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Abstract

:

Fault detection is very important to improve the reliability of power conversion devices. Faults of power semiconductors can be broadly divided into shorts and opens and are further classified into two types depending on whether there is an internal problem with the switch or anti-parallel diode. In this paper, fault-diagnosis methods for short-circuit and open-circuit states are proposed, respectively. A method of classifying and diagnosing faults by applying a gate signal to each switch is proposed to diagnose short-circuit conditions. This method uses only current magnitude information, which reduces the amount of required information and reduces diagnostic failures due to angle errors and current noise. A method is proposed to detect a faulty switch by applying a voltage vector and comparing the current angle with a lookup table to diagnose an open state. An iterative diagnostic algorithm is proposed to prevent diagnostic failure due to angle error and current noise. The effectiveness of the proposed diagnosis method is verified through experiments and simulations.
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1. Introduction


Electric motors are used in various fields, such as electric propulsion systems, fans, and pumps. As interest in greenhouse gas emissions grows, the importance of power conversion devices for driving motors is gradually increasing to increase the system efficiency. In general, methods of driving electric motors are largely divided into a direct online (DOL) that uses the grid voltage as input and a method that uses a voltage source inverter (VSI), which consists of power-device semiconductors. The DOL method does not require a power conversion system because it uses the grid voltage, but it is difficult to apply to systems that have a highly variable speed range because it is difficult to vary the speed of the motor due to the frequency of the grid. Since the method of using VSI uses DC voltage as an input, an additional AC/DC converter is required to offer the DC-link voltage to VSI, but efficient operation of the entire system is possible by changing the current operating points depending on the load condition of the motor.



As electric drive systems become popular, improving the reliability and robustness of the overall system becomes increasingly important to operate the entire system safely. For this, various studies are being conducted to improve the reliability of electric drive systems. Akin et al. proposed a method for monitoring motor system faults through harmonic components of current [1]. Gou Bin et al. proposed a sensor failure diagnosis method using the Extreme Learning Machine (ELM) based on DC-link voltage, phase current, and speed signals [2]. Tanvir et al. used vibration and current signals together to diagnose motor faults [3]. KHAN et al. introduced the main fault spots of DC/DC converters and the corresponding fault diagnosis and fault response operation methods [4]. Karimi et al. proposed the three-leg fault-tolerant converter topologies used in wind energy conversion systems (WECSs) [5]. This method used the field-programmable gate array (FPGA) to diagnose the fault in the converter.



Approximately 30% of faults in electric drive systems throughout industry are due to faults in power devices [6]. Therefore, it is very important to diagnose fault conditions for these power devices to ensure system reliability. In [7], a method was proposed for diagnosing the open fault state of each switch using the current residual vector. In [8], a diagnosis method for a multi-level inverter was proposed using AI technology. This method proposed an effective diagnosis method using a genetic algorithm for faults in each cell that makes up the multi-level system, but it has the disadvantage of being complicated to implement. In [9,10,11,12], the method was proposed to identify faults in each switch using the angle of the rotating current vector when driving an induction motor. This method effectively detects one-phase or two-phase switch faults, but the sequence is complicated because the faults are judged through the judgment criteria of several formulas. In [13], a method for fault tolerance of the DC/DC converter was proposed.



There are various research methods for fault diagnosis of power devices [1,2,3,4,5,6,7,8,9,10,11,12,13,14,15], but most of them are limited to situations where the switch inside the power device is open and an anti-parallel diode is present. However, in reality, the fault states can be divided into three types: short circuit, switch open, and switch/diode open. Therefore, appropriate diagnostic methods for each fault situation are needed. In addition, many conventional research methods diagnose faults based on the current in the synchronous reference, the DQ axis, but there is a possibility of incorrect diagnosis in situations where the synchronization angle is unknown or when there is an error in the synchronization angle. Therefore, in this paper, fault-diagnosis methods for short-circuit and open-circuit states are proposed, respectively. A method of classifying and diagnosing faults by applying a gate signal to each switch is proposed to diagnose short-circuit conditions. The proposed short-circuit fault-diagnosis method uses only current magnitude information, which reduces the amount of information required and reduces diagnostic failures due to angle errors and current noise. A method to diagnose an open state is proposed to detect a faulty switch by applying a voltage vector pulse and comparing the current angle with a lookup table. An iterative diagnostic algorithm is proposed to prevent diagnostic failure due to angle error and current noise. The effectiveness of the proposed diagnosis method is verified through experiments and simulations.



Section 2 briefly introduces the principles of the conventional diagnosis method. In Section 3, a new fault-diagnosis method based on the motor phase current is proposed. In Section 4, the effectiveness of the proposed method is verified through experiment.




2. Conventional Inverter Fault-Diagnosis Method


Figure 1 shows a three-phase, two-level inverter. It generally consists of six switches, a DC-link capacitor, a gate driver for driving the switches, and a control board. Through pulse-width modulation (PWM), the voltage required to drive the motor is generated, and speed or current control is performed. Generally, to diagnose a fault in each switch, a voltage vector is applied while rotating by a certain voltage angle, and the fault state of the switch is diagnosed based on the angle of the current. At this time, the synchronization angle,   θ e  , is used when the voltage vector is applied. To obtain the   θ e  , the angle sensor, such as a resolver or encoder, is generally used. If there is an error in the   θ e  , a voltage vector rotated by the angle error,    θ ˜  e   is applied, and an incorrect fault can be diagnosed. Figure 2 shows the change in voltage vector according to    θ ˜  e  . When there is    θ ˜  e  ,    V ˜  s   is applied instead of the   V s   vector. Errors in this synchronization angle often occur even when a precise angle sensor is used due to the sensing noise or resolution of sensors. This problem does not occur when driving the induction motor (IM) because there are no magnets in the rotor. However, if there is a magnet in the rotor, such as in a permanent magnet synchronous motor (PMSM), this angle error can cause incorrect fault diagnosis. The difference arises from the fact that in an induction motor, the magnetic flux of the rotor is induced due to the applied current, whereas in a PMSM, the synchronous angle is fixed due to the magnets present in the rotor. Therefore, to expand the existing fault-diagnosis method to PMSM, this angle error must be taken into consideration.



Another factor that interferes with fault diagnosis is current-sensing noise. In general, the voltage vector is applied, and the angle of the current is used to diagnose a fault. At this time, the current angle,   θ c  , is detected by sensing the phase currents of the motor and converting it to a stationary coordinate frame. In reality, many power conversion devices are driven through PWM switching, so the current noise is inevitable during the current-sensing process. There are a variety of factors that cause such noise, including PWM switching, sensing power ringing, and op-amp nonlinearity. Figure 3 shows noise signals that can occur in a typical current-sensing circuit. When sensing the motor current, there is high-frequency noise in the sensing signal. The formula for obtaining the angle of current is expressed as follows:


      θ c  =  tan  − 1     i β   i α   ,     



(1)




where   i  α β    means the current in stationary reference frame, and   θ e   is the current angle. When the magnitude of the fundamental current is small, this noise causes an incorrect current angle, which causes a misdiagnosis. When current noise exists, noise also exists in the stationary coordinate frame current, and this is expressed as follows:


      θ c  =  tan  − 1     (  i β  +  n β  )   (  i α  +  n α  )   ,     



(2)




where   n α   and   n β   are the current noise in   α , β   current. This current noise can be reflected in   i α   and   i β   as in (2), and in this case, when the magnitude of the   n α   and   n β   is relatively large compared to   i α   and   i β  , it may cause an error in determining the current angle.




3. Proposed Fault-Diagnosis Method


In the previous section, it was shown that fault diagnosis can be affected by the current angle and current noise. Since the power conversion systems are generally implemented through PWM switching, these problems cannot be avoided. To solve these problems, a new fault-diagnosis method is needed. Several methods have been proposed for diagnosing existing inverter faults, but most of them only deal with cases where the internal switch is open. In addition, since the selection of the applied voltage magnitude is not addressed, discussion on the voltage magnitude is necessary for safe fault diagnosis. In this section, short and open cases are distinguished, and new fault-diagnosis methods are proposed differently for each case.



3.1. Short Circuit


In general, the representative detection method for short circuits is the desaturation protection method [16,17,18]. This is a protection circuit that uses the voltage across the switch to increase depending on the current magnitude, and is used to protect the inverter in a short circuit or overcurrent situation. However, this method alone has the disadvantage of making it difficult to detect the desaturation signal through just B or C-phase switching when the A-phase switch fails. Another method is to detect the current using the voltage induced between the source and the Kelvin source when the current flows through the inverter [16,19]. This method can effectively detect overcurrent and restore the current magnitude, but it is difficult to accurately identify internal parasitic components, and the switch module must have the Kelvin source pin to measure this voltage.



To compensate for the shortcomings of existing methods and effectively detect short-circuit situations, it is necessary to examine the situation when the gate signal of each switch is applied. If the switch of one phase is shorted, the current will flow when the switch of the other phase is turned on. At this time, the gate signal is driven separately for each switch rather than in complementary operation.



Figure 4 shows the current path when only the   S 1   gate signal is applied when the   S 4   switch is short. Since the   S 4   switch is short, when the   S 1   switch is on, the current can flow between the A and B phases, and through this, the switch short can be detected. In normal conditions, the current is not conducted. However, it is possible to determine a short circuit based on the current. However, as mentioned in the previous section, measuring a current that is too small can result in an incorrect diagnosis due to sensing noise. There are also questions about how to select the duty of each switch. If too large a duty is applied, a very large current may be conducted, which may cause motor rotation or other unexpected problems. Therefore, a detection method that is robust to current-sensing noise while limiting the magnitude of the current is needed.



Table 1 shows the fault switch according to the current direction for each case of the short-circuit diagnosis method. In cases due to the duty application of switches on the same phase, the desaturation protection method is used, but for other phase faults, the fault is diagnosed based on the polarity of the current. With this method, the short circuit can be ideally detected even at a small duty, but in reality, there is a possibility of incorrect diagnosis due to the aforementioned current noise. To avoid such incorrect diagnosis, fault diagnosis should be made only when a current exceeding a certain current level is detected. Figure 5 shows an example of the proposed   S 1   gate signal excitation method and fault-diagnosis method. Starting with the initial duty,   D  i n i t   , the current of each phase is determined after the gate signal is applied. At this time, if the magnitude of the current of each phase becomes greater than   I *  , the fault of the switch is diagnosed according to the motor current. At this time, if the magnitude of the current is smaller than   I *  , the applied duty is increased little by little, and this process is repeated. This entire sequence is repeated 6 times from   S 1   to   S 6   switches to detect all faults. This method prevents misdiagnosis due to current noise and enables safe fault diagnosis by preventing overcurrent situations due to initial large duty. Since this method gradually increases the on-duty, the detection time is relatively long, but it can safely and reliably diagnose the short circuit. The accuracy and diagnosis time vary depending on how much the duty is increased each time.




3.2. Open Circuit


In this section, the open-circuit diagnosis method is proposed through voltage vector injection. Figure 6 shows the hodographs in which current can flow in the  α - β  coordinate system when each single switch fault occurs. For example, when an open fault occurs in a single switch   S 1  , the positive  α  current cannot flow, so the area where the current can flow in the  α - β  coordinate system appears as the left half plane. Similarly, in the case of an open failure of another switch, the area where the current can flow is the area opposite to the failed switch, as shown in Figure 6. Various methods for diagnosing open faults have been studied based on these principles, but there is a lack of discussion on the magnitude of the injection voltage.



In this paper, an open fault-diagnosis method is proposed to diagnose open faults in power-device switches by injecting voltage vectors with a certain voltage magnitude at electrical angle   π / 6   intervals. The proposed method identifies switch defects by checking a specific current pattern using the characteristic that the current range is limited due to an open-circuit failure of the power switch. The applied voltage vector can be expressed as


      V  s n  *  =  V m  ∠  n  π 6   ,   ( ∀ n ∈  0 , 1 , ⋯ , 11  )  ,     



(3)




where   V m   is the amplitude of the injection voltage. When a voltage vector is applied in a healthy state, a current corresponding to the direction of the voltage vector is generated, as shown in Figure 7a. Since the voltage vector is applied in the form of a pulse, the current generated is proportional to the phase resistance of the stator, and the phase matches the voltage vector.



When an open fault occurs in a switch of a power device, the path of the current changes due to the open fault, and the current angle is fixed at a specific voltage vector, so this characteristic can be used to estimate the switch where the open fault occurred. For example, when an open fault of Switch   S 1   occurs, and a voltage vector from the right half of the  α - β  coordinate system is applied, the positive  α  current cannot be generated, so the current angle is fixed to   π / 2   and   − π / 2  . In the same way, if an open-circuit failure of another switch occurs, the current vector that can determine the failure can be specified, as shown in Figure 7. Figure 7 shows the current vector that would occur in the event of any single switch open fault. The fault diagnosis angle according to the occurrence of an open fault in a specific switch is shown in Table 2. The faulty switch is identified by comparing it with the fault-diagnosis table and the sampled current vector. Since the proposed open fault-diagnosis method measures the angle of the current, it cannot diagnose when the current is very small or 0. Therefore, the angle for the section where the current is not 0 is stored in the form of a lookup table, and the fault is diagnosed by comparing it with the sampled current angle.



However, as mentioned earlier, the proposed diagnosis method determines the fault angle by sampling the current, which may cause errors due to the current-sensing noise. Therefore, in this paper, a method of repeatedly applying the diagnostic voltage vector is proposed, increasing the magnitude of the voltage until the fault angle results match three times, as shown in Figure 8. First, the initial value of the voltage vector for diagnosis must be determined. If the initial value of the voltage vector is too high, damage to the system may occur, so a small value is selected and increased each time the diagnosis is repeated. After the initial voltage vector value is determined, voltage vector pulses in a total of 12 directions are applied at intervals of  π /6 to determine the failure of all switches. Open faults are diagnosed by applying a voltage vector and comparing the angle of the sampled current to the fault angle in a lookup table. Since switching noise or small current values can cause diagnostic errors, repeat the diagnosis by increasing the magnitude of the voltage vector until a total of three diagnostic results match.





4. Simulation and Experiment Results


Simulations and experiments are performed to verify the fault-diagnosis algorithm proposed in this paper. Table 3 shows the specifications of the test inverter and motor. The motor and inverter are designed for powertrain use in small electric vehicles. The maximum output of the test inverter is 20 kW, the continuous output is 7.2 kW, and the input DC-link voltage is in the range of 24–65 V. The test motor is a 13 kW induction motor with a maximum torque of 54 Nm and a maximum speed of 7500 rpm. Ti’s TMS320F28335 is used as the MCU for motor control, and the switching frequency was 10 kHz. PSIM S/W is used for simulation to verify the open fault-diagnosis algorithm, and the inverter-motor parameters in Table 3 are used as the simulation parameters. Figure 9 shows the simulation results when Switch 6 is opened. Figure 9a shows the main waveform of the fault-diagnosis algorithm in case of a Switch 6 open fault. As shown in the diagnosis table in Table 2, it can be confirmed that fault flags occur at 0,  π /6,  π /2, and 2 π /3. Figure 9b and Figure 9c show the vectors of input phase voltage and output phase current, respectively. The phase voltage vector is input in all directions at intervals of  π /6, but due to a switch fault, it can be confirmed that the phase current is only output in the range of 5 π /6 to   − π  /6. Figure 10 shows the test environment of the proposed method using a test motor and inverter. Figure 10a,b show the inverter and motor used in the test. Figure 10c shows the entire test environment and is configured to evaluate the inverter-motor system using a dynamometer. To implement the proposed fault-diagnosis algorithm, the six PWM pulse signals of the MCU are individually activated and deactivated to make the fault state of a specific switch. Assuming each switch, 1 to 6, is in an open fault condition, the MCU blocks the corresponding PWM pulse and sets the switch to always be open. Figure 11 shows the test results of the proposed fault-diagnosis method. Experiments are performed for the fault conditions of every single switch. As described previously, voltage vectors are injected in all directions at  π /6 intervals, and the fault angle and fault switch are detected using the angle of the current. As a result of the test, the fault is diagnosed within 1.5 s, and the proposed detection algorithm is verified through test results that detect both error states and faulty switches. If the magnitude of the applied voltage is small and fault diagnosis is impossible, an iterative algorithm operates, which may further increase the determination time. However, since the method proposed in this paper is a method of determining faults in the offline state before the inverter operates, increasing the determination time for accurate state diagnosis is not a major problem.




5. Discussion


In this section, the existing method and the proposed method are compared. In general, methods for diagnosing short faults are largely divided into methods using the voltage across the switch [18,20] and methods using the voltage between the emitter and Kelvin emitter [16,19,21]. Both methods use the induced voltage when the motor current flows to diagnose overcurrent and short-circuit conditions when the voltage exceeds a certain voltage. However, since this method operates when the current flows beyond a certain level, it is not appropriate for diagnosing faults in an offline situation. In contrast, the proposed method diagnoses switch faults based on the current generated by applying a very short duty to each switch. Therefore, short errors can be diagnosed and prepared offline in advance.



Conversely, there is a method of applying pulses as an open fault-diagnosis method [22,23]. These methods are similar to the proposed method in that the voltage is applied, and judgment is made based on the angle of the current. In ideal situations, these methods work well, but in the presence of current noise, there is a possibility of incorrect diagnosis due to sensing noise, and there is no separate magnitude selection guide for the applied voltage pulse. Additionally, since most inverter faults are diagnosed in an online situation, there is a lack of explanation as to how much duty should be applied in an offline situation for diagnosis. However, in the proposed method, problems with voltage pulses or current noise can be solved because a very small voltage is applied gradually through iteration. Another method is to use AI to diagnose failures [24], but this is difficult to apply because it is realistically complex.




6. Conclusions


In this paper, a fault-diagnosis method for power switch faults was proposed. Inverter failures were largely divided into short situations and open situations, and detection methods were proposed accordingly. In a short-circuit situation, a small duty is applied to each switch individually, and a fault is detected when the current exceeds a certain current. To detect an open fault, a voltage vector is applied to the inverter, and the fault is diagnosed based on the angle of the current being conducted. In both methods, the magnitude of the duty or voltage vector is gradually increased, and a fault is diagnosed when a current above a certain level is detected, therefore preventing misdiagnosis due to current noise or angle error. This can effectively diagnose faults by complementing the shortcomings of existing methods, and its effectiveness has been verified through simulation and experiment.
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Nomenclature




	DOL
	Direct online



	VSI
	Voltage source inverter



	ELM
	Extreme learning machine



	WECS
	Wind energy conversion system



	FPGA
	Field-programmable gate array



	PWM
	Pulse-width modulation



	PMSM
	Permanent magnet synchronous motor



	   θ e   
	Synchronization angle



	    θ e  ˜   
	Angle error in   θ e  



	   θ c   
	Current angle



	 α - β 
	Stationary reference frame



	d-q
	Synchronous reference frame



	DESAT
	Desaturation protection signal



	   D  i n i t    
	Initial duty for detecting short situations



	   Δ D   
	Duty increment for short situation detection



	   V  s n  *   
	Voltage vector for open fault detection



	   V m   
	Voltage amplitude of   V  s n  *  
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Figure 1. Configuration of 2-level and concept of pulse width modulation when voltage reference is   V *  . 
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Figure 2. Rotation of voltage vector due to angular error. 
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Figure 3. Ideal motor current,   i  a , i d e a l    and real motor current,   i a   including the sensing noise of motor current. 
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Figure 4. The current path (orange) according to the application of the S1 gate signal (blue) when the   S 4   switch (red) is short-circuited. 
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Figure 5. The proposed gate signal injection method for short fault detection. 
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Figure 6. Power Switch   S 1   open fault (red) example: (a) inverter circuit, (b) current vector hodographs. 
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Figure 7. Current vector according to open fault switch in  α - β  coordinate system: (a) normal, (b)   S 1  , (c)   S 3  , (d)   S 5  , (e)   S 2  , (f)   S 4  , (g)   S 6  . 
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Figure 8. The proposed voltage vector injection method for open fault detection. 
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Figure 9. Simulation results for the proposed method when   S 6   is open fault: (a) Key waveform, (b) Applied voltage vector, (c) Fault current vector. 
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Figure 10. Experimental environment for the proposed method: (a) Test motor, (b) Test inverter, (c) Test bed. 
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Figure 11. Experiment results according to each switch open fault: (a)   S 1  , (b)   S 3  , (c)   S 5  , (d)   S 2  , (e)   S 4  , (f)   S 6  . 
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Table 1. Short fault-detection conditions according to gate signal and current direction.
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	Gate
	Condition
	Fault
	Gate
	Condition
	Fault
	Gate
	Condition
	Fault





	
	DESAT
	   S 2  
	
	DESAT
	   S 4  
	
	DESAT
	   S 6  



	   S 1  
	    I b  < 0  
	   S 4  
	   S 3  
	    I a  < 0  
	   S 2  
	   S 5  
	    I a  < 0  
	   S 2  



	
	    I c  < 0  
	   S 6  
	
	    I c  < 0  
	   S 6  
	
	    I b  < 0  
	   S 4  



	
	DESAT
	   S 1  
	
	DESAT
	   S 3  
	
	DESAT
	   S 6  



	   S 2  
	    I b  > 0  
	   S 3  
	   S 4  
	    I a  > 0  
	   S 1  
	   S 6  
	    I a  > 0  
	   S 1  



	
	    I c  > 0  
	   S 5  
	
	    I c  > 0  
	   S 5  
	
	    I b  > 0  
	   S 3  










 





Table 2. Open fault-detection conditions according to current angle.






Table 2. Open fault-detection conditions according to current angle.





	Voltage Vector
	   S 1    FLT
	   S 2    FLT
	   S 3    FLT
	   S 4    FLT
	   S 5    FLT
	   S 6    FLT





	  V 0   (  ∠ 0  )
	-
	-
	-
	   π / 6  
	-
	   − π / 6  



	  V 1   (  ∠  π / 6   )
	   π / 2  
	-
	-
	-
	-
	   − π / 6  



	  V 2   (  ∠  π / 3   )
	   π / 2  
	-
	   π / 6  
	-
	-
	-



	  V 3   (  ∠  π / 2   )
	-
	-
	   π / 6  
	-
	-
	   5 π / 6  



	  V 4   (  ∠  2 π / 3   )
	-
	   π / 2  
	-
	-
	-
	   5 π / 6  



	  V 5   (  ∠  5 π / 6   )
	-
	   π / 2  
	   − 5 π / 6  
	-
	-
	-



	  V 6   (  ∠ π  )
	-
	-
	   − 5 π / 6  
	-
	   5 π / 6  
	-



	  V 7   (  ∠  − 5 π / 6   )
	-
	   − π / 2  
	-
	-
	   5 π / 6  
	-



	  V 8   (  ∠  − 2 π / 3   )
	-
	   − π / 2  
	-
	   − 5 π / 6  
	-
	-



	  V 9   (  ∠  − π / 2   )
	-
	-
	-
	   − 5 π / 6  
	   − π / 6  
	-



	  V 10   (  ∠  − 2 π / 3   )
	   − π / 2  
	-
	-
	-
	   − π / 6  
	-



	  V 11   (  ∠  − π / 6   )
	   − π / 2  
	-
	-
	   π / 6  
	-
	-










 





Table 3. Parameters of the test inverter and induction motor.
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Inverter Parameters

	
Motor Parameters




	
Parameters

	
Value

	
Unit

	
Parameters

	
Value

	
Unit






	
Maximum Power

	
20

	
kW

	
Motor Type

	
Induction motor

	
-




	
Continuous Power

	
7.2

	
kW

	
Maximum Power

	
13

	
kW




	
Maximum Current

	
480

	
   A  p e a k   

	
Maximum Torque

	
54

	
Nm




	
Continuous Current

	
150

	
   A  p e a k   

	
Maximum Speed

	
7500

	
rpm




	
DC-link Voltage

	
24–65

	
   V  d c   

	
Stator Resistance

	
4.2

	
m Ω 




	
DC-link Capacitance

	
470

	
 μ F

	
Stator Inductance

	
0.543

	
mH




	
Switching Frequency

	
10

	
kHz

	
Rotor Resistance

	
3.4

	
m Ω 




	
Cooling Type

	
Air-Cooled

	
-

	
Rotor Inductance

	
0.551

	
mH




	
Controller

	
DSP (150 MHz)

	
-

	
Mutual Inductance

	
0.52

	
mH
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