oscillation


The variation trend of eigenvalues of the electromagnetic oscillation mode with SVC PI parameters is shown in Figure 9.



As shown in Figure 9a, when ω is less than 1570 rad/s (f < 250 Hz), with the increase of Kp, the eigenvalues of the electromagnetic mode move to the right side of the complex plane. Kp has the greatest influence on the oscillation mode when ω is less than 314 rad/s (f < 50 Hz). When ω is greater than 1570 rad/s (f > 250 Hz), Kp has almost no effect on the electromagnetic oscillation mode.



As shown in Figure 9b, when ω is greater than 314 rad/s (f > 50 Hz), Ki has almost no effect on electromagnetic oscillation mode. When ω is less than 314 rad/s (f < 50 Hz), with the increase of Ki, the eigenvalues of the electromagnetic mode move to the right side of the complex plane.



When ω equals 314 rad/s (f = 50 Hz), the PI parameters of SVC has no effect on the oscillation mode.



According to the principle of TCR, the thyristor is triggered twice in a power cycle. The output sampling rate of TCR reaches 100 Hz. Thus, according to Shannon’s sampling theorem, for oscillation modes with angular frequencies greater than 314 rad/s, it is impossible for a TCR control strategy to affect them. However, it is mathematically difficult to consider this spectrum truncation phenomenon in a small signal analysis model. We find in Figure 9 that oscillation modes with angular frequencies greater than 50 Hz are influenced by Kp. This is actually not true. The following part of this paper focuses on the oscillation modes with angular frequencies smaller than 314 rad/s, so this defect of this model does not affect this study.




3.5. Effect of SVC Control Parameters on Reactive Power Regulation Performance


Based on the foregoing analysis, in order to suppress electromagnetic oscillation, it is necessary to reduce Kp and ki. However, the reactive power and voltage regulation capability of the SVC will be weakened. As shown in Figure 10, the performance of electromagnetic oscillation damping levels and reactive power regulation are contradictory. Therefore, it is necessary to find an SVC control parameter optimization method which can suppress electromagnetic oscillation and maintain enough reactive power regulation performance of the SVC.





4. Parameter Optimization Strategy


In this section the reactive power regulation performance index and the electromagnetic oscillation suppression capability index are proposed. A comprehensive optimization objective function with two objectives is proposed, and the process of SVC parameter optimization is presented.



4.1. Reactive Power Regulation Performance index


A step signal with certain amplitude is applied to the voltage reference of the SVC control system (it is not advisable to trigger the limiting link of the SVC controller). The SVC reactive power or admittance response curve can be obtained by the time domain simulation.



In order to quantify its voltage regulation performance, an index J1(K) is proposed to indicate the reactive power regulation performance of SVC.


   J 1  ( K ) =  k 1   T  0.9   +  k 2   T s   



(7)




where, J1(K) is voltage regulation performance index function of SVC under PI parameters vector K = [kp, ki]. T0.9 indicates the rise time from voltage differential exceeds voltage dead zone to SVC output reactive power or admittance reaches 90% target value. Ts indicates the time from voltage differential exceeds voltage dead zone to SVC output reactive power or admittance reaches stability. k1 represents the weight coefficient of rise time, and k2 represents the weight coefficient of settling time. k1 and k2 can be set to 1. k1 and k2 can be set to 1.




4.2. Electromagnetic Oscillation Suppression Capability Index


The index function reflecting the electromagnetic oscillation suppression ability of the SVC can be defined as


   {     J 2  ( K ) =   ∑  n = 1   n =  n  max       p n   1   ξ n   (   f n   )           f n  <  f  max     < 50 Hz      ξ n   (   f n   )  > 0      



(8)




where, J2(K) is the electromagnetic oscillation suppression capability index. ξn, fn is the damping ratio and the frequency of nth oscillation mode, respectively. fmax is the highest oscillation frequency concerned. Because the TCR trigger frequency is 100 Hz, the frequency of oscillation caused by the SVC is lower than 50 Hz according to Shannon’s sample theorem. pn is the weight coefficient of each oscillation mode.




4.3. Optimization Objective Function


The objective function of parameter optimization is defined as


  J ( K ) =  m 1   J 1  ( K ) +  m 2   J 2  ( K )  



(9)




where, J(K) is the comprehensive evaluation index function of SVC reactive power regulation performance and electromagnetic oscillation suppression capability. m1, m2 represent the weight of the reactive power regulation performance index and the weight of electromagnetic oscillation suppression index of the SVC, respectively. Considering the suppression of electromagnetic oscillation as the main factor, m1 can be set to 1 and m2 can be set to 2.



Optimization Process


The optimization procedure of SVC PI parameters is shown in Figure 11.



The goal of optimization is to find the appropriate PI parameters K * to minimize the integrated objective function, namely, in order to ensure that there is no unstable electromagnetic oscillation, while the reactive power response time is kept small.




     K  *  = arg min J (  K  )   



(10)





It is important that the evaluation of electromagnetic oscillation suppression capability should consider the faults such as power supply tripping, which may decrease the short-circuit capacity of the system, and line tripping, which may increase the electrical distance.



According to the result in Section 3, the greater the capacity of SVC, the higher the risk of electromagnetic oscillation. Therefore, in the risk assessment of electromagnetic oscillation, SVCs should be considered to maintain full operation when there are multiple SVCs. In the case of multiple SVCs, it is difficult to optimize all SVC control parameters simultaneously. As shown in Figure 12, a compromise solution can be achieved.






5. Case Study


Because the parameters optimization is based on a simplified model, it is necessary to establish a detailed electromagnetic transient model to verify its adaptability.



A simplified transmission system with SVCs is shown in Figure 4. The capacity of an SVC is ±60 Mvar, the length of the AC line is 1000 km. At SVC control parameters Kp = 2, Ki = 100, the system remains stable without any disturbance. When the equivalent impedance of the system increases from 60 to 80 Ω, an unstable electromagnetic oscillation occurs.



The SVC parameters are adjusted by the above optimization method. The PI parameter range is set to be: Kp ∈ [0.1,3], Ki ∈ (10,300]. The upper limit of oscillation frequency fmax is 250 Hz. The weight coefficient of each oscillation mode pi = 1. The weight coefficient of rise time T0.9 and settling time Ts is 1. The weight coefficient of reactive power regulation performance index m1 is 1, the weight coefficient of electromagnetic oscillation suppression capability index is 2. T0.9 ∈ [0.01,0.5], Ts ∈ [0.02,1]. After optimization, Kp = 1.0751, and Ki = 162.8425.



The step response simulation contrast before and after SVC parameter optimization is shown in Figure 13. The optimization improves the suppression of electromagnetic oscillation effectively while decreasing the step response performance of SVC slightly.




6. Application in CTAIP


6.1. Parameter Optimization of CTAIP


The results of parameter optimization under the power grid operation mode of dry-season are shown in the Table 2. After optimization, kp decreased and ki increased.



The step response comparison of SVCs under the power grid operation mode of dry-season are shown in Table 3. The reactive power regulation performance of SVC was reduced after optimization. T0.9 decreased less than 0.07 s, Ts decreased less than 0.13 s.




6.2. Validation of Control Strategy


6.2.1. Simulation with PSCAD/EMTDC


In order to verify the effectiveness of the proposed strategy, the simulation models of the CTAIP and related power grids were established in PSCAD/EMTDC, and the large disturbance simulation was carried out.



The comparison of system dynamic responses under faults is shown in Figure 14. Electromagnetic oscillations with frequency of 22.7 Hz and 19.2 Hz were excited in the system under the N-2 fault of the line XM-LX and line BT-MK before the optimization of SVC PI parameters. The oscillations decayed rapidly after the optimization under faults.




6.2.2. Simulation with RTDS


A RTDS hardware-in-the-loop platform was built to verify the effectiveness of the proposed strategy and adaptability of the optimized parameters, as shown in Figure 15. In this platform, the CTAIP and related power grids were established and six sets of SVC control and protection systems were connected.



The simulation results on the RTDS simulation platform basically agreed with the PSCAD. The system dynamic response under N-2 fault of the line BT-MK after SVC parameters optimization with RTDS is shown in Figure 16. With the optimized SVC parameters, the electromagnetic oscillation was suppressed, and the reactive power response of the TCRs was desirable.





6.3. Engineering Verification


In order to investigate the response characteristic of SVCs, a short-circuit grounding test was carried out on line LX-LZ. The basic principle of the test is shown in Figure 17. The dynamic response of the system and SVCs under the test is shown in Figure 18.



Figure 18 shows that after the ground fault of phase A occurs, the voltage drops to about 100 kV, and the voltage of phase B and C drops to 260 kV. Reactive power absorbed by SVC is reduced from 60 Mvar to 0 in about 60 ms. After the failure disappears, the output of SVC gradually restores to its initial state.



The test results showed that all the SVC operation logic is correct, SVCs do not cause unstable electromagnetic oscillation, and the reactive power response speed of SVC is high. The effectiveness and practicability of the strategy proposed in this paper is verified.





7. Conclusions


In this paper, the mechanism of electromagnetic oscillation in the weak networking power system caused by SVCs is discussed by eigenvalue analysis and the influence factors of electromagnetic oscillation. Research results show that, with the increase of transmission line length, the frequency of electromagnetic oscillation decreases. The oscillation frequency may be less than 50 Hz when the line length is longer than 500 km. With the increase of the equivalent impedance of the system, the electromagnetic mode damping decreases. Access of SVCs deteriorate the electromagnetic mode damping. The larger the capacity of SVC grows, the smaller the damping becomes. With the increase of the PI parameters of SVC, the electromagnetic mode damping decreases. Reducing PI parameters directly can suppress the oscillation, but it will seriously weaken the voltage regulation performance of the SVC. Therefore, the PI parameter optimization method considering voltage regulation performance and electromagnetic oscillation suppression was proposed. The method uses the voltage response rising time and the setting time of SVCs as performance indicators of voltage regulation, taking the damping level of electromagnetic oscillation mode as the performance index of SVC electromagnetic oscillation suppression ability. Combining the two indicators to form a comprehensive optimization index function, an intelligent optimization algorithm is applied to solve the problem. Finally, the optimization strategy was applied to the CTAIP. The results from numerical simulations validated the effectiveness and practicability of the proposed method. Field test results further proved the effectiveness of the strategy. The main contribution of the proposed strategy is to provide a practical and systematic method to prevent electromagnetic oscillation caused by SVCs and to give consideration to the reactive power regulation performance of weak power grid systems.
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Figure 1. Structure diagram of central Tibet AC interconnection project (CTAIP). 
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Figure 2. Effect of switching single reactor on system voltage. 
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Figure 3. Electromagnetic oscillation induced by static VAR compensators (SVCs). 
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Figure 4. Simplified transmission system with SVC. 
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Figure 5. Primary circuit of a TCR+FC type SVC. 
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Figure 6. Simplified control block diagram of SVC. 
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Figure 7. Variation trend of eigenvalues of the main electromagnetic oscillation mode with transmission line length and equivalent impedance of power supply (with no SVC). 
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Figure 8. Variation trend of eigenvalues of the main electromagnetic oscillation mode with capacities of SVCs (1000 km transmission line). 
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Figure 9. Variation trend of eigenvalues of the electromagnetic oscillation mode with SVC PI parameters (1000 km transmission line). 
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Figure 10. Eigenvalue of the electromagnetic oscillation mode and admittance step response of the SVC under different PI parameters. 
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Figure 11. Optimization procedure of SVC PI parameters. 
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Figure 12. Multi-SVC parameter optimization process. 
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Figure 13. Simulation comparison of SVC parameters before and after optimization. 
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Figure 14. Dynamic response of the system under faults before and after SVC parameter optimization with PSCAD. 
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Figure 15. RTDS hardware-in-the-loop platform for verifying the proposed strategy. 
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Figure 16. Dynamic response of the system under N-2 fault of the line BT-MK after SVC parameter optimization with RTDS. 
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Figure 17. Basic principle of artificial short circuit grounding test. 
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Figure 18. Dynamic response of the system and SVC under an artificial short-circuit grounding test. 
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Table 1. Primary device parameters.
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Xs (Ω)

	
R (Ω/km)

	
X (Ω/km)

	
B (Siem/km)

	
Transformer (750 MVA)






	
60

	
0.0166

	
0.2968

	
4.24 × 10−6

	
X12 (%)

	
X13 (%)

	
X23 (%)




	
12

	
44

	
30
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Table 2. The optimized SVC control parameters.
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Parameter Source

	
LX

	
BM

	
MK




	
kp

	
Ki

	
kp

	
Ki

	
kp

	
Ki






	
Before optimization

	
4

	
100

	
4

	
100

	
4

	
100




	
After optimization

	
1.1237

	
94.8621

	
1.9826

	
152.2815

	
2.0596

	
197.2081











[image: Table] 





Table 3. The comparison of step response before and after optimization.
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Parameter Source

	
LX

	
BM

	
MK




	
T0.9 (s)

	
Ts (s)

	
T0.9 (s)

	
Ts (s)

	
T0.9 (s)

	
Ts (s)






	
Before optimization

	
0.20

	
0.49

	
0.16

	
0.43

	
0.14

	
0.41




	
Parameters optimization

	
0.27

	
0.62

	
0.19

	
0.54

	
0.16

	
0.49
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