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Due to the poor performance of traditional STATCOM in DC engineering, a compensation method using battery energy storage STATCOM (STATCOM/BESS) to suppress commutation failure of the weak receiving-end high voltage direct current transmission system is proposed, and its effect is better than traditional STATCOM. First, the mechanism and influencing factors of commutation failure are analyzed; the extinction angle of the converter valve is taken as the decision index of commutation failure; the relationship between various electrical parameters and extinction angle is studied under the condition of the single-phase grounding fault on the inverter side. Second, according to the differences between the positive and negative sequence reactive current output by STATCOM/BESS when a fault occurs in single-phase grounding, a compensation method is proposed to suppress commutation failure by STATCOM/BESS, which increases the proportion of positive sequence reactive current output by STATCOM/BESS under the condition of constant output so as to reduce the probability of commutation failure. At last, STATCOM/BESS is added into the standard model of LCC-HVDC for the simulation experiment and compared with conventional running characteristics of STATCOM in order to verify the effect of STATCOM/BESS in suppressing commutation failure.
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INTRODUCTION
High voltage direct current (HVDC) transmission technology can not only meet the demand of large capacity and long distance transmission of electric energy but also reduce the loss of electric energy in transmission lines; (Shen et al., 2021) thus, it becomes an important means of electric energy transmission between long distance and large area power grids (Peng et al., 2017). When the power at the receiving end of the HVDC transmission system is weak, the AC system at the inverter side breaks down, which easily leads to the commutation failure of the HVDC system, resulting in the increase of DC current amplitude, the decrease of DC voltage amplitude, and voltage waveform distortion, etc., which seriously threatens the safety and reliability of the power grid (Huang, 2006). The fundamental condition of inverter commutation failure is that the extinction angle γ of a certain commutation valve is less than its intrinsic limit extinction angle γmin (Zhao et al., 2015). The factors causing converter commutation failure include internal factors and external factors of the inverter system, (Zhenhua et al., 2021) among which one of the most common factors of commutation failure is caused by commutation voltage drop raised by AC grid fault.
At present, in order to support the grid voltage and restrain the commutation failure of the HVDC system, reactive compensation equipment has been put into many weak receiving-end system inverter stations, among which the dynamic response of STATCOM is pretty fast during operation, and the effect of restraining commutation failure is remarkable. Guo et al. (2013) has modeled the whole connection of STATCOM into the doubly-fed HVDC system and pointed out that STATCOM can effectively support the receiving-end bus of the doubly-fed system within a reasonable electrical distance so as to improve the system performance and avoid commutation failure within a certain range. In Zhang (2011), the apparent short-circuit ratio increment (ASCRI) is defined to reflect the change of the strength of the receiving-end system after adding STATCOM. The theoretical and simulation results show that the ASCRI index of the system after adding STATCOM is greater than 0, and the ASCRI is positively correlated with the capacity of the added STATCOM within a certain range, which indicates that STATCOM can support the voltage of the receiving-end AC power grid, and can avoid the commutation failure of the HVDC system to a certain extent. However, when traditional STATCOM performs large-capacity reactive power compensation, it will affect the control accuracy of DC side voltage and lead to large fluctuations of DC side voltage. The energy storage STATCOM combining energy storage technology with reactive power compensation technology makes up for the shortcomings of traditional STATCOM in HVDC system application. In Virtanen et al. (2013), energy storage STATCOM is used to increase the voltage of the parallel connection point with an electric arc furnace load, and the voltage drop of the parallel connection point was reduced from 15% to 2%. In Liang (2014), the whole switch function model of STATCOM/BESS is established, and the power feedforward control is introduced, and a prototype of STATCOM/BESS with a capacity of 10kVA is built. The simulation and experiment show that the proposed topology and control method can enhance the stability of the system and restrain the power fluctuation of the wind farm.
Compared with traditional STATCOM, (Guobing et al., 2020) STATCOM/BESS has more advantages in improving the stability of the power system. The traditional way to maintain the stability of the power system is to strengthen the network structure, improve the performance of the prime mover and the excitation system, cut off the machine, cut the load, and use the STATCOM device to provide dynamic reactive power to support the system voltage, but it cannot perform active power regulation to dampen. Apart from the power oscillation of the system, these methods inevitably have their own limitations. As a new type of FACTS device, STATCOM/BESS is composed of a high-power power electronic converter and an energy storage system. He et al. (2020) A large-capacity energy storage device is added to the DC side of the converter and is connected to the power grid in parallel. It absorbs and releases active and reactive power quickly and has the ability of four-quadrant operation. At present, there is less application research in the field of DC transmission, especially in the suppression of commutation failure. Therefore, this article studies the commutation failure suppression of the HVDC system and puts forward the compensation method to suppress commutation failure by STATCOM/BESS under single-phase grounding fault. The STATCOM/BESS is added in the HVDC system during the experiment, which shows that the effect of STATCOM/BESS on suppression of commutation failure is better than that of traditional STATCOM.
HVDC COMMUTATION FAILURE AND ITS INFLUENCING FACTORS
HVDC Commutation Failure
Thyristor converter valves are used in the HVDC transmission system. During the process of commutation, if the process is not completed or the blocking ability is not restored within a period of time under the action of reverse voltage, the commutated valves will switch phases to the valves scheduled to be turned off when the voltage on the valve side becomes positive. This phenomenon is called commutation failure. Lei et al. (2021) From the thyristor device level, it takes a certain time for the thyristor to complete the carrier recombination and restore the blocking ability. γmin represents the recovery time of the thyristor valve, expressed by the electrical angle, which is about 10. It reflects the shortest time for the thyristor to bear the reverse voltage when restoring the blocking ability. When the extinction angle γ < γmin is calculated, the commutation is considered to be failed.
Figure 1 is the topology of the inverter, in which T1∼T6 are thyristors, and Xa ∼ Xc are commutation reactive resistances of each phase. Id represents direct current; and va, vb, and vc are the three-phase voltages of the AC system bus. Eq. 1 represents the extinction angle-related commutation (Cai et al., 2019):
[image: image]
[image: Figure 1]FIGURE 1 | Inverter Grez bridge structure.
If the fault causes commutation voltage asymmetry, the offset of this voltage crossing the zero point should be considered in the aforementioned formula, then the offset of commutation voltage crossing the zero point should be written as φ, and the expression of γ at this time can be shown (Li et al., 2017) as:
[image: image]
In Eqs 1, 2, k represents the commutation ratio, Id represents the direct current, Xc represents the commutation reactive resistance, E represents the effective value of the commutation bus line voltage, and β represents the leading trigger angle.
The Influencing Factors of Commutation Failure
It can be seen from Eq. 2 that the occurrence of commutation failure depends on many factors, including electrical factors such as AC bus voltage, DC current, commutation reactive resistance, and commutation voltage offset angle, and control factors such as trigger angle. The following mainly analyzes the influence of AC bus voltage and DC current on commutation failure when the AC system at the receiving end fails.
The Influence of Bus Voltage Amplitude Drop on Commutation Failure
When a short-circuit fault occurs in an AC system, it is assumed that the leading trigger angle β and the change ratio k are unchanged in a short time. Mitsuru and Yuhu (2021) In order to analyze the influence of the AC bus voltage Ull on the commutation failure on the inverter side, the sensitivity of its extinction angle γ can be used. The deviation of γ on the bus voltage Ull can be obtained by using Eq. 2:
[image: image]
When other parameters are unchanged, the relationship between bus voltage and sensitivity of the extinction angle is shown in Figure 2. The smaller the converter bus voltage is, the greater its sensitivity to extinction angle is, that is, the smaller the converter bus voltage is, the faster the extinction angle decreases, and the more likely it is to have commutation failure.
[image: Figure 2]FIGURE 2 | Sensitivity of Ull to γ.
The Influence of DC Current Surge on Commutation Failure
The AC voltage drop usually causes the DC current to rise, and the DC current rise will have a certain limit. When the AC voltage on the valve side drops to a certain value, the system will start the link of “low voltage and current limit,” thus controlling the continuous rise of DC current, and ensuring the stable operation of the DC transmission system (Zhu, 2008). In order to analyze the influence of DC current Id on the extinction angle, the deviation of extinction angle γ on DC current Id is calculated according to Eq. 2:
[image: image]
Under other conditions unchanged, the relationship between DC current and sensitivity of the extinction angle is shown in Figure 3. Yang (2021) The sensitivity of DC current Id to extinction angle γ is negative, and the greater the Id is, the greater its sensitivity to γ will be, so the increase of Id will also lead to the decrease of extinction angle γ, and the greater the Id is, the faster the γ will decrease, which will easily lead to commutation failure.
[image: Figure 3]FIGURE 3 | Sensitivity of Id to γ.
Analysis of the Single-Phase Grounding Fault in the AC System on the Inverter Side
A single-phase grounding fault is the most common asymmetric fault in the power system, characterized by the voltage drop, and phase shift of one phase on the bus line after the fault, which will affect the other two phases in the weak receiving end of the AC system, and the influence on the extinction angle is relatively complex. Take the single-phase grounding short-circuit fault in phase A of the AC power grid as an example, and the fault phase voltage is shown in Figure 4 (Mohan, 2021).
[image: Figure 4]FIGURE 4 | Fault voltage phasor diagram.
It can be seen from Figure 4 that when the grounding short-circuit fault occurs in phase A and the amplitude of phase voltage decreases by ΔUA, the amplitude of line voltages UAB and UCA will decrease then the zero point of line voltage will shift. According to the trigonometric function theorem (all expressed in standard values) (Muniappan, 2021):
[image: image]
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Therefore, when an asymmetric fault occurs on the AC side of the system, the calculation formula of the extinction angle γ becomes:
[image: image]
In the formula, UL′ represents the voltage value of the commutation line after the fault, and φ represents the angle value of zero crossing point of commutation line voltage caused by the asymmetric fault. Shen and Raksincharoensak (2021) It can be seen that when an asymmetric fault occurs in the AC system on the inverter side, the change of commutation voltage affects the extinction angle, and the phase shift caused by the zero crossing of commutation line voltage also changes the extinction angle. In addition, (Yu et al., 2020) the influence of the single-phase fault on different line voltages is different. Taking the A-phase short-circuit fault as an example, the influence of the single-phase fault on the valve commutation process among A-phase, B-phase, and C-phase bridge arms will be discussed as follows:.
1) Valve 1 commutates to valve 3, and valve 4 commutates to valve 6, that is, the valve on the A-phase bridge arm commutates to the valve on the B-phase bridge arm. When A-phase is grounded in a single phase, the extinction angle γ is:
[image: image]
It can be seen from Eq. 8 that under the condition of certain system parameters, the change of the evalve extinction angle is related to the degree of voltage drop of A-phase. According to CIGRE standard system parameters (Table 1 below), the function graph of the extinction angle can be drawn in MATLAB as shown in Figure 5.
TABLE 1 | CIGRE standard system parameters.
[image: Table 1][image: Figure 5]FIGURE 5 | Function diagram of the extinction angle of valves 1 and 4.
It can be seen from the aforementioned figure that when A-phase is grounded in a single phase, (Yuhu et al., 2021) the extinction angles of valves 1 and 4 decrease monotonously with the increase of ΔUA. When ΔUAmax = 0.10pu, γ < γmin, it is judged that commutation failure occurs, while when ΔUA < ΔUAmax, it is considered that commutation failure will not occur.
2) Valve 2 commutates to valve 4, and valve 5 commutates to valve 1, that is, the valve on the C-phase bridge arm commutates to the valve on the A-phase bridge arm. When the A-phase is grounded in a single phase, the function image of the extinction angle γ is also obtained in MATLAB as shown in Figure 6.
[image: Figure 6]FIGURE 6 | Function diagram of the extinction angle of valves 2 and 5.
It can be seen from the variation curve in Figure 6 that the extinction angle of valves 2 and 5 is not monotonic with ΔUA. It can be obtained from the intersection point with the straight line γmin = 10° that when A-phase is grounded in a single phase, the interval of commutation failure of valves 2 and 5 is 0.18pu < ΔUA < 0.46pu. In other intervals, it is considered that commutation failure will not occur.
3) Valve 3 commutates to valve 5, and valve 6 commutates to valve 2, that is, the valve on the B-phase bridge arm commutates to the valve on the C-phase bridge arm. It can be seen from Figure 5 that the single-phase grounding of A-phase has no effect on the line voltage between B-phase and C-phase, so it has no effect on the extinction angles of valves 3 and 6. Theoretically, it is considered that the γ values of the two valves are unchanged in this type of the single-phase grounding fault.
Similarly, the influence of single-phase grounding of phases B and C on the commutation process can be analyzed.
COMPENSATION METHOD OF STATCOM/BESS SUPPRESSION COMMUTATION FAILURE UNDER THE SINGLE-PHASE GROUNDING FAULT
According to the analysis of the single-phase grounding fault in the previous section, the short-circuit fault of A-phase has the least influence on the commutation voltage between B-phase and C-phase, (Yang et al., 2021b) while it has the greatest negative influence on the commutation voltage between A-phase and B-phase, and the probability of commutation failure is also the largest. Therefore, under the single-phase fault condition, the ratio and capacity of positive and negative sequence components of STATCOM/BESS reactive current are controlled to reduce the probability of commutation failure.
The Influence of STATCOM/BESS Positive and Negative Sequence Reactive Power Compensation Components on the Extinction Angle
Figure 7 shows the schematic diagram of the LCC-HVDC receiving-end system including STATCOM/BESS. Le et al. (2021) In the figure, Idc represents DC current of the inverter station, Ihvdc represents output current of the inverter station, Ut represents phase voltage of the converter bus, Ist represents reactive current output by STATCOM/BESS, Is represents AC grid current, Zs represents line resistance, and Es represents AC power supply voltage. STATCOM/BESS adopts an angular chain structure, and each phase includes three H-bridge sub-modules, as shown in Figure 8.
[image: Figure 7]FIGURE 7 | Schematic diagram of the LCC-HVDC receiving-end system with STATCOM/BESS.
[image: Figure 8]FIGURE 8 | STATCOM/BESS topology.
For the convenience of analysis, taking the voltage phasor of the converter bus as the reference coordinate, (Shen et al., 2022) according to the circuit principle, the voltage coordinates of each phase of the converter bus can be obtained when the system is in stable operation (assuming that STATCOM/BESS does not output reactive current at this time):
[image: image]
Ut0 represents the steady-state phasor before fault, and U represents the voltage amplitude before fault. According to Eq. 9, the commutation voltages corresponding to the converter valves are:
[image: image]
When the A-phase short-circuit fault occurs in the AC system at the receiving end, the phase voltage Uta of the converter bus becomes the original (1-d), (Yang et al., 2019) and the reactive current output by STATCOM is Ist = Istp + Istn, where Istp and Istn are positive and negative reactive currents, respectively. Assuming that the phasor of positive and negative sequence reactive current is perpendicular to the phasor of converter bus voltage, the positional relationship of Istp and Istn is shown in Figure 9.
[image: Figure 9]FIGURE 9 | Schematic diagram of decomposition of positive and negative sequence reactive current.
The corresponding commutation voltage is Yang et al. (2022):
[image: image]
By substituting Eq. 11 into the calculation formula of the extinction angle, the extinction angle of each converter valve after STATCOM/BESS that compensates positive and negative reactive power is:
[image: image]
where m = (ab,bc,ca), in which Xt represents the reactance of the commutation transformation phase, δtm represents the voltage phase after fault, and δtm0 represents the voltage phase before fault (Yang et al., 2021a).
The reference capacity SB of the LCC-HVDC system with STATCOM/BESS is taken as 1000 MVA; the reference voltage VB is taken as 230 kv, and the rated power of STATCOM/BESS is taken as 100 MVA. Xun and Pongsathorn (2021) In order to prevent reactive power compensation equipment from burning out due to over-current, the output current of each phase of STATCOM/BESS should not exceed its rated current. According to Figure 9, the output current of STATCOM/BESS needs to meet the following constraints:
[image: image]
In the formula, Im is rated current of STATCOM/BESS and Im = 0.1p.u. According to Eq. 13, the feasible region of reactive current can be obtained as shown in the yellow area in Figure 10.
[image: Figure 10]FIGURE 10 | Feasible region of STATCOM/BESS output current.
Substituting the positive and negative sequence reactive current values in the feasible region into Eqs 12, 13 (Xun et al., 2017), it can be concluded that there is a larger positive gradient between the minimum value in the extinction angle of each converter valve and the positive sequence reactive current, that is, the positive sequence current compensated by STATCOM/BESS has a more obvious effect on increasing the extinction angle.
Therefore, after a single-phase grounding fault, (Shen et al., 2020a) in order to get better suppression effect of commutation failure, the compensation component of STATCOM/BESS positive sequence reactive current should be increased.
Simulation of Suppression Effect of Positive and Negative Sequence Reactive Power Compensation Components on Commutation Failure
In order to verify the theoretical analysis in Section 3.1, (Shen et al., 2020b) this section compares the effects of STATCOM/BESS on suppressing commutation failure under different positive and negative sequence reactive current compensation ratios based on the CIGRE HVDC standard test model. Starting from 1.0 s, the A-phase-inductive grounding fault is set at the inverter side converter bus at 1 ms intervals so as to simulate the single-phase fault at different closing angles of the receiving-end power grid in practical engineering. Yang et al. (2018) When STATCOM/BESS compensates the positive and negative sequence currents by 1:1, 2:1, and 1:0, respectively, after detecting the fault (the sum of the positive and negative sequence output currents is 0.1pu), the critical inductance value of commutation failure of the inverter station is shown in Table 2. In Table 2, when the fault occurs at the same time, the green frame to the red frame sequentially indicate that the critical fault inductance gradually increases, that is, the commutation failure suppression effect gradually weakens. With the increase of the proportion of positive sequence reactive power commands, the number of green frames gradually increases, indicating that the commutation failure suppression effect is enhanced, (Zhu et al., 2020) which is consistent with the theoretical analysis in Section 3.1.
TABLE 2 | Comparison of commutation failure suppression effects.
[image: Table 2]STATCOM/BESS SIMULATION EXPERIMENT
Figure 11 shows the LCC-HVDC standard model with STATCOM/BESS built in this article. The rectifier converter station and inverter converter station contain high and low valve sets, respectively. The rated DC voltage of the CIGRE HVDC model is ±500 kV, and the rated transmission capacity is 1000MW. Other main circuit parameters are shown in Table 3.
[image: Figure 11]FIGURE 11 | LCC-HVDC standard model with STATCOM/BESS.
TABLE 3 | Main parameters of the CIGRE HVDC model simulation circuit.
[image: Table 3]The control system adopts double-loop control, in which the inner loop is current control and the outer loop reactive power control can be selected as constant AC voltage control and constant reactive power control, and the active control part can be selected as active control or constant DC voltage control. The control block diagram is shown in Figure 12.
[image: Figure 12]FIGURE 12 | Control structure of the three-module angle chain energy storage STATCOM.
In order to compare the commutation failure suppression effect between STATCOM/BESS and conventional STATCOM, a serious single-phase grounding fault is set at 1s in this experiment. Figure 13A and Figure 13B show the AC voltage and inverter current at the inverter side of the HVDC system when a A-phase at the inverter side suddenly has a grounding fault after a period of normal operation. At this time, the system is equipped with conventional STATCOM. After the fault occurred, the A-phase voltage begin to drop, and the AC voltage on the inverter side is greatly distorted. The inverter current dropped to 0 at the same time in the vicinity of 1s, indicating that commutation failure occurred.
[image: Figure 13]FIGURE 13 | Simulation waveform diagram after installing conventional STATCOM. (A) AC voltage on the inverter side; (B) inverter current of the converter valve.
When STATCOM/BESS is installed in the system, the grounding fault occurs in A-phase in 1s. It can be seen from Figure 14A and Figure 14B that the AC voltage distortion on the inverter side is relatively small, and the phenomenon that the three-phase current is zero at the same time during the fault period does not occur, which indicates that STATCOM/BESS has restrained the occurrence of commutation failure under the single-phase fault condition.
[image: Figure 14]FIGURE 14 | Experimental waveform diagram of installing STATCOM/BESS. (A) AC voltage on the inverter side; (B) inverter current of the converter valve.
Comparing the extinction angle and system transmission power under the two conditions; it can be seen from Figure 15A that the extinction angle drops to 0 after the fault occurs when installing conventional STATCOM and never drops below 10 after installing STATCOM/BESS, which effectively inhibits the commutation failure at the inverter side. It can be seen from Figure 15B that STATCOM/BESS compensates active power and reactive power at the same time in case of failure. Compared with conventional STATCOM, the transmission power oscillation of the system is smaller, which can quickly stabilize the transmission of system power in case of failure.
[image: Figure 15]FIGURE 15 | Comparison diagram of the system transmission power and extinction angle. (A) Comparison diagram of extinction angle; and (B) Comparison diagram of transmission power.
CONCLUSION
The purpose of this article is to suppress commutation failure at the weak receiving end of the LCC-HVDC system and propose a compensation method for STATCOM/BESS to suppress commutation failure under the single-phase grounding fault. The design and comparison simulation verify the ability of STATCOM/BESS to suppress commutation failure and draw the following conclusions:
(1) Under the single-phase grounding condition of the AC system on the inverter side, the commutation failure conditions of each phase of the converter valve are different.
(2) Increasing the proportion of the positive sequence reactive power compensation component of STATCOM/BESS output under the single-phase grounding fault of the AC system on the inverter side can better restrain commutation failure.
(3) The STATCOM/BESS device is installed in the single-pole 12-pulse HVDC transmission system, and a single-phase ground fault was set, and a comparison experiment was carried out with the traditional STATCOM system; by comparing the four typical electrical quantities of AC voltage, inverter current, turn-off angle, and system transmission power, which verifies the effectiveness of the STATCOM/BESS designed in this article in suppressing commutation failure.
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