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Abstract

:

A modular multilevel converter (MMC) is voltage-sourced and can supply fault currents to an AC system. To clarify the fault current impact mechanism of an MMC, this paper examines the control and capacitor discharge processes of an MMC when an AC system has a three-phase short grounding fault. The theoretical analysis shows that the outer loop control of the MMCs changes the fault injection. In different control modes, the nonzero reference value of the outer MMC loop forces the converter to inject and absorb the current into the AC system when a fault occurs. The limiter of the control determines the final injecting current value of the MMC. To help the MMC adjust the AC system’s fault current, adaptive strategies are also proposed, which include an adaptive reference control, an adaptive limiter control, and an adaptive capacitor control. On the basis of the proposed strategies, the fault currents could be increased or decreased within the MMC’s capacity. The simulations verify the theoretical analysis.
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1. Introduction


Different kinds of power electronic equipment and renewable energy in power systems are continuously integrated into the traditional power grid [1,2,3,4,5,6], which has a significant impact on the short-circuit current of conventional AC systems from many aspects [4,5].



For example, to optimize China’s industrial structure and energy structure, the promotion of the carbon-neutrality strategy has allowed photovoltaic and wind power to develop rapidly. In some provinces, wind power has increased to several times its previous capacity. The impact of renewable energy on the energy structure and power source characteristics can no longer be ignored [6]. To find the specific impact, some scholars have carried out research on the impact of new energy grid connections on short-circuit current characteristics. The authors in [7,8] analyzed the short-circuit current characteristics of a doubly fed induction generator (DFIG) under crowbar protection. The control strategy and low inertia of the wind farm were the main reasons for the low short-circuit current. Specifically, because of the rotor speed variation of the DFIG, the frequency of the fault current was also different. For example, the frequency of the fault current was 40 Hz when the rotor speed decreased to 0.8 p.u. In [9,10], the authors studied the short-circuit current characteristics of a DFIG with different excitation control strategies, indicating that the control method was the key factor affecting the fault characteristics. The authors in [11] verified that when the control system had enough damping or the controller adopted effective anti-saturation measures, the fault current of the power grid containing the photovoltaic power supply did not have a peak, and the time to stabilization was very short. In addition, the smaller the output limit amplitude of the controller was, the longer it took for the three-phase fault current waveform of the photovoltaic power supply to stabilize. When the output limit of the d-axis controller was 0.2 p.u. and the output limit of the q-axis controller was 0.4 p.u., the duration of the transient fault current of the photovoltaic power supply reached nearly one frequency cycle. However, in the current short-circuit current calculation process, wind, photovoltaic, and other new energy sources are usually simplified rather than considering their different output characteristics and short-circuit current feeding mechanisms. The fault-current control strategy is also lacking. This is inconsistent with the actual operation, which seriously affects the accuracy of the fault current calculation and even endangers the safe operation of the power system.



On the other hand, the construction of electronic power equipment further leads to complex short-circuit current feeding mechanisms. Different types of high-voltage direct-current (HVDC) devices, a large number of flexible AC transmission systems (FACTS), and wind photovoltaic power electronic converters have made converters an important fault current injection source. HVDC technology comprises line-commutated-converter (LCC)-based HVDC and modular multilevel converter (MMC)-based HVDC devices. Research on the modeling, operation characteristics, and control strategies of the LCC-HVDC is relatively mature. In terms of the flexible DC transmission technology, the research has mainly focused on MMC modeling and control. Regarding the fault current, some researchers have clarified the DC side fault mechanism [12,13,14], such as the influence mechanism of the pole-to-ground fault currents in symmetrical monopole HVDC grids and the pole-to-pole fault currents in bipolar HVDC grids. A pole-to-pole fault current cannot be impacted by converters after the connection of two smoothing reactors, while a pole-to-ground fault current is influenced by all converters, where the DC side voltage is set to ±500 kV. The authors in [15] studied the transient process of an LCC-HVDC system with a three-phase fault on the AC side of the inverter and the mechanism of the short-circuit current fed by the LCC-HVDC system and proposed a practical calculation method for short-circuit currents. In [10], on the basis of the electric network theory, the authors derived a calculation method for the short-circuit currents of a unified power flow controller (UPFC) near buses and studied the fault control strategy. The influence of the operating conditions and the UPFC parameters on short-circuit currents was also investigated. Lastly, a simulation was carried out on the PSCAD simulation platform for verification. However, the above studies still did not clarify the fault current injection mechanism for HVDC systems, especially for MMC-HVDC systems. How to improve the fault current injection method of an MMC was also not studied.



The key point of the short-circuit current control is to increase the system-equivalent impedance at the fault point, that is, to increase the equivalent electrical distance [16]. Measures for limiting the short-circuit current can generally be divided into two types, traditional and new measures. On the one hand, traditional measures use high-impedance equipment, such as high-impedance generators and transformers, split-winding transformers and reactors, and current-limiting reactors. On the other hand, the power grid structure can also be changed, including the reasonable integration of the power source, hierarchical zoning, a bus splitting operation, line out of series, and disconnection [17,18]. New measures mainly adopt fault current limiters. All these fault current control methods do not take the MMC into consideration. Renewable power integration or the HVDC connection, namely, the MMC converter, plays an important role in a power grid. So, its impact on the fault current mechanism should be further clarified, and the fault current supplied by the MMC needs to be controlled. To solve this problem, this paper offers the following contributions.



	
The mechanism of the short circuit supplied by the MMC-HVDC system is clarified, and the main impact factors are analyzed.



	
To allow for the MMC to adjust its injected fault current, an adaptive reference control and an adaptive limiter control are proposed, which are easy to realize and effective in impacting the short circuits of AC systems.



	
To guarantee that the MMC can continuously impact an AC system’s fault current, an adaptive capacitor method is also proposed that can render the system more stable during the fault period.






The structure of the paper is as follows. Section 2 introduces the structure and control of an MMC-HVDC to clarify the basic theory of the paper. Section 3 then studies the fault current influence mechanism of the MMC and proposes different types of adaptive strategies to control the fault current of MMCs injected into an AC system. Section 4 describes the validation of the proposed strategy through simulations, and Section 5 presents the conclusions of the paper.




2. The Structure and Control of an MMC-HVDC


2.1. The Structure of an MMC-HVDC


The structure of an MMC-HVDC is shown in Figure 1. It contains six bridge arms, each of which has two N submodules (SM). Figure 1 presents the circuit structure of a half-bridge MMC 2. In the figure, isj and usj (j = a, b, c) are the three-phase current and voltage of the point of common coupling (PCC) on the AC side, respectively, ipj and inj are the currents of the upper and lower bridge arms of phase j, respectively, upj and unj are the voltages of the upper and lower bridge arms of phase j, respectively, Udc is the DC voltage, and Lt, Rm, and Lm are the leakage inductance, bridge arm resistance, and bridge arm inductance of the transformer connected to the valve, respectively.



In order to ensure the DC side voltage is constant, N submodules are deblocked in the same bridge arm at every moment. On the other side, in order to establish the three-phase voltage on the AC side, the MMC control system controls the opening and closing of the upper and lower bridge arm submodules at each time to generate corresponding AC waveforms. By writing the KVL equations of the MMC upper and lower bridge arms, we obtain the following relationships.


   u  s j   +  u  p j   −  R m   i  p j   −  L m    d  i  p j     d t   −  L t    d    i  p j   −  i  n j       d t   =    U  dc    2   



(1)






   u  s j   −  u  n j   +  R m   i  n j   +  L m    d  i  n j     d t   −  L t    d    i  p j   −  i  n j       d t   = −    U  dc    2   



(2)








2.2. The Control of an MMC-HVDC


The control of an MMC is divided into indirect current control and direct current control. The indirect current control calculates the amplitude and phase of the inverter output AC voltage according to the control objectives and sends them to the valve level controller to generate a trigger pulse signal to control the switching of the submodule. The control structure of this control strategy is simple, but it is greatly affected by the strength of the AC system; the dynamic response of the AC current is slow, and the overcurrent of the converter valve cannot be limited. Thus, the MMC usually uses direct current control, which is composed of an outer loop voltage control and an inner loop current control. With fast current feedback control, the AC current can quickly track the change in the reference value and is widely used in high-voltage large-capacity transmission.



Figure 2 shows the direct current control of an MMC in detail. According to the control requirements, the inputs of the d-axis active power control include the active power and the DC voltage control, and the inputs of the q-axis reactive power control mainly include the reactive power and the AC voltage control. The deviation between the input value of the outer loop and the reference value is adjusted by the PI controller to obtain the input reference values idref and iqref of the inner loop current control. The inner loop current control adopts the current feedback and grid voltage feedforward control to generate the d and q-axis reference values, udref and uqref, of the virtual equal point fundamental wave voltage; then, the modulated wave is obtained through the Park inverse transformation.



Obviously, the P and Q can be independently controlled by adjusting the AC current components, idref and iqref, which realizes the decoupling control of the active power and the reactive power. The adjustment of the d-axis and q-axis components of the AC current is realized by the outer loop control, in which the Psref and the Ps denote the reference and the actual active power of the mainly controlled line, respectively, and Qsref and Qs denote the reference and the actual reactive power of the mainly controlled line, respectively. Vac_ref and Vac represent the AC voltage’s reference and actual value, respectively.




2.3. The Limiter of an MMC-HVDC


The detailed outer controls of the active power and reactive power control described above are shown in Figure 3 and Figure 4, respectively, where Kp is the proportional coefficient of the constant active power controller, and Ki is the integration coefficient; idlim and iqlim are the limiting amplitudes of the d-axis and q-axis currents (active and reactive currents), respectively.



The outer current control loops of the active and reactive control are both limited. Usually, the MMC-HVDC limits the outer current ilim to 1.1 times its rated current irated, which is shown in (3):


   i  lim   = 1.1  i  r a t e d    



(3)







In (3), the ilim is the total current composed of the active current idlim and the reactive current iqlim. They have the relationship expressed by Equation (4):


   i  lim   =    i  d lim  2  +  i  q lim  2     



(4)







The limiter of the MMC-HVDC has three types, as shown in Figure 5. In the first type of limiter, namely type I, the active current limiter has the same priority as the reactive current limiter. In the second type of limiter, namely type II, the reactive current limiter has priority, while the active current limiter does not. In the third type of limiter, namely type III, the active current limiter has priority, while the reactive current limiter does not. Usually, to guarantee active power transmission, the practical project always adopts the third type of limiter.





3. The Fault Current Influence Mechanism of the VSC and the Control Strategy


3.1. The Fault Current Influence Mechanism


An important criterion for the safe operation of flexible DC transmission systems is the balance of the input and output power. If the input power is greater than the output power, the DC voltage rises; otherwise, the DC voltage drops, and the system is unstable.



The nearby three-phase short-circuit fault has the greatest impact on the converter station, namely the short-circuit fault at the point of common coupling (PCC). When a three-phase short-circuit fault occurs in the near-area AC system of the converter station, the transmission power of the converter station drops sharply in an instant. At this time, the transmission power of the converter station is close to 0.



According to the basic three-phase short-circuit fault mechanism, the fault current i can be divided into a periodic component and a non-periodic component, which are ip and iap, respectively, shown in Figure 6. The maximum possible instantaneous value of the short-circuit current, namely the short-circuit impulse current iim, is mainly used to verify the electrodynamic stability of the electrical equipment. It is determined by the non-periodic component and impacts the transient-state fault currents. The periodic component of the fault current is usually used for system strength analysis and impacts the steady-state fault currents.



Thus, this section takes the three-phase short-circuit fault at the PCC as the research object and studies the response process of the converter station after the fault. Based on the operation principle of the converter station, the influence of the converter station on the short-circuit current of the AC system, the characteristics of the short-circuit current, and the influencing factors are analyzed.



After a three-phase short-circuit fault occurs at the PCC, the AC voltage, the active power, and the reactive power at the PCC point become 0. For a constant active power control mode, the control relationship can be obtained as


   i  dref   =  K p  (  P  sref   −  P s  ) +  K i    ∫  (  P  sref   −  P s  )     



(5)




where Kp is the proportional coefficient of the constant active power controller, Ki is the integration coefficient, Psref is the active power setting value, which is not 0, and Ps is the actual value of the active power.



After the fault, the actual active power Ps output by the converter station decreases instantaneously, while the Psref remains unchanged. It can be seen from Formula (5) that the absolute value of idref is always increasing. However, due to the existence of the limiter, idref reaches its maximum value, namely idref_max, especially, if Psref = 0, and Ps = 0, idref = 0 during normal operation. The d-axis reference current output by the outer loop controller remains unchanged after the fault and does not reach the maximum value, namely idref = 0.


   i  dref   =  K p  (  U  sref   −  U s  ) +  K i    ∫  (  U  sref   −  U s  )     



(6)







For the constant DC voltage control mode, the situation is similar to the constant active power control according to (6), where Usref is the DC voltage setting value, which is not 0, Us is the actual value of DC voltage, Kp is the proportional coefficient of the constant active power controller, and Ki is the integration coefficient. As the reactive power control usually has a smaller limit value compared with the active power control loop, its impact on the three-phase fault is not discussed in this paper.




3.2. The Adapative Control Strategy


According to the analysis above, it can be concluded that the steady-state short-circuit fault current, namely the periodic component, supplied by the MMC is mainly decided by two parts. The first part, which is the most important part, is decided by the limiter of the outer current control. Thus, if the limiter can be controlled during the fault period, the fault current supplied by the MMC can be impacted. In some conditions, the fault current level of the AC system is too high, and it is beneficial to decrease the fault current of the MMC, while in some other situations, the MMC is supposed to support the AC system, and so a larger fault current of the MMC is preferred.



Based on such demand, an adaptive limiter can be designed to control the steady-state fault current supplied by the MMC. The adaptive limiter was designed as Figure 7 shows. The limiter has three limitation loops. In normal operation, the system selects channel 2 as the limiter with normal settings, in which the i″dlim equals 1.1 p.u., and the i″dref is the output of the normal active current. The outputs of channel 2 can be described by Equation (7). The i″dref always equals its positive limitation i″dlim when the active power reference Psref is not zero. Once the active power reference Psref is zero, the output becomes zero too.


    i ″   dref   =      +   i ″   dlim     ,  P  sref   ≠ 0     0   ,  P  sref   = 0       



(7)







When it is in the fault current limitation situation, the adaptive limiter can choose channel 3, in which the i‴dlim is less than 1.1 p.u., and the output active current i‴dref can be decreased to limit the injected fault current from the MMC. However, if the active power reference Psref is set to zero, the injected fault current will also be zero, as Equation (8) shows.


    i ‴   dref   =      +   i ‴   dlim     ,  P  sref   ≠ 0 &   i ‴   dlim   < 1.1     0   ,  P  sref   = 0 &   i ‴   dlim   < 1.1       



(8)







On the other side, if the fault current supplied by the MMC is supposed to increase, the limiter can select channel 1, where the i′dlim is larger than 1.1 p.u., and the output active current i′dref can be enlarged to make the MMC supply more fault current and improve the AC system’s stability. Similarly, the injected fault current is zero when the active power reference Psref is set to zero, as Equation (9) shows.


    i ′   dref   =      +   i ′   dlim     ,  P  sref   ≠ 0 &   i ′   dlim   > 1.1     0   ,  P  sref   = 0 &   i ′   dlim   > 1.1       



(9)







As mentioned above, another important fault current impact factor of an MMC is the active power reference. Usually, for an MMC inverter, the power reference is set to a positive value for the output active power. In such a situation, the MMC injects a fault current into the AC system. On the other side, if the power reference is negative, the MMC absorbs the fault current to decrease the fault current. Based on this phenomenon, an adaptive reference was designed, as Figure 8 shows. In Figure 8, the power reference channel also has two selections, namely the positive channel and the negative channel. If the fault current needs to be increased, the positive reference channel Psref can be selected to cause the MMC to supply the fault current. Similarly, if the fault current needs to be decreased, the negative reference channel −Psref can be selected to cause the MMC to absorb the fault current.



The mathematical description of the adaptive reference control is shown in (10). The output of idref equals +idlim when the positive reference channel is selected, while the output of idref equals −idlim when the negative reference channel is selected. Similarly, the output becomes zero, if the reference is zero.


   i  dref   =      +  i  dlim     ,  P  sref   ≠ 0     0   ,  P  sref   = 0     −  i  dlim     , −  P  sref   ≠ 0       



(10)








3.3. The Adapative Capacitor Strategy


It is obvious that the fault current also has a transient part, namely the non-periodic component. In the increased fault current situation, the system not only needs to enlarge the steady-state fault current but the transient fault current should also be improved, as some electronic power devices respond very quickly. For a voltage-sourced converter, the DC side usually has capacitors to store the energy. The MMC usually stores the energy in the submodule, so a lumped capacitor is not necessary. However, to ensure the transient fault current can be adjusted, the lumped capacitor was also equipped, as Figure 9 shows. To increase the fault current, the capacitor can be switched on in normal operation and then release the storage energy when a fault occurs. To decrease the fault current, the capacitor can be switched off during normal operation and switched on during the fault period.



It should be mentioned that if the renewable power of an off-shore wind farm is output by an MMC-HVDC, the wind farm side of the MMC is usually in island control, namely a constant AC frequency and a constant AC voltage control. In addition, the grid-side MMC is usually in a constant DC voltage control and a constant reactive power control. It can be seen that each side of the MMC is not in a constant active power control. Hence, the proposed strategy could not be applied in this situation.





4. Simulation Verifications


The topology of the test system is presented in Figure 10. The system was a two-terminal MMC-HVDC, and the system parameters can be found in Table 1 and Table 2.



4.1. Case 1 Study: An MMC without Adaptive Control


In this case, the MMC-HVDC operated in the normal condition. The HVDC system was blocked after the fault occurred. To verify that no short circuit was supplied without additional adaptive control, the system shown in Figure 10 was set to provide a three-phase short-circuit fault at 3 s. The DC system transmitted 400 MW of active power. The results of the RMS short-circuit current injected by the MMC after the fault, the instantaneous short-circuit current injected by the MMC after the fault, the RMS short-circuit current of the whole system, the instantaneous short-circuit current of the whole system, and the active power transmitted by the MMC are presented in Figure 11, respectively.



It can be seen from Figure 11a,b that the fault current injected by the MMC was zero when no adaptive strategies were added. This was because the HVDC system was suddenly blocked, and no current could be supplied by the MMC after the fault. Figure 11e shows that the active power became zero, which was consistent with figures (a) and (b). The fault current became stable after about 0.5 s, while the active power of the MMC decreased to 0 after about 0.1 s. Figure 11c,d denotes that the system fault current at a steady state maintained a value of 11.5 p.u., which was the total fault current that the AC system could supply, and the base voltage of this value was 400 kV and 400 MV.




4.2. Case 2 Study: MMC with a Positive Adaptive Reference Control


In this case, the adaptive control was added to the MMC to impact the AC fault current. Specifically, the adaptive reference was set to positive to strengthen the AC fault current. The three-phase short-circuit fault was also set at 3 s. The results of the RMS short-circuit current injected by the MMC after the fault, the instantaneous short-circuit current injected by the MMC after the fault, the RMS short-circuit current of the whole system, the instantaneous short-circuit current of the whole system, and the active power transmitted by the MMC are presented in Figure 12, respectively.



It can be seen from Figure 12a,b that the fault current injected by the MMC was 1.1 p.u. when the positive adaptive reference strategy was added. This was because the value of the limiter in the MMC was 1.1 p.u., according to Table 2. Figure 11c,d denotes that the system fault current at a steady state maintained a value of 12.6 p.u., which was the sum of 11.5 and 1.1. This proves that the positive adaptive reference strategy increased the AC fault current by 1.1 p.u, which was the maximum current the MMC could supply if no other methods were used. Similarly, the AC system’s fault current became stable after about 0.5 s, and the fault current supplied by the MMC was also stable after 0.5 s, where the active power of the MMC decreased to 0 after about 0.1 s. The overshoot of the fault current supplied by the MMC reached 2 p.u., and the base voltage of this value was 400 kV and 400 MV.




4.3. Case 3 Study: The MMC with a Negative Adaptive Reference Control


In this case, the adaptive control was added to the MMC to impact the AC fault current. Specifically, the adaptive reference was set to negative to decrease the AC fault current. The three-phase short-circuit fault was also set at 3 s. The results of the RMS short-circuit current injected by the MMC after the fault, the instantaneous short-circuit current injected by the MMC after the fault, the RMS short-circuit current of the whole system, the instantaneous short-circuit current of the whole system, and the active power transmitted by the MMC are presented in Figure 13, respectively.



Figure 13a,b shows that the fault current transmitted by the MMC was 1.1 p.u., but it was actually negative; as the RMS value cannot be negative, the figure only presents the positive values. Figure 13c,d denotes that the system fault current at a steady state maintained the value of 10.4 p.u., which also proves that the negative adaptive reference strategy decreased the AC fault current by 1.1 p.u. Similarly, the AC system’s fault current became stable after about 0.5 s, and the fault current supplied by the MMC was also stable after 0.5 s, where the active power of the MMC decreased to 0 after about 0.1 s. The overshoot of the fault current supplied by the MMC reached less than 2 p.u. because the reference was negative, and the base voltage of this value was 400 kV and 400 MV.




4.4. Case 4 Study: The MMC with an Adaptive Limiter Control


In this case, the adaptive limiter control was added to the MMC to impact the AC fault current. The limiter was set at 1.5 p.u. when a fault occurred, while it was 1.1 p.u. in normal operation. The DC system transmitted 20 MW in this case, and the three-phase short-circuit fault was also set at 3 s. The results of the RMS short-circuit current injected by the MMC after the fault, the instantaneous short-circuit current injected by the MMC after the fault, the RMS short-circuit current of the whole system, the instantaneous short-circuit current of the whole system, and the active power transmitted by the MMC are presented in Figure 14, respectively.



It can be seen from Figure 14a,b that the fault current transmitted by the MMC became 1.5 p.u., and Figure 13c shows that the system fault current at a steady state increased to the value of 13 p.u., which further proves that the adaptive limiter strategy strengthened the AC fault current. The AC system’s fault current became stable after about 0.5 s, and the fault current supplied by the MMC was also stable after 0.5 s, where the active power of the MMC decreased to 0 after about 0.1 s. The overshoot of the fault current supplied by the MMC disappeared this time because the limiter was greatly enlarged. For a better understanding, Table 3 presents the different results with the different control strategies.




4.5. Case 5 Study: The MMC with an Adaptive Capacitor


In this case, the adaptive capacitor was added to the MMC to impact the AC fault current. The three-phase short-circuit fault was also set at 3 s. The results of the RMS short-circuit current injected by the MMC after the fault, with and without the adaptive capacitor, are shown in Figure 15a,b. The RMS short-circuit current of the whole system after the fault, with and without the adaptive capacitor, is shown in Figure 15c,d.



It can be seen clearly that the system with the adaptive capacitor continuously injected the fault current to the AC system such that the AC system’s fault current was adjusted. The system without the adaptive capacitor was unstable and could not be used to impact the AC system’s fault current.





5. Conclusions


According to the study, it can be concluded that the MMC-HVDC impacts the AC system’s short-circuit fault current in two respects. The first aspect refers to its outer-loop control. In terms of the power reference, the limiter value of the outer-loop control decides the fault current injected values. The second aspect refers to the capacitor components, which decide the time of stability of the fault current injection. To increase the fault current supplied by the MMC, the positive adaptive reference control can be applied, while the negative adaptive reference can decrease the MMC-injected fault current. The adaptive limiter can influence how much fault current the MMC can inject into and absorb from the AC system. The larger the limiter value, the greater the impact of the MMC. The adaptive capacitor can guarantee the stability of the MMC when it injects the fault current into the AC system, as more energy can be released when a fault occurs.
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Abbreviations




	MMC
	Modular multilevel converter



	AC
	Alternate current



	HVDC
	High-voltage direct current



	DFIG
	Doubly fed induction generator



	FACTS
	Flexible AC transmission systems



	LCC
	Line-commutated converter



	UPFC
	Unified power flow controller



	PCC
	Point of common coupling



	SM
	Submodules



	RMS
	Root mean square
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Figure 1. The structure of an MMC-HVDC. 
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Figure 2. The direct current control of an MMC. 
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Figure 3. The detailed outer controls of the active power control. 
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Figure 4. The detailed outer controls of the reactive power control. 
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Figure 5. The different limiters of an MMC-HVDC. 
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Figure 6. The composition of a three-phase short-circuit fault. 
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Figure 7. The structure of the adaptive limiter. 
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Figure 8. The adaptive reference control. 
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Figure 9. The transient fault current control scheme. 
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Figure 10. The test system of the two-terminal HVDC. 
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Figure 11. The simulation situations in case 1. (a) The RMS short-circuit current injected by the MMC after the fault. (b) The instantaneous short-circuit current injected by the MMC after the fault. (c) The RMS short-circuit current of the whole system after the fault. (d) The instantaneous short-circuit current of the whole system after the fault. (e) The active power transmitted by the MMC. 
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Figure 12. The simulation situations in case 2. (a) The RMS short-circuit current injected by the MMC after the fault. (b) The instantaneous short-circuit current injected by the MMC after the fault. (c) The RMS short-circuit current of the whole system after the fault. (d) The instantaneous short-circuit current of the whole system after the fault. (e) The active power transmitted by the MMC. 
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[image: Processes 11 00837 g012a][image: Processes 11 00837 g012b]







[image: Processes 11 00837 g013 550] 





Figure 13. The simulation situations in case 3. (a) The RMS short-circuit current injected by the MMC after the fault. (b) The instantaneous short-circuit current injected by the MMC after the fault. (c) The RMS short-circuit current of the whole system after the fault. (d) The instantaneous short-circuit current of the whole system after the fault. (e) The active power transmitted by the MMC. 
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Figure 14. The simulation situations in case 4. (a) The RMS short-circuit current injected by the MMC after the fault. (b) The instantaneous short-circuit current injected by the MMC after the fault. (c) The RMS short-circuit current of the whole system after the fault. (d) The instantaneous short-circuit current of the whole system after the fault. (e) The active power transmitted by the MMC. 
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Figure 15. The simulation situations in case 5. (a) The RMS short-circuit current injected by the MMC after the fault with an adaptive capacitor. (b) The RMS short-circuit current injected by the MMC after the fault without an adaptive capacitor. (c) The RMS short-circuit current of the whole system after the fault with an adaptive capacitor. (d) The RMS short-circuit current of the whole system after the fault without an adaptive capacitor. 






Figure 15. The simulation situations in case 5. (a) The RMS short-circuit current injected by the MMC after the fault with an adaptive capacitor. (b) The RMS short-circuit current injected by the MMC after the fault without an adaptive capacitor. (c) The RMS short-circuit current of the whole system after the fault with an adaptive capacitor. (d) The RMS short-circuit current of the whole system after the fault without an adaptive capacitor.
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Table 1. The control modes of each converter.
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	Control Strategy
	Inverter
	Rectifier





	Active power control mode
	Constant active power control
	Constant DC voltage control



	Reactive power control mode
	Constant reactive power control
	Constant reactive power control
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Table 2. System parameters.
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Name

	
Value






	
AC system

	
Rated AC voltage/kV

	
380




	
MMC Converter

	
Rated DC voltage/kV

	
400




	
HBSM number

	
180




	
HBSM capacitance/mF

	
15




	
Arm reactance/mH

	
50




	
idlim of inverter/p.u.

	
1.1




	
iqlim of inverter/p.u.

	
0.4




	
idlim of rectifier/p.u.

	
1.1




	
iqlim of rectifier/p.u.

	
0.4




	
Line Parameter

	
Resistance/ohm/m

	
0.1782 × 10−4




	
Inductive reactance/ohm/m

	
0.3139 × 10−3




	
Capacitive reactance/ohm*m

	
273.5448
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Table 3. The comparison of the different controls.
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	Control Strategy
	AC System Supplied Fault Current
	MMC Supplied Fault Current
	The Total Fault Current





	MMC without adaptive control
	11.5 p.u.
	0 p.u.
	11.5 p.u.



	MMC with positive adaptive reference control
	11.5 p.u.
	1.1 p.u.
	12.6 p.u.



	MMC with negative adaptive reference control
	11.5 p.u.
	−1.1 p.u.
	10.4 p.u.



	MMC with adaptive limiter control
	11.5 p.u.
	1.5 p.u.
	13.0 p.u.
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