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Fault tolerant drive systems have played an increasing role for electric vehicles in order to improve reliability, availability, and to reduce maintenance. For safety reason, a fault-tolerant drive system, which includes some redundant devices and a traditional motor drive system, has been developed. This fault-tolerant system executes real-time fault detection, diagnosis, isolation, and control to make the fault-tolerant drive system operate normally even though some faults have happened. In this paper, an AC/DC converter faults, which includes a single-phase full-bridge rectifier diode fault, a three-phase full-bridge rectifier diode fault, and a DC-link capacitor fault are investigated. The fault-tolerant processes include fault detection, diagnosis, isolation, and control to improve the reliability of the drive system and reduce the disturbances during faulty interval. A digital signal processor, manufactured by Texas Instruments, type TMS320F2808, is used as a control center to achieve the fault tolerant processes. Experimental results validate theoretical analysis to demonstrate the correctness and feasibility of the proposed methods. The proposed method can be easily implemented in industrial products due to its simplicity.
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INTRODUCTION
Several researchers have investigated the fault-tolerant PMSM drive systems. For example, Jlassi et al. proposed a robust control for a Hall sensor fault and an IGBT fault (Jlassi et al., 2017). Eickhoff et al. (2018) investigated a PWM switching algorithm to reduce torque pulsations when one power device is opened. An et al. (2015) studied the current residual vector to diagnose an open circuit of power switches and then executed fault-tolerant control to keep the motor rotating at the same speed. Zeng et al. used a three-leg four-switch inverter to drive a three-phase permanent magnet synchronous motor. The cost of the whole drive system was reduced; however, the torque ripple was increased (Zeng et al., 2017).
AC motors have replaced DC motors for more than 4 decades because the DC motor uses the brush and commutator, which requires maintenance and may cause arc when the brush touches the commutator. The AC motor includes induction motors and PMSMs. PMSMs have higher efficiency, high power density, and easier control characteristics than induction motors. As a result, most of electric vehicles and elevators use PMSMs as the drive systems. The details are discussed as follows. Figure 1 shows the fault-tolerant permanent-magnet synchronous motor fed by a single-phase full-bridge rectifier. To improve the reliability of the drive system, several fault-tolerant parts need to be investigated including one power switch of the inverter is opened or short-circuited (Liu et al., 1993; Liu et al., 2021). One phase of the motor is opened or partially short circuited (Akin et al., 2008). Some researchers proposed using different sensorless techniques to replace the encoder signal when it was faulty (Vas, 1993). In addition, the DC-link capacitor could be deteriorated after the PMSM drive system is operated 4–5 years. Furthermore, the rectifier diode also could be opened or short-circuited. To narrow down the research topic, in this paper, the fault-tolerant cases of the DC-link capacitor fail and the rectifying diode fail are investigated. Figure 1 shows the proposed fault-tolerant surface-mounted PMSM drive system with a single-phase full-bridge rectifier. The single-phase full-bridge rectifier includes four diodes, D1, D1, D2, and D2. Because the diodes are quite cheap, in this paper, when any diode is opened or short-circuited, the DSP uses a back-up full-bridge rectifier to replace the faulty full-bridge rectifier via a single-pole double-throw mechanical switch. The high speed fuses, the Fa and Fb are used to transfer the diode from a short circuited into an open circuited. The resistances, R1 and R2, are used to limit the surge current when the capacitors C1 and C1 are immediately connected into the DC-link. The DC switches S4 and S5 are used to short circuit the resistor and then reduce the power consumption. In this paper, the resistances R1 and R2 are both 50 [image: image], and then the surge current of the capacitor can be limited to 7 A.
[image: Figure 1]FIGURE 1 | A fault-tolerant SPMSM drive system with a single-phase full-bridge rectifier.
Figure 1 includes an AC source, AC/DC converters, DC-link capacitors, an inverter, and a surface-mount PMSM (SPMSM). In the real world, each part of the SPMSM drive system could be faulty. To improve the reliability of the whole system, a fault-tolerant configuration of the SPMSM drive system is required. Several researchers have investigated this issue. For example, Chai et al. studied the fault-tolerant control method when the SPMSM is faulty (Chai et al., 2019). Liu et al. used periodic control algorithms to improve the dynamic responses when the inverter has one IGBT open circuited or short circuited (Liu et al., 2019). In addition, Liu et al. also proposed a predictive controller and a sliding-mode estimator to improve the reliability of the SPMSM drive system when one Hall-effect sensor or the encoder is faulty (Liu and Chang, 2019). Several researchers focused on a novel fault-tolerant inverter (Li et al., 2017), stator turn fault tolerant method (Hadef et al., 2010), and Hall sensor fault tolerant method (Mehta et al., 2015). For AC/DC converter fault tolerant method, Lee et al. proposed a DC-link capacitor estimation when the motor was stopped (Lee et al., 2008).
In this paper, the authors focus on the fault-tolerant control of the AC/DC converter. The faulty cases include: one diode opened, one diode short-circuited, and a degradation of the DC-link capacitor. The fault-tolerant control of AC/DC converter for an SPMSM drive system has not been investigated by previous papers (Jlassi et al., 2017; Eickhoff et al., 2018; An et al., 2015; Zeng et al., 2017; Liu and Chang, 2019; Liu et al., 2021; Akin et al., 2008; Vas, 1993; Chai et al., 2019; Liu et al., 1993; Liu and Chang, 2019; Li et al., 2017; Hadef et al., 2010; Mehta et al., 2015). The paper first time proposes to measure the input AC side currents to diagnosis the open circuit or short-circuited for a full-bridge rectifier, and then to execute its fault-tolerant control. In addition, the paper first time proposed the estimation the DC-link capacitor when the motor is operated at different speeds. In previously published paper, the DC-link capacitor was estimated when the motor was stopped (Lee et al., 2008). Although the proposed methods are straight forward, they are original ideas and have not been investigated in the previous papers. In addition, the proposed methods are practical and useful. The details are as follows.
FAULT TOLERANT CONTROL OF DIFFERENT FULL-BRIDGE RECTIFIER CONVERTERS
(a) Single-phase Full-bridge Rectifier AC/DC Converter
In Figure 1, if diode [image: image] is short-circuited and then the diode D1 turns on, the high-speed fuse [image: image] is suddenly burned out. After that, the full-bridge rectifier becomes half-bridge rectifier. For a single-phase full-bridge rectifier, the input ac voltage source is expressed as:
[image: image]
where [image: image] is the input ac source, [image: image] is amplitude of the input voltage, and [image: image] is the frequency of the input ac voltage.
For a normal full-bridge operation, the ripple frequency of the output DC voltage is 120 Hz, which has a time interval of 8.33 m s, and an average of the output voltage is
[image: image]
When one diode is opened, the single-phase full-bridge rectifier becomes a half-bridge rectifier, which produces an output average voltage as
[image: image]
In addition, the frequency of the output ripple reduces to 60 Hz, which has a time interval of 16.66 m s.
In the real world, the output voltage is seriously affected by the DC-link capacitance, which is used as a low-pass filter. In addition, the output voltage is also related to the load. As a result, it is not feasible to use the output voltage to detect whether the single-phase full-bridge rectifier has a diode opened or not. To solve the problem, in this paper, the output capacitor current is used to detect whether the single-phase full-bridge rectifier has a diode opened or not. From Figures 2A,B, one can observe that the diode currents appear every 8.33 m s in the ac input side. However, the diode currents appear every 16.6 m s when one diode of the full-bridge rectier is faulty. As a result, we can observe that the frequency of the charging current of the capacitor reduces to 50% as one diode is opened, in which the frequency of the output voltage ripples become half. The DSP uses this characteristic to identify when the single-phase full-bridge rectifier is faulty. After that, the DSP controls the relay to disconnect the DC-link output from the faulty rectifier, and then the relay connects the DC-link output to the back-up single-phase full-bridge rectifier.
[image: Figure 2]FIGURE 2 | The current of the capacitor of a single-phase full-bridge rectifier. (A) Normal operation, (B) one diode opened.
Figure 3 shows the variations of the DC-link output voltages. From Figure 3, the DC-link voltage is varied from 150 to 154 V when the single-phase full-bridge rectifier is used. The DC-link voltage is varied from 142 to 154 V after one diode is opened. By measuring the voltage drops of the DC-link capacitor but not the variations of the frequency of the DC-link capacitor, the faulty of the DC-link capacitor is diagnosed (Isermann, 2006). However, the DC-link voltage is also seriously affected by the external load of the surface-mounted PMSM. As a result, a wrong diagnosis could be generated when a heavy external load is added. To avoid this situation, the capacitance current is used to replace the capacitance voltage to determine if one diode of the single-phase full-bridge rectifier is opened.
[image: Figure 3]FIGURE 3 | The DC-link capacitor voltage at normal operation and faulty condition.
Electrolytic capacitors can be degraded because when they are operated at overvoltage, reverse-voltage, high temperature, or lack of electrolyte. In these situations, the equivalent series resistance (ESR) is increased and the capacitance is decreased (Isermann, 2006). To obtain good performance, the motor drive systems require suitable dc-link capacitors to filter the voltage variations (Wang and Blaabjerg, 2014)-(Grotzbach and Draxler, 1989). To diagnose the fault of a capacitor, a Kalman filter for state estimation has been proposed by Ginart et al. (Farhadi et al., 2018). However, the computations of this method are very complicated. To simplify this issue, in this paper, a new method is proposed by real-time measurement of the voltage and current for the capacitor. The details are as follows.
The relationship between a capacitor current, [image: image], and voltage, [image: image], for a capacitor C is described as follows:
[image: image]
In fact, a digital signal processor (DSP) is used in this paper. The discrete-form relationship, therefore, can be developed as follows:
[image: image]
where k is the sampling times, [image: image] is the sampling interval, and vc1φ, ic1φ, and C1ϕ are the capacitor voltage, capacitor current, and capacitor individually by using the single-phase full-bridge rectifier. Then, the estimated capacitor is
[image: image]
The capacitor voltage variations are detected by using a voltage sensor across the DC-link capacitor. The sampling frequency of the capacitor current and voltage is 10 kHz. When the estimated capacitor [image: image] is below than the 80% of the nominal value [image: image], a faulty condition is detected. After that, a new back-up capacitor is connected in parallel to increase the total capacitor of the DC-link side. The proposed method can obtain a capacitance current and a capacitor voltage without noises; therefore, no low-pass filter is required. According to the experimental results, by using the real-time estimating method shown in Eq. 6, an estimated capacitance value, which only creates 5% estimated error, can be obtained.
(b) Three-Phase Full-bridge Rectifier AC/DC Converter
Many industrial applications, such as elevators and subway trains need high power to generate high torque for their loads. These applications cannot be achieved by using only a single-phase full-bridge rectifier (Cardoso, 2019; Ginart, 2018; Lu and Sharma, 2008; Errabelli and Mutschler, 2012). Therefore, three-phase full-bridge rectifiers are widely used in high-power applications. In addition, the percentage of the output DC-link voltage ripple is reduced because the frequency of the output voltage ripple is 360 Hz but not 120 Hz. Figure 4 shows the configuration of a fault-tolerant three-phase AC/DC converter, which includes a three-phase voltage source, a normal three-phase AC/DC full-bridge rectifier, a back-up three-phase AC/DC full-bridge rectifier, a single pole double throw switch, two resistors to limit the transient current, two DC-link capacitors, and two parallel switches. During the normal operation, the normal three-phase AC/DC full-bridge rectifier is used, the relay is connected the DC-link bus to the normal full-bridge rectifier, and the S2 switch, S4 switch, R1 resistor, and C1 capacitor are used. The other parts are belong to the back-up components, including the back-up full-bridge rectifier, S3 switch, S5 switch, R2 resistance, and C2 capacitor. In addition, the relay is connected the back-up full-bridge rectifier to the DC-bus. The details are discussed as follows.
[image: Figure 4]FIGURE 4 | Configuration of a fault-tolerant three-phase AC/DC converter.
Generally speaking, by using the three-phase full-bridge rectifier, the voltage ripple in the DC-link capacitor is 360 Hz. As a result, each period of the voltage ripple is 2.77 m s. In every period, the capacitor current increases and then decreases. In addition, the current waveform is discontinuous. The detailed current waveform is shown in Figure 5A, which has similar amplitudes and the same time interval.
[image: Figure 5]FIGURE 5 | The current waveforms of the DC-link capacitor. (A) normal operation, (B) one diode opened.
When one diode is opened, the input current is obviously distorted as shown in Figure 5B. The opened diode produces zero current. Then, the next turn on diodes generate a huge current, which is more than twice of the normal current. It is not difficult for a DSP to detect the one-diode open fault, and then to control the relay. The relay connects the DC-link capacitor to the back-up three-phase full-bridge rectifier, and disconnects the DC-link capacitor to the normal three-phase full-bridge rectifier. Figure 6 shows the voltages of the capacitor at the normal operation and faulty condition. As one can observe, the voltage ripple increases when one diode is opened. In this paper, the DSP uses the capacitor current to detect the faulty condition instead of using the capacitor voltage. The major reason is that the DC-link voltage could be obviously affected by the external load of the motor, which may cause wrong diagnosis.
[image: Figure 6]FIGURE 6 | The DC-link voltage at normal condition and one-diode opened condition.
Electrolytic capacitors suffer from low reliability because their liquid are being evaporated. The health of electrolytic capacitors is affected by the operating conditions, which include working temperatures, voltages, currents, and frequencies. Degradation of capacitors cause the increasing of the capacitors’ equivalent resistances and the decreasing of the capacitors’ equivalent capacitances. In addition, continued degradation of the capacitor leads to the DC-link output voltage to drop below its specified output value. It is possible to construct the mathematical model of a capacitor, and then to use state forecasting to determine whether a capacitor is faulty or not. However, it is too complicated. To simplify this issue, in this paper, the real-time estimation of the capacitor value is used by measuring the voltage and current of the capacitor. The computation of the proposed method is very simple. As a result, it is easy to implement by using a DSP.
The capacitor voltage, which is measured by a DSP, is expressed as follows
[image: image]
where k is the sampling times, [image: image] is the sampling interval, and [image: image], [image: image], and C[image: image] are the capacitor voltage, capacitor current, and capacitor of the three-phase full-bridge rectifier. Then, the estimated capacitor is
[image: image]
In this paper, the sampling time is selected as 10 kHz. When the estimated capacitor [image: image] is below than the 80% of the nominal value [image: image], a faulty condition is detected. After that, a new back-up capacitor is connected in parallel to increase the total capacitor of the DC-link side.
IMPLEMENTATION
The block diagram of the implemented fault-tolerant surface-mounted PMSM drive is shown in Figure 7A. The block diagram was discussed in references (Liu et al., 1993; Liu et al., 2021; Liu et al., 2019; Liu and Chang, 2019) by one of the authors in this paper. This author investigated the faulty of one power switch, which includes one power switch is opened or short-circuited, of the inverter in references (Liu et al., 1993; Liu et al., 2021; Liu et al., 2019; Liu and Chang, 2019). Then, a new switching patterns of the inverter were proposed to maintain the motor’s speed and torque as a constant. In this paper, the authors assume the inverter is normally operated and the single–phase AC/DC rectifier or the three-phase AC/DC rectifier is faulty, including one diode is opened, or short-circuited or the DC-link capacitor is faulty. First, the speed command [image: image]is compared to the feedback speed ωm. Then, the speed error [image: image] is obtained. By using a speed-loop PI controller, the q-axis current command [image: image] is obtained, and the d-axis current command [image: image] is set as zero. After that, the d-q axis current commands are compared to the d-q axis currents. Then, the d-q axis current errors [image: image]and [image: image] are computed. Next, the current controller determines the d-q axis voltage commands, [image: image] and [image: image]. The d-q axis voltage commands are transferred to the a-b-c axis voltage commands, [image: image], [image: image], and [image: image]. In addition, a space vector pulse-width modulation is executed. Finally, the triggering signals determine the switching states of the inverter and then the surface-mounted PMSM rotates. A closed-loop motor drive system, is thus achieved. Figure 7B shows the photography of the implemented AC/DC converter, which includes a full-bridge rectifier, a relay, a single-phase AC voltage source or a three-phase AC voltage source, a DC-link capacitor, and a fault-tolerant control circuit. Figure 7C shows the photograph of the implemented surface-mounted PMSM drive system, which includes a DSP, an inverter, and some sensors. The PMSM drive system provides the 10 kHz, variable voltage, variable frequency, 3-phase AC voltage to the surface-mounted PMSM to adjust its speed.
[image: Figure 7]FIGURE 7 | Fault-tolerant surface-mounted PMSM drive system. (A) block diagram, (B) AC/D converter, and (C) inverter and DSP.
EXPERIMENTAL RESULTS
Several experimental results are shown here to validate the theoretical analysis. Figure 8 shows the photograph of the SPMSM drive system and its dynamometer. Table 1 shows the specification of the SPMSM that used in this paper.
[image: Figure 8]FIGURE 8 | Photograph of the surface-mounted PMSM drive system.
TABLE 1 | Specification of surface-mounted PMSM.
[image: Table 1]Figures 9A,B show the waveforms when using the fault-tolerant algorithms of a diode opened for a single-phase full-bridge rectifier. Figure 9A demonstrates the DC-link voltage. When a diode opened, the voltage ripples increase to [image: image]5 V. After that, the DSP executed the fault-tolerant control and then isolates the faulty single-phase full-bridge rectifier and connects the motor drive system to a back-up single-phase full-bridge rectifier. A huge voltage is produced. Finally, the fault-tolerant algorithms are finished and the voltage ripples of the capacitor are abruptly reduced and returned to the original value. Figure 9B demonstrates the measured current of the capacitor current, which is discontinuous. Figures 10A,B show the measured waveforms when using the fault-tolerant algorithms of a diode opened for a three-phase full-bridge rectifier. Figure 10A demonstrates the measured DC-link voltage. When a diode opened, the voltage drop is near 8 V. After that, the DSP executes fault-tolerant control, isolates the fault three-phase full-bridge rectifier, and then connects the SPMSM drive to a back-up three-phase full-bridge rectifier. A huge voltage spike, which is near a 50 V drop, is produced. Finally, the fault-tolerant algorithms are finished and the voltage ripples are obviously reduced to their original values. Figure 10B demonstrates the measured capacitor current, which is also discontinuous but has a higher frequency than the capacitor current of the single-phase full-bridge rectifier.
[image: Figure 9]FIGURE 9 | One diode opened for a single-phase full-bridge rectifier. (A) DC-link voltage, (B) capacitor current.
[image: Figure 10]FIGURE 10 | One diode opened for a three-phase full-bridge rectifier. (A) DC-link voltage, (B) capacitor current.
Figures 11A,B show the measured waveforms of the DC-link capacitor fault for a single-phase full-bridge rectifier. Figure 11A demonstrates the measured DC-link voltage, and Figure 11B demonstrates the estimated capacitor. When the DSP detects the capacitor becomes 720 µF, the fault-tolerant algorithms are executed to connect another back-up capacitor, which is 720 µF. The total value of the capacitor returns to the original value. Figures 12A,B show the measured waveforms of the DC-link capacitor fault for a three-phase full-bridge rectifier. Figure 12A demonstrates the DC-voltage, which provides a DC average voltage near 308.5 V. Figure 12B demonstrates the estimated capacitor, which is 1,440 µF in normal. When the DC-link capacitor is faulty, the capacitance value reduces to 720 µF; however, it returns to its original capacitance 1,440 µF after the fault tolerant algorithms are executed.
[image: Figure 11]FIGURE 11 | The DC-link capacitor fault for a single-phase full-bridge rectifier. (A) DC-link voltage, (B) estimated capacitor.
[image: Figure 12]FIGURE 12 | The DC-link capacitor fault for a three-phase full-bridge rectifier. (A) DC-link voltage, (B) estimated capacitor.
Figures 13A,B show the measured waveforms at 300 r/min and 2 N m by using a single-phase full-bridge rectifier. Figure 13A demonstrates the a-phase measured current, which is near a sinusoidal waveform. Figure 13B shows the line-line voltage at the same case. Figure 13C shows the DC-link current at the same case. Figure 13D shows the input ac current by using a single-phase full-bridge rectifier, which is obviously a discontinuous current. Figure 13E shows the input ac current by using a three-phase full-bridge rectifier, as you can observe, the frequency of the current pulsations become triple when it is compared to a single-phase full-bridge rectifier.
[image: Figure 13]FIGURE 13 | Measured waveforms of the surface-mounted PMSM at 300 r/min and 2 N m. (A) Current, (B) line voltage, (C) DC-link current, (D) 1-phase input current, and (E) 3-phase input cutrrent.
Comparing with the previously proposed method (Isermann, 2006), which only needed one voltage sensor, the proposed method in our paper requires one voltage sensor and one current sensor to measure the voltage and current of the DC-link capacitor. However, the proposed method in our paper provides a better accurate of the diagnosis results than the previously published paper (Isermann, 2006). In addition, comparing with reference (Lee et al., 2008), which estimated the DC-link capacitor when the motor was stopped, our paper can compute the DC-link capacitor when rotor is operated at different speeds.
CONCLUSION
In this paper, one diode opened for a single-phase full-bridge rectifier and a three-phase full-bridge rectifier, and a DC-link capacitor degraded fault for a single-phase full-bridge rectifier and a three-phase full-bridge rectifier are investigated. Experimental results verify the proposed method which uses real-time detection and diagnosis of the faults and then executing the fault-tolerant control algorithms. The surface-mounted PMSM drive system can be operated normally after the fault-tolerant control is executed. The proposed method can be used in industry to improve the reliability of the motor drive system due to its simplicity.
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