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Abstract

:

A diagnostic method for an open-circuit switch failure in a hybrid active neutral-point clamped (HANPC) inverter is proposed in this paper. The switching leg of the HANPC inverter consists of four silicon insulated gate bipolar transistors and two silicon carbide metal-oxide-semiconductor field-effect transistors to achieve higher efficiency and power density compared to conventional neutral-point clamped inverters. When an open-circuit failure occurs in a switching device, the output current is severely distorted, causing damage to the inverter and the connected loads. The proposed diagnostic method aims to detect the open-switch failure and protect the related devices without additional sensors or circuits. The faulty conditions of six different switches are investigated based on the current distortion in the stationary reference frame. By analyzing the individual characteristic of each switch failure, it is possible to detect the exact location of the failed switch in a short period. The effectiveness and feasibility of the proposed fault-diagnostic method are verified using simulation and experimental results.
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1. Introduction


With increasing industrial energy loads and distributed generation systems, battery energy storage systems (BESSs) are widely adopted to limit the peak electric power demand and stabilize the power grid [1]. The BESS stores electricity from renewable energy resources or the grid to lithium secondary battery packs and provides energy to homes or businesses [2]. Energy management using the BESS reduces the needs for the entire generation capacity and gives flexibility in power distribution. As shown in Figure 1, the BESS consists of three major parts: the energy management system (EMS), the power conditioning system (PCS), and the battery. The PCS carries out the power conversion between the grid-side alternative current (AC) and the battery-side direct current (DC). Additionally, the PCS controls the direction of power flow from the grid to the battery or vice versa based on demand. A bidirectional power converter circuit is thus necessary to construct the PCS of the BESS. Three-level (3L) neutral-point clamped (NPC) inverters are suitable for the medium-power BESS [3].



The 3L-NPC inverter is a voltage source inverter (VSI) and produces three different output voltage levels depending on its switching states. The standard 3L-NPC inverter is composed of four silicon-based insulated-gate bipolar transistors (Si-IGBTs) and two clamping diodes in a leg. Four Si-IGBTs are connected in series and two clamping diodes are used to generate the neutral-switching state which connects the neutral-point of DC-link capacitors with the output terminal. For the medium-power PCS, however, the standard NPC inverter is used and has a limitation in terms of power density as it applies Si-IGBTs. Generally, a standard NPC inverter adopts low-switching frequency to reduce power losses and requires huge filter reactors to achieve a high quality of output currents. Additionally, the commutation loop of the standard NPC inverter differs between positive and negative directions of power flows. This implies that the loss profile of each switching device is not the same in the positive and negative power flows.



The three-level hybrid active NPC (3L-HANPC) inverter was introduced to get better efficiency and achieve a uniform power-loss profile in both power-flow directions [4]. The 3L-HANPC is composed of six switching devices, four Si-IGBTs, and two silicon carbide metal-oxide-semiconductor field-effect transistors (SiC-MOSFETs) in a leg. Among the potential power transistor material candidates, the SiC shows superior properties [5,6]. The SiC is one of the wide-bandgap (WBG) materials and has higher blocking voltage capability than Si technology. Additionally, the SiC-based power device enables operation at a higher temperature and higher switching frequency. The HANPC inverter can, thus, achieve a high power density and high efficiency owing to its high-speed switching operation and small heat-sink and filter reactor size. The power-loss profile of the inverter is the same in both power-flow directions, implying that it is an optimized power converter topology for the PCS of BESS [7].



Although the HANPC inverter provides many advantages, the concern of switch failure is higher, as it adopts more active switching devices than the standard NPC inverter. The higher number of active switching devices implies a greater probability of device failures. Research on the reliability of a PCS has been conducted including the impact of switching devices, capacitors, and other components [8]. It is reported that the switching devices and gate drives are the most dominant contributors to PCS failure [9]. Understanding and managing the switching device failure, fault detection, and tolerance control are the popular research topics in the area of multilevel inverters.



There are two kinds of failures in power transistor: short-circuit fault and open-circuit fault. The short-circuit fault represents the situation when the power transistor maintains a turned-on state and is unable to turn off. Such a short-switch fault generates an abnormally large amount of current in a short period and causes problems in the other parts of a PCS. Therefore, the short-circuit fault is typically hard to handle and terminates the functioning of the system quickly.



On the other hand, the open-circuit fault results in a permanent disconnection of the switching device, and the current stops conducting through the faulty transistor. Here, the immediate shut-down of the system is not needed, and the PCS can still run with very poor output voltage and current conditions. An open fault can thus be detected and managed using appropriate detection and tolerance method.



Switch fault diagnosis in multilevel inverters has been researched extensively [10,11,12,13,14,15,16,17,18,19,20]. In [15], the detection method is presented for the open-circuit failure in a standard NPC inverter. It requires sensors and a comparator circuit to measure pole voltage and its duration. The fault detection and postfault operation method of the fling capacitor NPC inverter are introduced in [16]. This method requires the optocoupler and analog low-pass filter to compose the fault detection module. A detection method presented in [17] also applies a diagnostic circuit including optocoupler. For the ANPC inverter, the fault detection strategy is proposed in [18]. However, this method also uses six current sensors in the neutral-point branch to detect short- and open-circuit faults. These methodologies are based on additional sensors or circuits for fault detection and require a higher cost to construct an NPC inverter.



Park’s vector approach was first proposed in the 1990s to diagnose winding malfunction in an induction machine [19]. This approach includes Park’s transformation, which converts the three-phase current to Park’s vector components. The theoretical principle of this method is easy and gives intuitive results about fault detection. In this paper, a diagnostic method of open-switch fault is proposed for HANPC inverters based on the Park’s vector approach. When the open-circuit fault occurs in a switching device, the three-phase current is distorted, and this change is also reflected in the dq-axis components. The open-circuit failure and its exact location are detected by analyzing the particular trajectory of the dq-axis current. To distinguish six different switch failures of the HANPC inverter, each current pattern is analyzed at a preset radius and angle. The proposed diagnostic method includes a simple switching scheme to distinguish the faulty switch from the ambiguous faulty condition. The fault detection method can be implemented by simple programing without auxiliary circuits or sensors. The various simulation and experimental results verify the feasibility and performance of the proposed fault diagnosis method.




2. Si/SiC Hybrid ANPC Inverter


2.1. Circuit Configuration


Figure 2 shows three types of VSI circuit for PCS of BESS. The conventional two-level (2L) inverter, shown in Figure 2a, is the simplest power converter circuit. However, it increases DC battery voltage, as only two Si-IGBTs block the DC battery voltage. The 3L-NPC VSI was introduced in the 1980s to improve the efficiency of a motor drive system by adopting pulse width modulation (PWM) [21]. The standard 3L-NPC inverter has been widely adopted in medium-power applications owing to the higher efficiency in the power conversion. The output pole-voltage between the neutral-point (n) and the terminal (x) varies from +VDC/2 to zero or zero to –VDC/2. In the 3L-NPC inverter, the voltage variance dv/dt and harmonic components are reduced and compared with the 2L-VSI [22,23,24,25]. One leg of the standard 3L-NPC topology consists of upper and lower DC-link capacitors, four Si-IGBTs (S1, S2, S3, and S4) and two neutral-point clamping diodes (D1 and D2), as shown in Figure 2b. The power losses of switching devices are defined by the switching states and direction of current flow while the PCS converts the energy between DC and AC side. The power losses of the standard NPC inverter are concentrated on the outer-side switches (S1 and S4) when the power flows from DC to AC side. On the other hand, the inner-side switches (S2 and S3) take the burden of most power losses when the power flows from AC to DC side. The uneven distribution of power losses is a substantial disadvantage of the standard NPC topology as it results in varied junction temperature rise between the switching devices [26]. Moreover, this phenomenon is harmful to the device’s characteristics, limiting the switching frequency of power transistors.



In [26], the ANPC topology was proposed to overcome the uneven distribution loss of the standard NPC inverter. There is a remarkable difference between ANPC and NPC inverter wherein the neutral-point clamping diodes in the standard NPC are replaced with two active switching devices to form the ANPC, as shown in Figure 2c. The ANPC inverter can thus combine multiple switching states and commutations compared to the standard NPC inverter with six IGBTs (S1, S2, S3, S4, S5, and S6). However, the large power losses from Si-IGBTs continue to be a significant limitation of the Si-ANPC inverter. The active loss balancing method for Si-ANPC inverter is quite complicated, as it requires the junction temperature estimation of each Si-IGBT to select redundant zero-switching states. Therefore, this loss balancing strategy increases complexity in terms of the control system.



The HANPC topology was presented in [4] to realize high power density for a 3L-NPC inverter with SiC-MOSFETs. Figure 3 shows the circuit configuration of a grid-connected three-phase HANPC with DC power source (VDC) and filter inductor (L). Two inner-side Si-IGBTs (S5 and S6) in the Si-ANPC inverter are replaced with two SiC-MOSFETs (Q1 and Q2) in the HANPC topology. The SiC-MOSFET shows high-temperature endurance, extremely low switching loss, and high-speed switching frequency operation. The cost of SiC-MOSFETs is still higher than Si-IGBTs, and thus the HANPC inverter is a viable alternative that provides the advantages of SiC-MOSFETs with a lower cost than full SiC-NPC inverter topology. By the unique modulation method of the HANPC inverter, the switching loss is concentrated in only four SiC-MOSFETs and conduction losses are restricted to two Si-IGBTs. The basic modulation method of the HANPC inverter is introduced in the following section.




2.2. Operation Principle


In the HANPC inverter, two different switching frequencies are utilized: high-speed frequency (HF) and low-speed frequency (LF). As shown in Figure 4, the Si-IGBTs and SiC-MOSFETs take different PWM signals through the gate driver of each switching device. First, a reference phase-voltage V*xs for each leg is defined as a sinusoidal waveform. Next, an offset voltage Voffset is calculated using three-phase reference voltages. This offset voltage is added to the three-phase reference voltages to implement a simplified space vector PWM (SVPWM). After injecting the offset voltage into the reference phase-voltages, the reference pole-voltage signal V*xn is normalized and compared with a triangular carrier wave. The HF PWM signal is generated as a result of this comparison, indicating a much faster speed than the LF PWM signal. The LF PWM signal is determined by the polarity of the reference pole-voltage signal V*xn. Therefore, a period of LF PWM signal is the same as the reference voltage, indicating relatively slow operation. The Si-IGBTs repeat turning on and off with a relatively long cycle using this HF/LF PWM technique. Additionally, the operation of SiC-MOSFETs is controlled complementarily, turning on and off states by HF PWM signals.



As represented in Table 1 and Figure 5, there are four different switching states and three different output voltages in the HANPC inverter. Two Si-IGBTs are paired up and turn on and off together (S1/S3 and S2/S4). When two Si-IGBTs are turned off, the other two Si-IGBTs are turned on. The fundamental period is the same as a reference voltage signal for each phase. The duty of the LF PWM signal is 50% for all time, meaning that Si-IGBTs remain turned-on during half of one period. The SiC-MOSFETs conduct relatively rapid switching operations by HF PWM signals with the varying duty ratio. Based on the combination of status in each switch, four switching states are defined in the HANPC inverter. While the reference voltage is positive, a positive (P) and zero (O+) states are modulated. If one leg is on the P state, current can flow through upper-side Si-IGBT S1 and SiC-MOSFET Q1. The O+ state is made by changing the switching state of two SiC MOSFETs. On the other hand, a negative (N) and another zero (O–) states are produced during the negative reference voltage. In the N state of HANPC inverter, a negative current flows through the channel of lower-side, SiC-MOSFET Q2 and Si-IGBT S4. The N and O– states change from one to the other by turning on and off the SiC-MOSFETs. The output pole voltage is generated with three different voltage levels: +VDC/2, 0, and –VDC/2. Two SiC-MOSFETs are operating at a high speed, but the switching losses are extremely low compared to the Si-IGBTs, which is an advantage of WBG switching devices. Eventually, almost the same losses may be generated in the six active switches of the HANPC inverter.





3. Proposed Fault Diagnosis Method for Open-Switch Fault Condition


3.1. Analysis of Open-Switch Faults in Six Switches


The open-switch fault conditions of six switching devices in the HANPC inverter are drawn, as shown in Figure 6. The open-switch faults mostly occur due to accumulated thermal stress in the switching device. The failure mechanism of the power transistor module is shown in [27], including an open circuit and other catastrophic failures. As marked in each case, if any open-switch fault occurs and an open circuit is configured in a leg, the current cannot flow normally and is severely distorted. If there is any open-switch fault in a leg of the HANPC inverter while the other legs are normal, the phase current of the faulty leg is distorted.



The distortions of phase current have some patterns and indicate the location of the open-switch fault. If the open-switch fault occurs in one of the upper-side switches (S1 or Q1), the positive switching state is not generated. This means that the positive current cannot flow through the upper-side current path during half the cycle of a fundamental period. In this case, the output current of the half period is zero, but the other half remains unaffected by the open-switch fault. Conversely, if the open-switch fault occurs in one of the lower-side switches (S4 or Q2), the negative current does not flow through the lower-side current path. Similar to the previous case, the output current of the half period is zero, but the other half remains unaffected by the open-switch fault. If the open-switch fault occurs in one of the two neutral-point active switches (S2 or S3), the respective zero-switching state is not generated and the current path is not connected from the neutral-point of DC-link capacitors to the output terminal point of the HANPC inverter. When S2 is in the faulty condition, the O– switching state is not made and the negative current is distorted partially.



Contrary to the failures in the other lower-side switches, only some portion of the negative current is distorted. The positive cycle of output current is unaffected by the open-switch fault of S2. When S3 fails, the faulty condition is opposite to the faulty S2 condition. The O+ switching state is affected by the faulty switch during the positive half cycle of the leg, and thus the positive current is distorted.



Figure 7 shows the output currents in a three-phase coordinate system and in a stationary reference frame and explains the Park’s transformation. These three-phase output currents are expressed into direct-quadrant (dq) axis currents by Park’s transformation, and its radius is calculated as follows:


   I  d s   =   2  I a  −  I b  −  I c   3  ,    I  q s   =    I b  −  I c     3     



(1)






  r =    I  d s  2  +  I  q s  2     



(2)







The calculated Park’s vector rotates in dq-axis, and its trace forms a current pattern. In the healthy condition, the current pattern draws a perfect circular shape as shown in Figure 7c and maintains a constant radius r. The variation of r is an indicator of fault detection. Additionally, the location of the central point is also an evaluation factor. The coordinate value (Ids,cen, Iqs,cen) of the central point is calculated as the average value of a minimum and maximum value as follows:


   (   I  d s , c e n   ,  I  q s , c e n    )  =  (     I  d s , max   +  I  d s , min    2  ,    I  q s , max   +  I  q s , min    2   )   



(3)







The central point (Ids,cen, Iqs,cen) is drawn, as shown in Figure 7c. When the HANPC inverter operates in healthy condition, the central point of the trace is located at (0, 0). If S1 in A-leg has failed, the location of the central point moves as shown in Figure 7d. The angular value of the central point θcen is expressed in a polar coordinate system as follows:


   θ  c e n   =   tan   − 1   (  I  q s , c e n   /  I  d s , c e n   )  



(4)








3.2. Fault Detection and Diagnosis Method of Open-Switch Fault


As explained in the previous section, if one of the switching devices fails and an open circuit is generated, the phase current’s magnitude is halved or reduced. Under the effect of the current controller, which follows the reference current value, the output current of the other healthy legs becomes larger than under normal conditions in order to maintain the magnitude of reference current value and overall power delivery. The distortion and variation of magnitude also affect the dq-axis current directly, and fluctuations are induced in the radius r and angular location of the central point θcen. The variation of the radius r and angle θcen are critical factors for fault detection if the dq-axis currents are expressed in the current pattern. This implies that the distorted current patterns include the information pertaining to the location of the failed switching device in the HANPC inverter.



The faulty condition signal of the HANPC inverter (Finv) is easily detected by monitoring the radius in the current pattern. The detection method for the failed switch (Fsw) consists of the following process. First, the radius of the current pattern is monitored to detect a fault in a specific leg of the HANPC inverter. The radius, r, is calculated as given in Equation (2) and does not change when the HANPC inverter generates a pure sinusoidal output current. If there is an open-switch failure, the current pattern is distorted, as shown in Figure 8, and the radius fluctuates. The angular position of the central point, θcen, is used to identify the faulty leg as derived in Equation (4). If S1 has failed for each leg, it is expected that the central point is moved to a specific area according to the faulty leg and its location is monitored by means of θcen. It is possible to define whether the open-switch fault lies in the upper- or lower-side switches of the faulty leg by monitoring the range of radius r. As listed in Figure 8, the current distortion of each phase occurs at different angles of the current pattern according to the location of the faulty switching device and these angles and radii help find the specific location of the faulty switch. The variation of the current pattern can be standardized according to the faulty switches. As listed in Figure 8, the open-switch fault in A-leg causes current pattern distortion in the left half-plain (Figure 8a,c) or right plain (Figure 8b,d). This is because the A-phase current value is implied by when the radius is located in the horizontal line (Ids axis). However, if the faulty switch occurs in B-leg, we should consider 120° skew angle. Likewise, when the radius r is decreased in 120° or 300° regions, this means distortion in B-phase current. This if obvious in Figure 8e–h. For example, if the positive current of B-phase is distinguished by the open-switch fault of S1 in B-leg (Figure 8e), the current pattern gets half the 120°-biased shape compared with S1 fault in A-leg (Figure 8a). The case of C-leg fault is similar to discrimination of the other leg’s fault. As presented in Figure 8i–l, the open-switch fault of C-leg makes distorted current patterns only 240°-biased compared with A-leg’s fault. The fault in each leg of HANPC makes different values of (Ids,cen, Iqs,cen) and also affects angle θcen. The failures in upper-side switches (S1 or Q1) and lower-side switches (S4 or Q2) are clearly distinguished by monitoring the angle θcen and r when the magnitude of the current pattern becomes zero. The open-switch fault in the neutral-side switches (S2 or S3) causes a relatively small variation in the current pattern. However, it is sufficiently distinguishable. As shown in Figure 8a,d, the open-switch faults on the same-side S1, Q1 (or S4, Q2) generate the same current patterns as that described by a semicircle. This is because of the impossibility of the P or N switching state in the faulty leg, whether the failure is in Si-IGBT or SiC-MOSFETs. Therefore, the final step requires an additional switching injection to diagnose the exact location of the faulty switch. As mentioned earlier, the distortion analysis of the current pattern is not sufficient to diagnose the exact location of the fault amid the two candidates, for example, S1 and Q1. However, there are critical differences between the Si-IGBT and the SiC-MOSFET fault. The zero-switching state can distinguish these two kinds of single switch failure. When it comes to the grid-connected system, there are three-phase grid voltage sources. Therefore, current flows are determined depending on the relationship between the grid voltage Vxs and the output pole voltage Vxn. As presented in Figure 9, it is possible to distinguish between the two upper- or lower-side switches even though they demonstrate the same current pattern by injecting a zero-switching state. When S1 fails and Q1 does not, a current spike is induced by injecting the intended zero-switching state for a short time as it generates the current path through Q1, between the neutral-point of the DC-link and output terminal. The faulty switch signal Fsw is therefore marked as Fsw = 1 to represent the faulty S1 condition when the current spike is measured by applying the zero-switching state. On the other hand, if the SiC-MOSFET Q1 fails, the zero-switching does not affect the output current and Fsw is marked as Fsw = 2. Here, the faulty S1, Q1, Q2, and S4 switches are marked as 1, 2, 3, and 4, respectively, for the Fsw signal, whereas the faulty S2 and S3 switches are marked as 5 and 6, respectively. Finally, all the faulty conditions for six different switches are detected and distinguished by the proposed diagnosis method. The overall flowchart of the fault detection method is illustrated in Figure 10.





4. Simulation Results


To confirm the validity of the proposed diagnostic method, several simulations were conducted. The circuit diagram and simulation parameters are shown in Figure 3 and Table 2.



Figure 11 shows the simulation results of the proposed diagnostic method for the open-switch fault in the HANPC inverter. The faulty condition assumes that a single switch in A-phase has failed, and the numbering for each switch failure is presented in Figure 10. Each waveform of Figure 11 shows an A-phase output current and the fault signals indicating whether the inverter is faulty (Finv) and which switch is faulty (Fsw). While the output current is controlled at the constant amplitude of 15 A, the open-switch fault occurs at 0.1 s. From then on, the output current is distorted and the yellow detection signal rises quickly (Finv = 1). As explained in Section 3.2, the upper-side switch (S1 and Q1) fault produces the same current distortion, and the current spike is an indicator of Si-IGBT S1 failure. After applying the zero-switching state, the diagnosis signal is generated with the specific number indicating the location of the faulty switch. This zero-switching injection is used to diagnose the faulty lower-side switch identically when the negative current is not generated. In the condition of Finv = 1, the zero-switching state is applied to identify which switch is faulty among Q2 (Fsw = 3) and S4 (Fsw = 4). If the negative spike current is induced in the phase current, it implies that the current must be passed through Q2, and the faulty switch is S4 (Fsw = 4). The fault occurring in the neutral-point IGBT switch S2 (Fsw = 5) and S3 (Fsw = 6) is detected by current patterns without the zero-switching injection.




5. Experimental Results


The proposed method was implemented in a three-level grid-connected HANPC inverter. The experimental parameters are listed in Table 2. Figure 12 shows the experimental setup of the grid connected HANPC inverter. The experimental equipment was composed of a DC power source (TC.P.20.600.400 from REGATRON), AC grid simulator (MX30 from California Instruments), three-phase HANPC inverter, and a control board. The HANPC inverter is composed of a Si-IGBT module (SK75GBB066T from Semikron) and discrete-type SiC-MOSFETs (C2M0040120D from CREE). The control board was based on a digital signal processor (TMS320F28377S from Texas Instruments).



An oscilloscope (HDO6104 of Teledyne LeCroy) was used to measure and print out the instantaneous current, voltage, and fault signals. Figure 13 shows the measured current patterns within a stationary reference frame, where the horizontal axis is Ids, and the vertical axis is Iqs. The radius r of the current pattern is 10 A and depicts a perfectly circular shape in the healthy condition, and the figure provides six types of open-switch faults in the A-phase. When the open-switch fault occurs in the upper-side switches (S1 or Q1), the positive value of the Ids current is not generated. Therefore, the right half-plane of the current pattern is reduced, but the left half of the circle becomes more substantial. Therefore, the central point of the current pattern is located on the left-side plane.



On the other hand, when the open-switch fault occurs in the lower-side switches (S4 or Q2), the left half-plane of the current pattern is not generated, and the central point is located on the right-side plane. When the neutral-point switch fails, there is little fluctuation in the radius by means of the slight distortion. The measured current patterns are almost the same for the simulation results and the radius and angular values are used to detect the open-switch fault.



Figure 14 shows the experimental result of the proposed fault diagnosis method. A black dotted line separates the healthy and faulty condition of the HANPC inverter. Before the open fault occurred, the output current is controlled at the constant amplitude of 10 A with a zero value of fault signals (Finv = Fsw = 0). After the open-fault occurs, the A-phase output current is distorted. The distortion has different characteristics depending on the location of the fault. However, the information from current patterns is insufficient to diagnose the accurate fault location, as shown in Figure 13a. When there are two possible options of Fsw = 1 or Fsw = 2, the current spike decides to switch the diagnosis signal as shown in Figure 14a,b. In the other ambiguous situation, as shown in Figure 14c,d, the negative spike current helps identify the fault location between Fsw = 3 or Fsw = 4. Figure 14e,f show slight distortions in the output currents attributed to the open-switch fault in Si-IGBT S2 and S3. In about six types of fault conditions, the fault detection signal has arisen in less than one fundamental period and the switch diagnosis signal has been generated accurately for each case. Therefore, the experimental results guarantee that the proposed method performs the diagnosis of the open-switch fault diagnosis well in the case of the HANPC inverter.




6. Conclusions


An open-switch fault diagnosis method for the grid-connected HANPC inverter for the BESS is proposed in this paper. The HANPC inverter provides higher performance using additional SiC-MOSFETs with Si-IGBTs. To improve the reliability of the HANPC inverter, the proposed fault diagnosis method performs outstanding fault detection without the need for additional hardware or sensors which require the extra cost and maintenance. The whole diagnostic procedures have advantages because of being implemented with only three-phase current sensors and simple embedded software techniques with accurate and fast fault-detection performance. The methodology is based on the analysis of the dq-axis current in the stationary reference frame. The current trace draws the current pattern in the stationary reference frame. The distortion of the current pattern includes information regarding the faulty switching device and its location. To distinguish the Si-IGBT fault or SiC-MOSFET fault, the proposed method applies the injection of a zero-switching state. The zero-switching state injection detects the exact location of the faulty switching device, and the corresponding spike in current is monitored. The faulty condition of all six switching devices is analyzed, and the various simulation and experimental results demonstrate the feasibility and performance of the proposed fault diagnostic method.
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Figure 1. Basic configuration of a grid-connected battery energy storage system (BESS). 
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Figure 2. Three types of voltage source inverters: (a) two-level (2L)-inverter; (b) standard 3L-NPC (three-level neutral-point clamped) inverter; (c) active NPC inverter. 
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Figure 3. Circuit configuration of a three-phase grid-connected hybrid active NPC (HANPC) inverter. 
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Figure 4. Operation principle of HANPC inverter: (a) reference voltages for space vector pulse width modulation (SVPWM); (b) normalized reference voltage; (c) PWM signals of high-speed frequency (HF) and low-speed frequency (LF); (d) gate signals for silicon-based insulated-gate bipolar transistors (Si-IGBTs) and silicon carbide metal-oxide-semiconductor field-effect transistors (SiC-MOSFETs) in HANPC inverter. 
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Figure 5. Switching states and current path of HANPC inverter: (a) positive state P; (b) positive zero state O+; (c) negative zero state O–; (d) negative state N. 
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Figure 6. Current path and three-phase current according to different faulty condition in a leg of the HANPC inverter. 
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Figure 7. Output current waveforms and current pattern drawn by current vector. 
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Figure 8. Current patterns according to different faulty condition (healthy condition: r = 15 A). 
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Figure 9. Distinguishing process of faulty switch in Si-IGBT or SiC-MOSFET by injecting zero-switching state. 
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Figure 10. Flowchart of the proposed fault diagnostic method for open-switch failure in the HANPC inverter. 
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Figure 11. Simulation results of the open-switch fault detection with A-leg current waveform. 
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Figure 12. Experimental set-up of three-phase grid-connected HANPC inverter. 
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Figure 13. Measured current patterns according to faulty condition. 
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Figure 14. Measured current waveforms and fault detection signals. 
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Table 1. Switching states based on the switch status of the HANPC inverter.
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	Switching State
	Output Pole Voltage Vxn
	S1
	S2
	S3
	S4
	Q1
	Q2





	Positive (P)
	+VDC/2
	ON
	OFF
	ON
	OFF
	ON
	OFF



	Zero (O+)
	0
	ON
	OFF
	ON
	OFF
	OFF
	ON



	Zero (O–)
	0
	OFF
	ON
	OFF
	ON
	ON
	OFF



	Negative (N)
	–VDC/2
	OFF
	ON
	OFF
	ON
	OFF
	ON
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Table 2. Parameters for simulation and experiments.
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	Parameters
	Value
	Unit





	Voltage of DC-link (VDC)
	600
	V



	Line-to-line grid voltage
	380
	Vrms



	Capacitance of DC-link (Chigh, Clow)
	4700
	μF



	Grid filter inductance (L)
	1
	mH



	Switching frequency of SiC-MOSFET
	20,000
	Hz



	Switching frequency of Si-IGBT
	50
	Hz
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