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In order to further improve the device utilization of a modular inverter system after the failure of a single inverter unit, a silicon (Si)/silicon-carbide (SiC) hybrid switch with high redundancy can be taken to achieve this goal. However, when the failure of the Si/SiC hybrid switches in the inverter unit occurs, the performance of this modular inverter adopting the fixed switching strategy (Fixed switching pattern and switching frequency) may be reduced. In this paper, a redundancy management strategy is proposed to prevent the performance of the Si/SiC hybrid switch-based modular inverter from reducing after the failure of the Si/SiC hybrid switches occurs. Taking the modular inverter system composed of two inverter units as an example, the experiment results demonstrate that compared to the healthy operating conditions, the increase of the voltage’s THD is smaller than 1.4%, and the increase of the total loss is smaller than 0.89%.
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1 INTRODUCTION
A modular inverter system is composed of multiple inverter units in parallel, which has high reliability (Zou et al., 2018). The power devices inside each inverter unit are the key to the reliable operation of the inverter unit. A silicon (Si)/silicon-carbide (SiC) hybrid switch is considered to be the core of high-power density, high efficiency, high reliability, and low-cost inverter applications. Meanwhile, it is composed of two switches in parallel (Huang et al., 2015; Jiang et al., 2020), which brings higher redundancy to the inverters. The current application is mainly based on the pure Si IGBT and the pure SiC MOSFET. However, due to the theoretical limit of performance determined by the characteristics of the Si material, the development of Si IGBT has encountered a bottleneck (Fathi et al., 2018; Peng et al., 2019a; Shi et al., 2020). Moreover, SiC MOSFETs are currently still five times more expensive than their silicon insulated-gate bipolar transistor (IGBT) counterparts, and this cost barrier is still one of the main reasons why silicon carbide has not been recognized by the larger market (Madishetti et al., 2016; Sebaaly et al., 2016). Hybrid devices exhibit not only excellent performance and cost tradeoff but also inherent switch-level redundancy for potential power converter fault-tolerant operation. Even if the SiC MOSFET or Si IGBT has an open-circuit fault, the hybrid device can still ensure the stable operation of the inverter unit, which greatly avoids the short-term idle behavior of the faulty inverter unit after the device fails (Li et al., 2020; Peng et al., 2020).
At present, the research on the redundancy strategy of a single inverter unit has been proposed. In Khanaki et al., 2019, the author integrated a single inverter into an extra low-voltage (ELV) battery module and modularized it and compared the reliability of the 48 V battery module with different redundancy strategies through experiments. In Yu et al., 2020, a five-level inverter single-tube open-circuit fault tolerance method based on redundant space vector optimization and topology reconstruction was proposed, and a new fault circuit space vector pulse width modulation control strategy was obtained, but the maximum output voltage of the inverter will be reduced to 3/4 of the normal inverter voltage. For many types of multilevel circuits, the voltage will be reduced to some extent after the failure occurs (Lee and Lee, 2016; Lee and Lai, 2021; Guan and Liu, 1109). In these articles, it may be necessary to lower the voltage to reduce the device pressure after a failure occurs, which is not sustainable for many applications. In Zhang et al., 2018, the input-series-output-series (ISOS) inverter combined system is proposed, and a hot plugging scheme dedicated to the ISOS grid-connected inverter system is put forward to actualize redundancy. In Qu et al., 2017, the input-series-output-series connection scheme is also used in the high-voltage DC/DC converters. However, there are few fault-tolerant strategies for the topology proposed in this paper, and the effective fault-tolerant strategy is urgently needed.
In order to solve these problems, a redundancy management strategy is proposed for the Si/SiC hybrid switch-based modular inverter system. It includes the fault-tolerant strategy of the switch-level and fault-tolerant strategy of the system level. When the failure of the Si/SiC hybrid switches occurs, the switch-level fault-tolerant strategy can improve the reliability and performance of a single inverter unit, and the system-level fault-tolerant strategy can improve the reliability and performance of the Si/SiC hybrid switch-based modular inverter system. Therefore, the performance of the Si/SiC hybrid switch-based modular inverter can be prevented from reducing after the failure occurs.
The rest of this paper is organized as follows: in Section 2, the redundancy topology of the Si/SiC hybrid switch-based modular inverter system is analyzed. In Section 3, a redundant fault-tolerant control strategy is proposed. In Section 4, experiments are presented. Section 5 concludes the paper.
2 REDUNDANT TOPOLOGY OF THE SI/SIC HYBRID SWITCH-BASED MODULAR INVERTER SYSTEM
2.1 Redundant Topology Analysis of the Si/SiC Hybrid Switch-Based Modular Inverter System
This section analyzes the topology of the Si/SiC hybrid switch-based modular inverter system at first. Then, the switch-level fault tolerance of the Si/SiC hybrid switch and the system-level fault tolerance of the modular inverter system are analyzed. In fact, for the system-level fault tolerance, only the system-level changes due to the failure of the Si/SiC hybrid switch are considered. Meanwhile, the fault diagnosis method of the power electronic switches has been successfully applied in various converters, so the fault diagnosis procedure will not be considered in this paper (Dhumale et al., 2017; Yang et al., 2018). Details are shown as follows:
2.1.1 Structure of the Si/SiC Hybrid Switch-Based Modular Inverter System
Just taking two three-phase inverter units as examples, the topology of the Si/SiC hybrid switch-based modular inverter system is shown in Figure 1. As can be seen from Figure 1, UDC1/UDC2, T1n/T2n (n = 1, 2, … , 6), L1/L2), Cs1/Cs2, and Z represent the DC voltage, Si/SiC hybrid switches, filter capacitor, filter inductance, and load, respectively. VGM, VGI, ton, and toff represent the gate drive signal of the SiC MOSFET, the gate drive signal of the Si IGBT, the turn-on delay time, and the turn-off delay time, respectively. The Si/SiC hybrid switch is composed of the large-capacity Si IGBT and small-capacity SiC MOSFET in parallel, and the SiC MOSFET is generally turned on earlier and turned off later to achieve the lower switching loss of the Si/SiC hybrid switch. In addition, there is P1 (output power of “Inverter 1”) + P2 (output power of “Inverter 2”) = P (total power of the modular inverter system).
(1) Fault-tolerant topology of the switch level
[image: Figure 1]FIGURE 1 | Structure of Si/SiC hybrid switch based modular inverter system.
According to Zhang et al., 2014, when the failure of the Si IGBT or SiC MOSFET inside the Si/SiC hybrid switch occurs, the switch-level fault-tolerant topology is shown in Figure 2, and details are presented in the following.
[image: Figure 2]FIGURE 2 | Switch-level fault-tolerant topology.
As can be seen from Figure 2, when the open-circuit fault of the Si IGBT occurs, the forward current can flow through the SiC MOSFET, and the freewheeling current can flow through the body diode or channel of the SiC MOSFET. Under these conditions, if the forward current is larger than the rated current of the SiC MOSFET, its reliability will be greatly reduced.
When the open-circuit fault of the SiC MOSFET occurs, the forward current can flow through the Si IGBT, and the freewheeling current can flow through the body diode of the SiC MOSFET. Under these conditions, the output voltage harmonics of the inverter unit will be increased, and its power loss will also be increased. Meanwhile, if the forward current is larger than the rated current of the Si IGBT, its reliability will be greatly reduced.
When the short-circuit fault of the Si IGBT or SiC MOSFET occurs, the short-circuit current will be increased sharply, resulting in the damage of the healthy Si/SiC hybrid switch.
(2) Fault-tolerant topology of the system level
Based on the switch-level fault tolerance, the system-level fault-tolerant topology is shown in Figure 3. As can be seen from Figure 3, Uo1∠θo1 (Uo2∠θo2), Up∠0, ll1 (ll2), and rl1 (rl2) represent the output voltage of the inverter unit (“Inverter 1” and “Inverter 2”), the voltage of point of common coupling (PCC), the line reactance, and the line resistance, respectively.
[image: Figure 3]FIGURE 3 | System-level fault-tolerant topology.
According to Fathi et al., 2018; Peng et al., 2019b; Li et al., 2019, there is
[image: image]
where Rl1 and Xl1 represent the value of the line reactance and the value of the line resistance, respectively. Assuming that there are Rl1 = Rl2, Xl1 = Xl2, sinθ01 ≈ θ01, and cosθ01 ≈ 1, when “Inverter 1” and “Inverter 2” operate in parallel, there is
[image: image]
According to Eq. 2, the accurate power sharing of “Inverter 1” and “Inverter 2” is affected by their own output voltage waveforms.
Taking “Inverter 1” as an example, when the open-circuit fault of the Si/SiC hybrid switch occurs, the output power of the inverter unit should be reduced to prevent its reliability from decreasing. Therefore, the output power of “Inverter 1” will be reduced, resulting in the reduction of the total power (P). Meanwhile, according to Eq. 2, if the failure of the SiC MOSFET occurs, the increase of the output voltage harmonics will increase the power circumfluence, resulting in the reduction of the accurate power sharing. Therefore, the power loss of the modular inverter system will be increased.
3 REDUNDANCY MANAGEMENT STRATEGY
3.1 Principle of the Redundancy Management Strategy
According to the above theoretical analysis, when the failure of the Si/SiC hybrid switch occurs, this section proposes the redundancy management strategy to prevent the performance and reliability of the Si/SiC hybrid switch-based modular inverter system from greatly decreasing. The principle of the redundancy management strategy is shown in Figure 4. As can be seen from Figure 4, it comprises the redundancy management strategy of the switch level and the redundancy management strategy of the system level. For the redundancy management strategy of the switch level, the fault is detected at first. Then, the types of the fault devices (failure of the Si IGBT or SiC MOSFET) and types of the fault (open-circuit fault or short-circuit fault) are determined. Finally, the fault signals and the operating states of the single inverter are sent to the redundancy management strategy of the system level (output power level of the single inverter), and a new switching strategy for the Si/SiC hybrid switch is adopted. For the redundancy management strategy of the system level, the switch-level signals are obtained at first. Then, according to the operating states of the system-level and switch-level signals, the output power of each inverter unit is adjusted. Taking “Inverter 1” as an example, details about the redundancy management strategy of the switch level and system level are described as follows.
[image: Figure 4]FIGURE 4 | Principle of the redundancy management strategy.
3.1.1 Redundancy Management Strategy of the Switch Level
For the redundancy management strategy of the switch level, some switching strategies can be referred (Ou et al., 2020), and its classification is shown in Table 1. As can be seen from Table 1, I1max and I2max represent the rated current of the Si IGBT and SiC MOSFET, respectively. Details are presented in the following.
1) Open-circuit fault of the Si IGBT or SiC MOSFET
TABLE 1 | Classification of the redundancy management strategy of the switch level.
[image: Table 1]When the open-circuit fault of the SiC MOSFET occurs, if the output current of “Inverter 1” (Io1) is smaller than I1max, the pulse width of the Si IGBT inside the faulty Si/SiC hybrid switch should be expanded to reduce the voltage ripples, and the switching frequency should be reduced to decrease the switching loss of “Inverter 1”. If Io1 is larger than I1max, the switching frequency should also be reduced, and the reduction of the output power can be achieved in the redundancy management strategy of the system level.
When the open-circuit fault of the Si IGBT occurs, if Io1 is smaller than I2max, the switching strategy is unchanged. If Io1 is larger than I2max, the reduction of the output power can be achieved in the redundancy management strategy of the system level.
2) Short-circuit fault of the Si IGBT or SiC MOSFET
When the short-circuit fault of the Si IGBT or SiC MOSFET occurs, “Inverter 1” must be shut down to prevent itself from being damaged by the short-circuit current.
3.1.2 Redundancy Management Strategy of the System Level
The redundancy management strategy of the system level can achieve the energy adjustment of each inverter unit when the failure of the Si/SiC hybrid switch occurs, and its principle is shown in Figure 5. As can be seen from Figure 5, detailed steps about the redundancy management strategy of the system level are shown in the following.
[image: Figure 5]FIGURE 5 | Principle of the redundancy management strategy of the system level.
Case 1 The switch-level faulty signal is obtained at first. If the fault occurs, go to the next step.
Case 2 The load status is detected. If the inverter is not running with load, the faulty inverter is disconnected or unchanged. If the inverter is running with the load, go to the next step.
Case 3 The load power is detected. If the load power is greater than that of the faulty inverter, return to the previous step. If the load power is smaller than that of the faulty inverter, go to the next step.
Case 4 The faulty inverter is disconnected, or its output power is reduced.In order to achieve the energy adjustment of each inverter, the virtual synchronous generator (VSG) control strategy is taken in this paper. The VSG control strategy enables the inverter to have the same good dynamic characteristics and parallel operation capability as the synchronous generator. In addition, it has superior power self-adjustment ability and stronger frequency inertia than the traditional droop control strategy. The formula of the torque governor and rotor motion in the VSG control strategy is written as (Liu et al., 2019; Jiang et al., 2020; Shi et al., 2020)
[image: image]
where Pm, Po, kω, J, D, Tm, T, ωr, and ω represent the mechanical power, the initial value of mechanical power, the coefficient of the angular frequency regulation, the virtual inertia, the damping factor, the mechanical torque, the electromagnetic torque, the angular frequency reference signal, and the output angular frequency, respectively.The formula of the excitation in the VSG control strategy is written as (Liu et al., 2019; Jiang et al., 2020; Shi et al., 2020)
[image: image]
where Uv, kv, Ur, Qr, and Qo represent the output voltage signal, voltage adjustment coefficient, command voltage signal, reactive power reference signal, and reactive power initial signal, respectively. In order to verify the correctness of the proposed energy management strategy, the load used in the test in this article is only a resistive load, which means that the reactive power flowing through the line is relatively small, and the impact on the result of the inverter is also small. Therefore, only the active power adjustment of each inverter is considered for the convenience of analysis. According to (3), kω can achieve this goal.
3.2 Classification of Redundant Management Strategies
Different control methods in the fault state are shown in Figure 6. As can be seen from Figure 6, I1max and I2max represent the rated current of the Si IGBT and SiC MOSFET, respectively. Details are presented in the following.
[image: Figure 6]FIGURE 6 | Classification of redundant management strategies.
3.2.1 Fault State I
When the open-circuit fault of the SiC MOSFET occurs, if the output current of “Inverter 1” (Io1) is smaller than I1max, the VSG parameters of “Inverter 1” remain unchanged, and the power output remains consistent with the normal state. Meanwhile, the pulse width of the Si IGBT inside the faulty Si/SiC hybrid switch should be expanded to reduce the voltage ripples, and the switching frequency should be reduced to decrease the switching loss of “Inverter 1”.
3.2.2 Fault State II
When the open-circuit fault of the Si IGBT or SiC MOSFET occurs, if the output current of “Inverter 1” (Io1) is larger than I1max, the output power of “Inverter 1” should be decreased, and the pulse width of the Si IGBT inside the faulty Si/SiC hybrid switch should be expanded. Meanwhile, the switching frequency should be reduced.
3.2.3 Fault State III
When the open-circuit fault of the Si IGBT occurs, if the output current of “Inverter 1” (Io1) is smaller than I2max, the VSG parameters of “Inverter 1” and the switching strategy are unchanged. In addition, if the output current of “Inverter 1” (Io1) is larger than I2max, the output power of “Inverter 1” should be decreased.
3.2.4 Fault State IV
When the short-circuit fault of the Si IGBT or SiC MOSFET occurs, “Inverter 1” must be shut down to prevent itself from being damaged by the short-circuit current.
4 EXPERIMENTAL RESULTS
In order to verify the effectiveness of the fault-tolerant control strategy, the corresponding experimental platform is established, which is shown in Figure 7. In addition, the experimental parameters are described in Table 2. The failure of “Inverter 1” is taken as an example.
[image: Figure 7]FIGURE 7 | Experimental platform.
TABLE 2 | Experimental parameters.
[image: Table 2]4.1 Switch-Level Redundancy Experiment
4.1.1 Open-Circuit Fault of SiC MOSFET Occurs (Load Current is Smaller than I1max)
In this case, the voltage THD and switching loss of “Inverter 1” increase. The switching loss and voltage distortion can be reduced by reducing the switching frequency.
The experimental waveforms are shown in Figure 8, including the output voltage of “Inverter 1” (Uo1), the driving voltage of the MOSFET (GMOSFET), and the driving voltage of the IGBT (GIGBT). When the redundancy management strategy of the switch level is adopted, the switching frequency reduces from 40 to 20 kHz, and the pulse width of the Si IGBT inside the faulty Si/SiC hybrid is expanded. The THD of the output voltage of “Inverter 1” under faulty conditions is 0.990%, which is close to that under the healthy conditions (1.027%). In addition, the efficiency of “Inverter 1” under faulty conditions is 97.95%, which is close to that under the healthy conditions (98.22%).
[image: Figure 8]FIGURE 8 | Experimental waveforms (open-circuit fault of MOSFET occurs, Io is smaller than I1max).
4.1.2 Open-Circuit Fault of Si IGBT Occurs (Load Current is Larger than I2max)
In this case, overcurrent can damage the SiC MOSFET inside the fault hybrid switch. The reliability of the modular inverter can be improved by reducing the output current of the fault inverter unit.
The experimental waveforms are shown in Figure 9. When the redundancy management strategy of the switch level is adopted, the modulation ratio m is reduced rapidly from 0.8 to 0.55, which can prevent the SiC MOSFET from being corrupted. The THD of the output voltage of “Inverter 1” under faulty conditions is 1.389%, which is close to that under the healthy conditions (1.017%). In addition, the efficiency of “Inverter 1” under faulty conditions is 97.40%, which is close to that under the healthy conditions (98.29%).
[image: Figure 9]FIGURE 9 | Experimental waveforms (open-circuit fault of IGBT occurs, Io is larger than I2max).
4.2 System-Level Redundancy Experiment
4.2.1 Short-Circuit Fault of the Power Switch Inside “Inverter 1” Occurs
When the short-circuit fault of the power switch inside “Inverter 1” occurs, “Inverter 1” needs to be shut down immediately. At this time, the load power is provided by “Inverter 2”.
The waveforms of active power and voltage are shown in Figure 10, including the output current of “Inverter 2” (Io2). When the redundancy management strategy of the system level is adopted, “Inverter 1” is shut down, and the output power of “Inverter 2” can be increased to full power. In fact, when the power changes, the voltage does not oscillate obviously. Meanwhile, the THD of Up before the disconnection of “Inverter 1” is 1.07%, and after the disconnection of “Inverter 1”, the THD of Up has little change (1.03%).
[image: Figure 10]FIGURE 10 | Waveforms of active power and voltage (short-circuit fault of the power switch).
4.2.2 Open-Circuit Fault of Si IGBT Inside “Inverter 1” Occurs, and Load Current is Larger than I2max
In this case, the output power of “Inverter 1” and “Inverter 2” is unchanged. The waveforms of active power and voltage are shown in Figure 11. When the fault occurs, the THD of Up is consistent with that before the failure of the Si IGBT (1.07%).
[image: Figure 11]FIGURE 11 | Voltage and current waveforms (open-circuit fault of Si IGBT).
4.3 Discussion
Based on the above experiments, the following conclusions can be drawn:
(1) When the open-circuit fault of Si IGBT occurs, if the redundancy management strategy of the switch level is adopted, the THD of the output voltage is close to that under the healthy conditions, and the efficiency of the inverter unit does not change much after the failure occurs. Meanwhile, the redundancy management strategy of the system level has little influence on the performance of the modular inverter system.
(2) When the short-circuit fault occurs, even if the faulty inverter unit is shut down, the output power of the healthy inverter unit can be steadily increased to the power required by the load, and the switching process of the faulty inverter has little influence on the modular inverter system.
5 CONCLUSION
In this paper, a fault-tolerant control strategy is proposed to improve the device utilization of the modular inverter system when the failure occurs. It consists of the redundancy management strategy of the switch level and the redundancy management strategy of the system level. The redundancy management strategy of the switch level can prevent the single inverter unit from damaging, and the redundancy management strategy of the system level can enhance the reliability and performance of the Si/SiC hybrid switch-based modular inverter system. Experimental results show that even if a bad failure occurs, it will not have a serious impact on a single inverter. Meanwhile, the modular inverter system can adjust the output power adaptively according to the demand of the faulty inverter unit to ensure the stable power supply of the load.
In fact, the fault-tolerant control strategy is applicable not only to the DC/AC converters but also to the DC/DC converters. In addition, it is also suitable for different applications, such as coastal engineering, industrial automation, electric vehicles, and other fields.
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