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Abstract

:

In this paper, a two-leg-transfer switch structure method that can continuously supply three-phase power even when an accident occurs in a power semiconductor of a three-level active neutral-point-clamped (ANPC) inverter for railway vehicles is presented. The proposed method can minimize the ripple effect caused by power semiconductor faults by separating the faulty leg from the main circuit and connecting the load-side circuit to a neutral point. As a result of simulations, the average values of MAE and RMSE can be reduced by 1.53 [A] and 1.77 [A], respectively, when using the proposed leg-transfer switch structure compared to using the conventional structure. In the IGBT failure experiment, when the proposed method was applied to a three-level ANPC inverter, there was only a 0.21 [%] difference from the THD under normal conditions. As a result, the magnitude, phase, and total harmonic distortion of the three-phase current waveforms measured before and after the fault were identical. Thus, normal three-phase power could be effectively supplied to the load when the proposed leg-transfer switch method was applied after a power semiconductor fault occurred in the three-level ANPC inverter. If this leg-transfer switch method is applied in three-level ANPC inverterd for railway vehicles, track schedule errors can be minimized by continuously supplying three-phase power to the electric motor even when an accident occurs in a power semiconductor.






Keywords:


three-level ANPC inverter; motor; propulsion inverter; power semiconductor fault; railway vehicles; two-leg system












1. Introduction


Various studies have been conducted on precision control methods for power semiconductors and power conversion systems, and accordingly, various devices using electric motors have been developed [1,2]. Machines propelled by fossil fuels, such as those used in ships, automobiles, and railroads, are being replaced by electric motors [3,4,5,6,7].



Electric motors that can be used in transportation machines vary depending on their purpose or capacity, ranging from induction motors to synchronous motors, brushless DC motors, and permanent magnet synchronous motors [8,9,10].



These electric motors mostly use three-phase power with a phase difference of 120° to generate torque and control the speed of the transportation machines. A three-phase DC/AC inverter that can control the voltage, current, and frequency of the three-phase power is required to control the transportation machines precisely at the speed targeted by the user. Power semiconductors are used in three-phase inverters and can be classified depending on their location and applied control method. Among the DC/AC inverters that can convert DC power into three-phase power, three-level active neutral point clamped (ANPC) inverters can reduce the withstand voltage of the power semiconductors used in two-level inverters and reduce the harmonics of the output according to the increased output level number. Because of these advantages, three-level ANPC inverters are suitable for fields that require high voltages and are widely used in electric motor control. However, if an open- or short-circuit accident occurs in the power semiconductor used in a three-level ANPC inverter for railway vehicles, normal power cannot be supplied to the electric motor. In such cases, running trains may stop, and track schedules may be disrupted. Therefore, a method is required to supply power continuously even when an accident occurs in the power semiconductors that constitute the inverter [11].



Most inverters use three legs; however, methods for supplying three-phase power to a load using only two legs have been studied. These studies have verified that three-phase power can be output if the phases of the voltage and current outputs of the two legs are adjusted [12,13,14]. However, since the structure does not change, it cannot be used as a solution for IGBT failures.



Accordingly, a structure and a control method have been proposed to supply three-phase power to the load by operating only two legs when a leg fault occurs in a two-level three-leg inverter. This method moves the circuit connected to the load side of the faulty leg to the neutral point of the DC link capacitor to output three-phase power with only two legs [15,16,17]. However, this is only available for two-level inverters.



Thereafter, various methods were proposed to supply three-phase power normally to the load, even when a power semiconductor fault occurs in a multilevel-structured inverter [18,19]. Such methods supply normal three-phase power by understanding the characteristics of multiple power semiconductors and performing appropriate control according to the fault cases. However, the methods described above may cause other problems because a faulty power semiconductor is still connected to the main circuit.



Therefore, this paper proposes a two-leg-transfer switch structure method that can provide power continuously even in the event of an accident in a power semiconductor in a three-level ANPC inverter. This method separates the faulty leg from the main circuit and connects the load-side circuit to a neutral point to minimize the ripple effect caused by a fault in the power semiconductor.



The remainder of this paper is organized as follows. In Section 2, the structure and control method of the basic three-level ANPC inverter are described in detail, and the problems in the case of fault occurrence are described. In addition, the proposed leg-transfer switch method is described. In Section 3, a simulation is presented to demonstrate the effects of the proposed leg-transfer switch method. Thereafter, a three-level ANPC inverter is configured as the hardware, and the effect of the proposed method is verified through empirical experiments. Finally, Section 4 summarizes the results of the study and concludes the paper.




2. Analysis of Three-Level ANPC Inverter Structures and the Proposed Leg-Transfer Switch Method


2.1. Analysis the Structure of a Three-Level ANPC Inverter


A three-level ANPC inverter uses active devices for all power devices, including the neutral-point side, to control the power with three levels of output voltage. Figure 1 shows the circuit diagram of a three-level ANPC inverter. The circuit is configured with 18 power semiconductors, as shown in Figure 1, where the DC link capacitor is separated into upper and lower parts, and the neutral point is connected to the power semiconductors of each phase. This structure increases the output voltage in three stages. The three-level ANPC inverter can better reduce the withstand voltage compared to the power semiconductors used in two-level inverters and can reduce the stress on the devices. In addition, it can reduce the harmonics of the output based on the increased number of output levels. Owing to these advantages, it is suitable for fields that require high voltages, and is widely used in motor control [20,21,22,23,24,25].



Recently, vector control has been mainly used to control electric motors. Vector control is a method of controlling each component by changing the three-phase voltage and current that change over time into time-invariant voltage and current components; it enables precise speed control because it can control the motor speed instantaneously.



Figure 2 shows a block diagram of the vector control method used in electric motors. Vector control measures the three-phase current applied to the motor and converts it into d-axis (magnetic flux) and q-axis (torque) current components using the DQ transform. The phase   θ   necessary at this time is calculated by measuring the rotation speed through an encoder attached to the motor and then integrating it. The current components converted to the d-axis and q-axis create an error between the d-axis current reference and the q-axis current reference necessary for the motor to reach the targeted speed, creating a voltage manipulation amount through the PI controller. The voltage manipulation amount is converted into a three-phase voltage reference through an inverse DQ transform and is converted into On and Off signals through a pulse-width modulation (PWM) generator and injected into each IGBT.




2.2. Limitations of Tolerance Control in Three-Level ANPC Inverters


Figure 3 shows an example of the current flow in the faulty leg when conventional tolerance control and the conventional structure are applied. Figure 3a shows the current flow in the S2 fault situation when tolerance control is used. In this case, the current flow can be controlled in a downward direction. Likewise, if a fault occurs in S2 or S3, the current flows to S4 or S5. Conversely, if a fault occurs in S4 or S5, the current flows to the load side through S2 or S3.



Figure 3b shows the current flow when the IGBTs and diodes S2 and S5 are broken. The red line represents the current flow. As shown in Figure 3b, when the IGBT fails, the current from the neutral point cannot flow to the load. This indicates that, when multiple IGBT faults occur, it is difficult to perform tolerance control using a power semiconductor control method.




2.3. Analysis of the Tolerance Control Method by Leg Transfer in the Case of Fault Occurrence in a Three-Level ANPC Inverter


This paper presents a structural method that enables tolerance control even when faults occur in multiple IGBTs. This method separates the faulty leg from the main circuit and connects the circuit to a neutral point on the load side. In addition, a control method that can supply normal three-phase power to the load using only two-leg power semiconductors was adopted and applied.



Figure 4 shows the current flow diagram of the leg when the proposed leg-transfer switch structure was applied. Switches SS1, SS2, and SS3 are added to the proposed leg-transfer switch structure. SS1 and SS3 separate the leg circuit from the main circuit. SS2 connects the circuit on the load side to the neutral point when a fault occurs. SS1, SS2 and SS3 can be configured as single-power relays or magnetic contactors with the contact points 1a2b or 2a1b.



Figure 4a shows the circuit under normal circumstances, where no IGBT fault occurs. The red line represents the current flow. Here, SS1 and SS3 are in a short state so that the legs are connected to the main circuit. SS2 is kept open to prevent the load circuit from being connected directly to a neutral point. Figure 4b shows the circuit when a fault has occurred in the IGBT. Here, SS1 and SS3 change to an open state such that the leg is separated from the main circuit. SS2 is maintained in a short state such that the load-side circuit is directly connected to the neutral point. The switches are located identically on each leg. By operating the relay of the corresponding leg using a signal indicating that a fault has occurred, the legs can be switched, as shown in Figure 4, and tolerance control is possible regardless of which IGBT has experienced a fault.



Figure 5 shows the control block diagram of the three-level ANPC inverter used to supply normal three-phase power to the load after leg transfer. Unlike Figure 2, which is a general control block diagram, an additional control block diagram has been added after the inverse DQ transform. The voltage reference of each phase, which is calculated using the inverse DQ transform, must be converted into a voltage reference suitable for leg transfer. In the steady state, the typical voltage reference can be expressed as follows [17]:


    v   a   *   = m   s i n   ω t   ,  



(1)






    v   b   *   = m   s i n   ω t −   2   3   π   ,  



(2)






    v   c   *   = m   s i n   ω t +   2   3   π   .  



(3)







Here,     v   a   *    ,     v   b   *    , and     v   b   *     indicate voltage references,   m   indicates the modulation index, and   ω   indicates the angular velocity. If a fault occurs in one phase, the voltage references can be converted as follows to generate normal three-phase power with only two legs [17]:


    v   a   * *   = m   s i n   ω t   −   v   f   * *   ,  



(4)






    v   b   * *   = m   s i n   ω t −   2   3   π   −   v   f   * *   ,  



(5)






    v   c   * *   = m   s i n   ω t +   2   3   π   −   v   f   * *   .    



(6)







Here,     v   f   * *     refers to the voltage reference of the faulty leg and     v   f   * *     can be generated based on signal     S   f     where the fault is detected. Accordingly, the reference voltage of the faulty leg always has a value of zero, and the remaining voltage references are converted into a waveform with a phase difference of 30°. The signal is converted into On and Off signals through a PWM generator and injected into each IGBT. In addition, based on the signal     S   f     where a fault is detected, the power relay of the leg should be operated, and an appropriate signal should be injected into the three-level ANPC inverter.





3. Simulation and Experimental Verification According to the Application of theLeg-Transfer Switch Method in a Three-Level ANPC Inverter


3.1. Verification of the Effect of the Leg-Transfer Switch Method through Simulations


Simulations were conducted to analyze the effects of the leg-transfer switch method in the event of a fault in a three-level ANPC inverter. Simulations were conducted using PSIM. The circuit and control diagrams are shown in Figure 5 and Figure 6, respectively, and the parameters are listed in Table 1.



From Table 1, the DC link voltage,     V   d c    , was set to 400 [V], and the capacitor capacity,     C   d c    , was set to 4700 [μF]. A three-phase LR circuit, which is equivalent to an electric motor, was used as the load of the three-level ANPC inverter. Here, the inductor,   L  , was set to 28.14 [mH], and the resistance,   R  , was set to 15 [Ω]. The switching frequencies applied to the individual IGBTs were set to 20 [kHz]. To analyze the effect of the leg-transfer switch method when a three-level ANPC inverter fails, simulations were conducted, assuming that the S8 and S11 IGBTs located in the B-phase leg failed.



Figure 7 shows the current waveform in the case of a phase B fault in the conventional three-level ANPC inverter structure. Figure 7a shows the waveform of the simulation result when the three-level ANPC inverter controls the peak value of the load current to 1 [A], and the fault in the B-phase leg was deliberately caused at 0.05 [s]. Before 0.05 [s], which was before the fault, the three-phase current waveforms     i   s a   ,     i   s b   ,       i   s c     were output normally. After 0.05 [s] (after the failure), the waveforms of     i   s a     and     i   s c     appeared distorted, and the current of       i   s b     did not flow.



Figure 7b shows the waveform of the simulation result when the three-level ANPC inverter controlled the peak value of the load current to 5 [A], and the fault in the B-phase leg was deliberately caused at 0.05 [s]. Before 0.05 [s], which was before the fault, the three-phase current waveforms     i   s a   ,     i   s b   ,       i   s c     were output normally. After 0.05 [s] (after the failure), the waveforms of     i   s a     and     i   s c     appeared distorted, and the current of       i   s b     did not flow. Accordingly, if two or more IGBTs fail in the conventional three-level ANPC inverter structure, the tolerance control method cannot be performed.



Figure 8 shows the current waveform after the leg transfer in the case of a fault in phase B of the three-level ANPC inverter. Figure 8a shows the waveform of the simulation result when the three-level ANPC inverter controlled the peak value of the load current to 1 [A], and the fault in the B-phase leg was deliberately caused at 0.05 [s]. Before 0.05 [s], which was before the fault, the three-phase current waveforms     i   s a   ,     i   s b   ,       i   s c     were output normally. Considering     i   f b    , which was the current flowing from the B-phase load side to the neutral point, no current flowed when SS5 was in an open state.



After 0.05 [s], which was after the fault, the current peak values of      i   s a   ,     i   s b   ,   a n d       i   s c     were all measured as 1 [A], and the three-phase current with a phase difference of 120° was output normally. Based on     i   f b    , it can be observed that as SS5 changed to the short state, the same current as     i   s b     flowed to the neutral point.



Figure 8b shows the waveform of the simulation results when the three-level ANPC inverter controlled the peak value of the load current at 5 [A] and the fault in the B-phase leg was deliberately caused at 0.05 [s]. Before 0.05 [s], which was before the fault, the current peak values of     i   s a   ,     i   s b   ,   a n d       i   s c     were all output as 5 [A]. Based on     i   f b    , which was the current flowing from the B-phase load side to the neutral point, no current flowed because SS5 was in an open state.



After 0.05 [s], which was after the fault, the current peak values of     i   s a   ,     i   s b   ,     a n d   i   s c     were all measured as 5 [A] and the three-phase current with a phase difference of 120° was output normally. Based on     i   f b    , it can be observed that as SS5 changed to a short state, the same current as     i   s b     flowed to the neutral point.



In other words, if the proposed leg-transfer switch method is applied to a three-level ANPC inverter, the faulty leg can be separated from the main circuit, and the circuit on the load side can be connected to the neutral point to supply a normal three-phase current to the load side.



To evaluate the performance of the proposed method, the error and harmonics of the normal current and the measured current were analyzed. In this paper, the mean absolute error (MAE) and root mean square error (RMSE) were utilized to assess the error between the normal current and the measured current [26]. The respective formulas for these metrics are as follows:


  M A E =     ∑  i = 1   k        y   i   −     y  ^    i         k     [ A ]  



(7)






  M A P E =      ∑  i = 1   k          y   i   −     y  ^    i       2       k      [ A ]    



(8)







Equation (7) represents the formula for calculating the MAE. When the MAE is used, the degree of current error between the normal and measured current can be determined. Therefore, the normal current was used for     y   i    , and the measured current was applied to       y  ^    i     to calculate the MAE.



Equation (8) represents the formula for calculating the RMSE. When the RMSE is used, an error less than 1 [A] becomes smaller than the MAE. Therefore, the normal current was used for     y   i    , and the measured current was applied to       y  ^    i     to calculate the RMSE, where   k   commonly denotes the total number of samples. The results of calculating the MAE, RMSE, and THD using the conventional method and the proposed method are shown in Figure 9.



Figure 9 shows the MAE, RMSE, and THD graphs according to the application of the conventional method and the proposed leg-transfer switch structure. The MAE, RMSE, and THD were calculated as the average values of a, b, and c.



Figure 9a shows the graph of the MAE according to the application of the conventional method and the proposed leg-transfer switch structure. When the load current was 1 [    A   p k    ] and the conventional method was applied, the MAE was measured to be about 0.47 [A]. When the load current was 5 [    A   p k    ] and the conventional method was applied, the MAE was measured to be about 2.16 [A]. It can be seen that the MAE, when using the conventional method, increases as the size of the load current increases. When the proposed leg-transfer switch structure was applied and the load current was 1 [    A   p k    ], the MAE was measured to be about 0.0058 [A]. When the load current was 5 [    A   p k    ] and the proposed method was applied, the MAE was measured to be about 0.0128 [A]. This shows that if the proposed leg-transfer switch structure is applied to a three-level ANPC inverter, a three-phase current can be supplied more normally than when using the conventional method.



Figure 9b shows a graph of the RMSE according to the application of the conventional method and the proposed method. When the load current was 1 [    A   p k    ] and the conventional method was applied, the RMSE was measured to be about 0.54 [A]. When the load current was 5 [    A   p k    ] and the conventional method was applied, the RMSE was measured to be about 3.01 [A]. When the proposed method was applied and the load current was 1 [    A   p k    ], the RMSE was measured to be about 0.0074 [A]. When the load current was 5 [    A   p k    ] and the proposed method was applied, the MAE was measured to be about 0.017 [A]. Looking at the RMSE results, we can confirm once again that if the proposed method is applied to a three-level ANPC inverter, the three-phase current can be supplied more normally than when using the conventional method.



Figure 9c shows a graph of the current THD according to the application of the conventional method and the proposed method. When the conventional method was applied, the THD when the current was 1 [    A   p k    ] and 5 [    A   p k    ] was measured as 79.07 [%] and 99.87 [%], respectively. When the load current was 1 [    A   p k    ] and 5 [    A   p k    ], the THD when applying the proposed method was measured to be about 0.98 [%] and 0.38 [%], respectively.



Looking at the THD results, it can be seen that when the proposed leg-transfer switch structure is applied to a three-level ANPC inverter, the THD values measured are similar to those under normal circumstances. This indicates that the proposed leg-transfer switch structure can normally supply a three-phase current in the event of IGBT failure.




3.2. Verification of the Effect of the Leg-Transfer Switch Method through Experiments


An experiment was conducted to analyze the effects of the leg-transfer switch method in the event of a fault in a three-level ANPC inverter in a real environment. The circuit diagram, control diagram, and panoramic view of the experimental environment used are shown in Figure 5, Figure 6, and Figure 8, respectively, and the parameters used are listed in Table 2.



Figure 10 shows a panoramic view of the experimental environment constructed to verify whether the proposed leg-transfer switch method can be applied to a real environment. To verify the suitability of the proposed circuit, the experimental environment was configured using a three-phase LR equivalent circuit. A DC power supply was used as the input for the three-level inverter, and the current flowing to the load side was measured using an oscilloscope. In addition, the harmonics of the load side and three-phase currents were measured before and after the fault using a power quality analyzer.



From Table 2, the DC link voltage,     V   d c    , was set to 400 [V], and the capacitor capacity,     C   d c    , was set to 4700 [μF]. A three-phase LR circuit, which is the equivalent circuit of the electric motor, was used as the load of the three-level ANPC inverter.   L   was set to 28.14 [  m H  ], and   R   was set to 15 [  Ω  ]. The switching frequencies applied to the individual IGBTs were set to 20 [  k H z  ]. To analyze the effect of the leg-transfer switch method in the event of a fault in a three-level ANPC inverter, a fault was caused in the C-phase leg, which was identical to that in the simulations.



Figure 11 shows the results of the load-side current and total harmonic distortion (THD) measurement experiments after the application of the proposed leg-transfer switch structure when the load current was 0.5 [    A   p k    ]. Figure 11a shows the fault signal and three-phase load-current waveforms. Figure 11a shows that the current peak values of     i   s a   ,     i   s b   ,   a n d       i   s c       before the fault were all measured as 0.5 [A], and a three-phase current with a phase difference of 120° was normally output.



After the fault, in Figure 11a, the current peak values of     i   s a   ,     i   s b   ,     a n d   i   s c     were all measured as 0.5 [A], and the three-phase current was output normally, identical to that before the fault. This indicates that the leg-transfer switch method can operate normally in actual experiments. In particular, based on the current waveform of phase C, it can be observed that the current THD after the fault decreased compared with the current THD before the fault.



Based on Figure 11b, which shows the current THD values measured before the fault, the THDs of     i   s a   ,     i   s b   ,     a n d   i   s c     were measured as 11.9 [%], 11.3 [%], and 11.8 [%], respectively. However, in Figure 11c, which shows the current THD values measured after the fault, the THDs values of     i   s a   ,     i   s b   ,     a n d   i   s c     were measured as 11.1 [%], 10.4 [%], and 9.7 [%], respectively. Here, the THD of       i   s c     after the fault was reduced by approximately 2.1 [%] compared with that before the fault. This indicates that the power semiconductor of phase C was separated from the circuit and thus did not operate, and that the THD of the current of phase C was reduced because the three-phase power was supplied only through the power semiconductors located in phases A and B.



That is, based on the waveforms and THD values of     i   s a   ,     i   s b   ,     a n d   i   s c      measured before and after the fault when the load current was 0.5 [    A   p k    ], it could be verified that the proposed leg-transfer switch method applied to the three-level ANPC inverter operated effectively.



Figure 12 shows the results of the load-side current and THD measurement experiments after the application of the proposed leg-transfer switch structure when the load current was 5 [    A   p k    ]. Figure 12a shows the fault signal and three-phase load-current waveforms. In Figure 12a, the current peak values of     i   s a   ,     i   s b   ,     a n d   i   s c     before the fault were all measured as 5 [A], and a three-phase current with a phase difference of 120° was normally output.



After the fault, in Figure 12a, the current peak values of     i   s a   ,     i   s b   , a n d       i   s c     were all measured as 5 [A], and the three-phase current output was normal, identical to that before the fault. However, unlike in Figure 11a, current distortion occurred for approximately 7 [ms] during the process of switching the leg. This indicates that the leg-transfer switch method can operate normally in the actual experiments; however, delays may occur during the transfer process. Based on the current waveform of phase C, it can be observed that the current THDs before and after the fault are similar.



Figure 12b shows the current THD values measured before the fault. The THDs of     i   s a   ,     i   s b   ,     a n d   i   s c     were measured as 1.7 [%], 1.7 [%], and 1.8 [%], respectively. Figure 12c shows the current THD values measured after the fault. The THDs of     i   s a   ,     i   s b   ,     a n d   i   s c     were measured as 1.8 [%], 1.9 [%], and 1.9 [%], respectively. Thus, as the magnitude of the current supplied to the load increased, the THD decreased, and the same result was obtained even when the legs were switched. That is, when the load current was 5 [    A   p k    ], based on the waveforms and THD values of     i   s a   ,     i   s b   ,       a n d   i   s c     measured before and after the fault, it was verified that the proposed leg-transfer switch method applied to the three-level ANPC inverter operated effectively, even when the magnitude of the current varied.



Figure 13 shows a graph of the THDs measured according to the load current magnitude. The smaller the current, the smaller the C-phase current THD after the fault compared with the C-phase current THD before the fault. Conversely, as the current increased, the C-phase current THD after the fault was the same as the C-phase current THD before the fault. This indicates that the THD of the current of phase C was reduced because the power semiconductor of phase C was separated from the circuit and did not operate, and three-phase power was supplied with only the power semiconductors located in phases A and B.



Figure 14 shows a graph of the averages of the current THDs measured according to the load current magnitude. In Figure 13, a, b, and c refer to A-phase, B-phase, and C-phase, respectively. The smaller the current, the smaller the average THD after the fault compared with the THD before the fault. Conversely, as the magnitude of the current increased, the THD after the fault was the same as the THD before the fault. This can be interpreted as a result of the fact that the C-phase current THD decreased because the C-phase power semiconductor was separated from the circuit and did not operate after the fault.



It can be verified that normal three-phase power can be effectively supplied to the load by applying the proposed leg-transfer switch method when a fault occurs in the power semiconductor in a three-level ANPC inverter.





4. Conclusions


This paper presented a two-leg-transfer switch structure method that can continuously supply three-phase power even when an accident occurs in the power semiconductor of a three-level ANPC inverter for railway vehicles. The current flow when a fault occurs in a power semiconductor in a three-level ANPC inverter was analyzed, and a tolerance control method that can be used when a fault occurs in a three-level ANPC inverter was investigated. Thereafter, the problems that arise when faults occur in multiple power semiconductors were described. The leg-transfer switch method could minimize the ripple effect caused by a fault in the power semiconductor by separating the faulty leg from the main circuit and connecting the load circuit to a neutral point. In addition, the voltage reference conversion that can be used for leg switching was analyzed.



A simulation was conducted to verify the effect of applying the proposed leg-transfer switch method to a three-level ANPC inverter. When a conventional structure was used in the simulation, the average values of MAE, RMSE, and THD were measured to be 1.54 [A], 1.78 [A], and 94.18 [%], respectively. In contrast, when the proposed leg-transfer switch structure was applied to a three-level ANPC inverter, the average values of MAE, RMSE, and THD were measured to be 0.01 [A], 0.01 [A], and 0.63 [%], respectively. The simulation results confirmed that the magnitudes and phases of the three-phase current waveforms measured before and after the fault were identical.



An experiment was conducted to verify the effect of applying the proposed leg-transfer switch method in a real environment. When the proposed method in the experiment was applied to a three-level ANPC inverter, the average THD value was calculated to be 4.67 [%] under normal conditions. Additionally, the average THD value when a failure occurred was measured at 4.46 [%]. Experiments were conducted at various current magnitudes, and it was determined that the magnitudes and phases of the three-phase current waveforms measured before and after the fault were the same for all current magnitudes. Additionally, the smaller the current, the smaller the average THD after the fault, compared with the THD before the fault. In contrast, as the current increased, the THD after the fault became the same as the THD before the fault. That is, it was verified that normal three-phase power can be effectively supplied to the load by applying the proposed leg-transfer switch method when a fault occurs in a power semiconductor in a three-level ANPC inverter.



If the leg-transfer switch method is applied to three-level ANPC inverters for railway vehicles, track schedule errors can be minimized by continuously supplying three-phase power to the electric motor, even when an accident occurs in a power semiconductor. However, since this study verified the effectiveness using only the LR equivalent circuit, it is judged necessary to further verify the effect of applying it to various motors that can be used in railway vehicles. Additionally, there is a need to further study ways to reduce delays during leg transfer.
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Figure 1. Circuit diagram of a three-level ANPC inverter. 
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Figure 2. Control block diagram of a three-level ANPC inverter. 
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Figure 3. Current flow diagram of the leg where an IGBT fault occurs: (a) S2 fault; (b) S2, S5 fault. 
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Figure 4. Current flow diagram of the leg when the proposed leg-transfer switch structure is applied; (a) normal condition. (b) S2, S5 fault. 
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Figure 5. Control block diagram of a three-level ANPC inverter for the application of the leg-transfer switch method. 
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Figure 6. Circuit diagram of a three-level ANPC inverter using the leg-transfer switch method. 
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Figure 7. Waveforms in the load-side current measurement simulations for the application of the conventional structure. (a) When the load current is 1 [Apk]; (b) when the load current is 5 [Apk]. 
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Figure 8. Waveforms in the load-side current measurement simulations for the application of the proposed leg-transfer switch structure. (a) When the load current is 1 [Apk]; (b) when the load current is 5 [Apk]. 
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Figure 9. Result graphs according to application of conventional method and proposed leg-transfer switch structure: (a) MAE result; (b) RMSE result; (c) load current THD result. 
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Figure 10. Panoramic view of the experimental environment. 
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Figure 11. Experimental results of the application of the proposed leg-transfer switch structure when the load current was 0.5 [Apk]. (a) Load current waveform; (b) load current THD before the fault; (c) load current THD after the fault. 
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Figure 12. Experimental results of the application of the proposed leg-transfer switch structure when the load current was 5 [Apk]. (a) Load current waveform; (b) load current THD before the fault; (c) load current THD after the fault. 
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Figure 13. Graph of current THDs measured according to load current magnitude. 
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Figure 14. Graph of the averages of current THDs measured according to load current magnitude. 
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Table 1. Summary of various parameters used in the simulations.
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	Parameter
	Unit
	Value





	     V   d c     
	[  V  ]
	400



	     C   d c     
	[  μ F  ]
	4700



	   L   
	[  m H  ]
	28.14



	   R   
	[  Ω  ]
	15



	Fault switch
	[  −  ]
	S8, S11



	Switching frequency
	[  k H z  ]
	20
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	Parameter
	Unit
	Value





	     V   d c     
	  [ V  ]
	400



	     C   d c     
	  [ μ F  ]
	4700



	   L   
	  [ m H  ]
	28.14



	   R   
	  [ Ω  ]
	15



	Switching frequency
	  [ k H z  ]
	20



	IGBT
	[-]
	SKM150GB12T4



	Gate driver
	[-]
	SKHI22BH4R



	MCU
	[-]
	TMS320F28335
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