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Abstract 

To improve the reliability of a pulsewidth modulation (PWM) 

voltage source inverter (VSI) fed permanent magnet synchronous 

motor (PMSM) drive system, this paper presents a fast open-

switch fault detection scheme in multiple switches. An open-

switch fault in a PWM VSI often introduces over-current stress to 

other electric components and can be easily propagated. Thus, it 

may lead to a severe secondary damage in the entire drive system. 

Furthermore, the open-switch fault produces increased current 

harmonics and distortion as well as large torque pulsation. In 

contrast to the conventional schemes, the proposed fault detection 

scheme uses the moving filter to process the current information, 

which facilitates a fast detection of fault without increasing the 

computational burden severely. The proposed scheme is not only 

immune to false alarms due to inexact detection, but also 

independent of operating conditions because it uses normalization 

quantity. The proposed scheme detects a fault by online basis 

without any additional hardware while keeping control at the 

same time. To verify the proposed fault detection scheme, the 

entire system is constructed using digital signal processor (DSP) 

TMS320F28335. The comparative simulations and experimental 

results validate the practical usefulness of the proposed scheme. 

 

Keywords: Fast Fault Detection, Moving Filter, Open-switch, 

Reliability Improvement, PWM-VSI. 

 

 

INTRODUCTION 

A fault in automation process often brings about the safety 

problem and increased loss due to an abrupt halt of system 

operation. Furthermore, some applications such as the vehicle and 

railways transportation often require high degree of stability 

because they may lead to critical problem under the accident or 

fault situation, which emerges the reliability issue in AC machine 

drive systems as one of the primary concerns.  

Recently, pulsewidth modulation (PWM) voltage source inverter 

(VSI) fed permanent magnet synchronous motor (PMSM) has 

been utilized in a wide range of drive applications such as 

machine tools, industrial process, and transportation. The PMSM 

has the high power density, large torque to inertia ratio, and high 

efficiency as compared with a DC machine having the same 

output rating. This machine also has the advantage as compared 

to induction machines in view of the efficiency, response 

rapidness and control complexity. 

With wide spread of AC drive systems, a strong need of 

increasing the systems stability is being consistently 

increased. AC drive systems are usually susceptible to 

various faults at different system components such as the 

power converter, controller, and sensing devices [1]. 

According to a recent industry-based survey, power 

components and gate control circuit are known to be most 

susceptible to failure in an electrical machine drive system 

[2], [3]. In addition to the study on the standard electrical 

machine drive system based on a VSI, the researches on the 

fault diagnosis have been gradually broadened into the 

application areas such as grid-tied inverters and matrix 

converters [4], [5]. 

The fault detection methods using the Park’s vector [6] and 

the normalized DC current [7] have been presented. Though 

these schemes were proven to have an acceptable 

performance, they normally take at least one fundamental 

period between the fault event and detection. As an attempt 

to make the detection algorithm independent of operating 

conditions, a method using the average absolute values of 

normalized currents has been reported [8]. This scheme uses 

the Park’s vector modulus to obtain the normalization 

current. 

As alternative fault diagnosis method, a voltage-based 

approach has been studied for open-switch fault detection [9], 

in which the measured and reference values are compared to 

determine the fault occurrence. However, to apply this 

scheme, a careful calibration has to be conducted in order to 

minimize the voltage errors which cause false alarm.  

Instead of using the current and voltage information, other 

fault diagnosis uses an observer-based technique. In [10], an 

observer-based fault diagnosis scheme has been introduced to 

detect and isolate faulty switches in VSI-fed induction motor 

drive system. Another approaches use a fuzzy logic control 

for a fault diagnosis [11]. However, this method has a major 

drawback of large computational burden due to the 

complexity in diagnostic algorithm.  

In this paper, a moving filter-based fast detection of open-

switch fault in multiple switches is proposed for a PWM 

VSI-fed PMSM drive system. An open-switch fault usually 

arises caused by an accidental over-current as well as 

electrical and thermal stresses. Since these faults incur over-

current stress to other electric components, it can be easily 

propagated, yielding a severe secondary damage in the entire 
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system. Furthermore, they produce increased current harmonics 

and distortion as well as large torque pulsation. The proposed 

scheme rapidly detects a fault by online basis without requiring 

any additional hardware while keeping control at the same time. 

Moreover, it is not only immune to false alarms due to inexact 

detection, but also independent of operating conditions because it 

uses the normalization quantity. To validate the effectiveness of 

the proposed open-switch fault detection scheme, the entire 

control system including the diagnosis algorithm is implemented 

using digital signal processor (DSP) TMS320F28335 [12]. 

Through the comparative simulations and experimental results, it 

is proved that the proposed diagnosis scheme works usefully with 

high reliability even when the inverter has open faults in multiple 

switches. 

 

 

MODELING OF VSI-FED PMSM DRIVE SYSTEM AND 

OPEN-SWITCH FAULTS 

A PMSM consists of permanent magnets mounted on the rotor 

surface and three-phase stator windings which are sinusoidally 

distributed and displaced by 120°. The stator voltage equations of 

a PMSM are described in the synchronously rotating reference 

frame as follows [13]: 

 

𝑣𝑞𝑠 = 𝑅𝑠𝑖𝑞𝑠 + 𝐿𝑠𝑝𝑖𝑞𝑠 + 𝐿𝑠𝜔𝑟𝑖𝑑𝑠 + 𝜆𝑚𝜔𝑟                                   (1) 

 

𝑣𝑑𝑠 = 𝑅𝑠𝑖𝑑𝑠 + 𝐿𝑠𝑝𝑖𝑑𝑠 − 𝐿𝑠𝜔𝑟𝑖𝑞𝑠                                                 (2) 

 

where 𝑣𝑞𝑠  and 𝑣𝑑𝑠  are the q-axis and d-axis stator voltages, 

respectively, 𝑖𝑞𝑠 and 𝑖𝑑𝑠 are the q-axis and d-axis stator currents, 

respectively, 𝑅𝑠 is the stator resistance, 𝐿𝑠 is the stator inductance, 

𝜔𝑟 is the electrical rotor angular velocity, 𝜆𝑚 is the flux linkage 

established by the permanent magnet, and p is the differential 

operator.  

Fig. 1 shows the configuration of three-phase PWM VSI-fed 

PMSM drive system with switch symbol. Three-phase PWM VSI 

to drive the PMSM consists of six active switches and six free-

wheeling diodes. Under the normal operating condition of switch, 

the terminal voltages 𝑣𝑎𝑜  , 𝑣𝑏𝑜 , and 𝑣𝑐𝑜  are determined by the 

switching function regardless of the direction of the phase current.  

 

 
 

Figure 1. Three-phase PWM VSI-fed PMSM Drive System 

 

The switching function is defined as: 

 

𝑆𝑛 = {
1 for upper switch on
0 for lower switch on

                                        (3) 

 

where n=a, b, c. When 𝑆𝑎  = 1, 𝑆1  is turned on, and 𝑆4  is 

turned off. In this condition, if a-phase current  𝑖𝑎𝑠  is 

positive, the current flows through 𝑆1. On the contrary, if 𝑖𝑎𝑠 

is negative, the current flows through D1. Consequently, the 

terminal voltage 𝑣𝑎𝑜  becomes 𝑉𝐷𝐶  independently of the 

direction of a-phase current. Similarly, with 𝑆𝑎  = 0, 𝑆4  is 

turned on, and 𝑆1 is turned off. In this case, the positive a-

phase current flows through D4 and the negative a-phase 

current through 𝑆4. In either case, the terminal voltage 𝑣𝑎𝑜 is 

determined as zero regardless of the direction of a-phase 

current. 

While the terminal voltage is uniquely determined according 

to the switching function under the normal switch condition, 

this is not valid under the open-switch fault condition. 

Instead, the terminal voltage is dependent on the direction of 

phase current. Suppose that the upper switch 𝑆1 meets with 

open fault. The deviation in the terminal voltage occurs under 

the condition of 𝑆𝑎 = 1 and 𝑖𝑞𝑠 > 0 because 𝑣𝑎𝑜 becomes zero 

due to the conduction of D4 for positive current path even 

though it should be 𝑉𝐷𝐶 under the normal operating condition. 

Similar analysis can be applied to open faults in other 

switches. TABLE 1 summarizes the deviation conditions of 

terminal voltage for each open-switch fault and the 

corresponding values under the normal and open fault 

conditions, respectively. 

 

Table 1. Deviation Conditions of Terminal Voltage for Each 

Open-switch Fault and Corresponding Values 

 

Deviation  Normal  Fault 

Conditions Condition Condition 

Open fault in S1 with vao = VDC vao = 0 

Sa = 1 and ias > 0   

Open fault in S2 with vbo = VDC vbo = 0 

Sb = 1 and ibs > 0   

Open fault in S3 with vco = VDC vco = 0 

Sc = 1 and ics > 0   

Open fault in S4 with vao = 0 vao = VDC 

Sa = 0 and ias < 0   

Open fault in S5 with vbo = 0 vbo = VDC 

Sb = 0 and ibs < 0   

Open fault in S6 with vco = 0 vco = VDC 

Sc = 0 and ics < 0   

 

The deviation in terminal voltage distorts the phase currents, 

making it possible to detect the fault occurrence. While 

commercial AC drive systems are generally equipped with 

current sensing devices, the voltage measurement devices are 

not often the case. Thus, to adopt the diagnostic algorithm in 

practical drive system, it is very important to detect the fault 

by using only the current information in online basis without 

requiring any additional hardware. 
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Fig. 2 depicts the block diagram of a three-phase PWM VSI-fed 

PMSM drive system including the proposed fault detection 

algorithm based on the moving filter.  

Fig. 3 shows the experimental waveforms for three-phase currents 

when the inverter has open-switch fault in S2, in both S2 and S5, 

and in both S2 and S6, respectively. It is shown that three-phase 

current waveforms show different behavior according to the 

location of faulty switch. 

 

 

FAULT DETECTION SCHEME 

To reduce the fault detection time in this paper, the moving filter-

based signals are employed instead of the conventional average-

based signals. The relation between the moving filter input and 

output can be expressed as follows: 

 

𝑥𝑜𝑢𝑡(𝑡) =
1

𝑇𝑤
∫ 𝑥𝑖𝑛

𝑡

𝑡−𝑇𝑤
(𝜏)𝑑𝜏        (4) 

 

where  𝑥𝑜𝑢𝑡(𝑡) is the output signal, 𝑥𝑖𝑛(𝜏) is the input signal, and 

Tw is the window length of one fundamental period which is 

determined from the speed information. From (4), the continuous-

time transfer function of the moving filter can be obtained as 

follows: 

 

𝐺(𝑠) =
𝑥𝑜𝑢𝑡(𝑠)

𝑥𝑖𝑛(𝑠)
=

1−𝑒−𝑇𝑤𝑆

𝑇𝑤𝑠
                                                           (5) 

 

The transfer function in (5) is discretized for a digital 

implementation as 

 

 
 

Figure 2. PMSM Drive System Including the Fault Detection 

Algorithm  

 

 
(a) Open-switch fault in S2 

 

 
(b) Open-switch fault in S2 and S5 

 

 
(c) Open-switch fault in S2 and S6 

 

Figure 3. Experimental Results for Three-phase Currents 

under Inverter Open-switch Faults 

 

𝐺(𝑧) =
1

𝑁
∙

1−𝑍−𝑁

1−𝑍−1                                                        (6) 

 

where 𝑇𝑤 = 𝑁𝑇𝑠, N is the number of samples in one window 

length, and Ts is the sampling period.  
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The moving filter in (6) is employed to determine the normalized 

RMS currents. First, the magnitude of current is calculated by 

using the filtered q-axis and d-axis currents as follows: 

 

𝐼𝑠𝑚 = √𝐼𝑞𝑠,𝑚𝑓
2 + 𝐼𝑑𝑠,𝑚𝑓

2                                                           (7) 

 

where 𝐼𝑠𝑚  is the magnitude of current, 𝐼𝑞𝑠,𝑚𝑓  and 𝐼𝑑𝑠,𝑚𝑓  and   

denote the average q-axis and d-axis currents by moving average 

filter. Second, to determine the moving filter-based RMS phase 

currents, the squared phase currents 𝑖𝑎𝑠
2 , 𝑖𝑏𝑠

2 , and 𝑖𝑐𝑠
2  are processed 

through the moving average filter in (6). By taking the root in the 

filtered output of the squared phase currents, three-phase moving 

filter-based RMS currents can be calculated as 

 

𝐼𝑎𝑠,𝑚𝑓,𝑟𝑚𝑠 = √
1

𝑁
∑ 𝑖𝑎𝑠

2 (𝑘 − 𝑗)𝑁−1
𝑗=0                                                 (8) 

 

𝐼𝑏𝑠,𝑚𝑓,𝑟𝑚𝑠 = √
1

𝑁
∑ 𝑖𝑏𝑠

2 (𝑘 − 𝑗)𝑁−1
𝑗=0                                                 (9) 

 

𝐼𝑐𝑠,𝑚𝑓,𝑟𝑚𝑠 = √
1

𝑁
∑ 𝑖𝑐𝑠

2 (𝑘 − 𝑗)𝑁−1
𝑗=0                                               (10) 

 

where 𝐼𝑎𝑠,𝑚𝑓,𝑟𝑚𝑠, 𝐼𝑏𝑠,𝑚𝑓,𝑟𝑚𝑠, and 𝐼𝑐𝑠,𝑚𝑓,𝑟𝑚𝑠  are the moving filter-

based RMS phase currents.  

From the current information processed by the moving filter, the 

normalized RMS currents are obtained as follows: 

 

𝐼𝑎𝑚 =
𝐼𝑎𝑠,𝑚𝑓,𝑟𝑚𝑠

𝐼𝑠𝑚
                                                                          (11) 

 

𝐼𝑏𝑚 =
𝐼𝑏𝑠,𝑚𝑓,𝑟𝑚𝑠

𝐼𝑠𝑚
                                                                          (12) 

 

𝐼𝑐𝑚 =
𝐼𝑐𝑠,𝑚𝑓,𝑟𝑚𝑠

𝐼𝑠𝑚
                                                                           (13) 

 

where 𝐼𝑎𝑚 , 𝐼𝑏𝑚 , and 𝐼𝑐𝑚  are the normalized three-phase RMS 

currents, respectively. In the open-switch fault detection 

algorithm, these currents are employed to realize the detection 

algorithm independent of the current level and operating 

conditions.  

A fault detection variable 𝑒𝑛 is defined as the difference between 

the normalized RMS current and nominal sinusoidal RMS current 

as follows: 

 

𝑑𝑛 = 𝐼𝑛𝑚 − 𝐾𝑟𝑚𝑠                                                                       (14) 

 

where n=a, b, c, and 𝐾𝑟𝑚𝑠  is a constant value of 1/√2  for the 

normal sinusoidal current. During the normal operating conditions 

without fault, the fault detection variable 𝑑𝑛 is maintained to zero. 

By continuously monitoring the deviation of this variable from 

zero, the fault can be detected rapidly. Since the proposed 

scheme employs the moving filter-based RMS currents 

instead of using the conventional RMS values based on the 

entire periodic currents, the fault detection is accomplished 

instantly as the normalized RMS currents deviate from the 

nominal value. When more than one of detection variables 

deviates from zero due to an inverter open-switch fault, the 

proposed scheme acknowledges the fault occurrence by 

setting the variable Fflag to one. To avoid the false alarm, this 

is counted by the variable Fcount and the variable Fstatus is set to 

one only if the variable Fcount is increased to more than 10, 

which confirms the fault occurrence. If the detection variable 

𝑑𝑛  is quite around zero, this algorithm is consistently 

repeated to monitor an abnormal condition of inverter. The 

proposed algorithm is simple and fast enough to detect the 

inverter open-switch fault. Thus, it can be easily installed in a 

commercial drive system without requiring large 

computational burden and large amount of CPU resources. 

Fig. 4 shows the proposed fault detection algorithm. 

 

 
 

Figure 4. Proposed Fault Detection Scheme  

 

 

SIMULATION AND EXPERIMENTAL RESULTS 

To prove the effectiveness and rapidness of the proposed 

fault detection scheme for a PWM VSI-fed PMSM drive, the 

simulations and experimental results are presented. The 

simulations are carried out using the PSIM software in which 

the control and fault detection algorithms are implemented in 



International Journal of Applied Engineering Research ISSN 0973-4562 Volume 12, Number 6 (2017) pp. 932-939 

© Research India Publications.  http://www.ripublication.com 

936 

the DLL block. Fig. 5 depicts the simulation structure based on 

the PSIM for the PMSM drives system. 

The overall configuration of the experimental system is depicted 

in Fig. 6. The entire system consists of a DC source, a PWM VSI, 

a DSP-based controller, and a PMSM. The whole control 

algorithm including the space vector PWM technique is 

implemented using 32-bit floating-point DSP TMS320F28335 

with 150MHz clock [12]. DSP TMS320F28335 has 256K word of 

on-chip flash memory and some peripherals such as an internal 

12-bit AD converter and 16-bit PWM port. The sampling period 

is set to 100 μs both in the simulations and experiments. The 

PMSM is driven by a three-phase PWM VSI employing the 

intelligent power module (IPM) with a switching frequency of 10 

kHz. The rotor speed and position are detected through a rotary 

encoder and processed by DSP internal eQEP module with the 

resolution of 12 bit/rev. The phase currents are detected by the 

Hall-effect devices and fed to DSP using the internal 12-bit A/D 

converter, where the resolution of current is 40/211  A. The 

PMSM parameters used for the simulations and experiments are 

listed in TABLE 2. 

 

 
 

Figure 5. Simulation Configuration Based on PSIM for PMSM 

Drives System 

 

 
 

Figure 6. Overall Configuration of Experimental System 

Table 2. PMSM Parameters 

 

Parameters Value 

Rated power 400(W) 

Rated speed 3000(rpm) 

Number of poles 6 

Magnetic flux 0.017(Wb) 

Stator resistance 0.5(Ω) 

q-axis stator inductance 0.254(mH) 

d-axis stator inductance 0.157(mH) 

Moment of inertia  0.1(kg·m2) 

 

 

Fig. 7 shows the simulation result for the open-switch fault 

detection when the switch S1 has the open fault. The open-

switch fault occurs at t=0.2 sec. From the top, the waveforms 

represent three-phase current responses, the moving filter-

based RMS phase currents 𝐼𝑎𝑠,𝑚𝑓,𝑟𝑚𝑠 , 𝐼𝑏𝑠,𝑚𝑓,𝑟𝑚𝑠 , and 

𝐼𝑐𝑠,𝑚𝑓,𝑟𝑚𝑠, the fault detection variable 𝑑𝑛 , and the variables 

Fflag and Fstatus, respectively. As soon as the fault is introduced, 

b-phase positive current does not exist and the other two-

phase currents have some distortion and offset as expected. 

This makes the fault detection variable 𝑑𝑛 deviate from zero 

instantly and the fault occurrence is acknowledged by setting 

the variable Fflag to one to indicate the fault occurrence. To 

prevent a false alarm, the fault is confirmed as Fstatus=1 only 

when Fflag is one continuously for a certain period of time. As 

is shown in Fig. 7, the entire detection algorithm detects a 

fault occurrence within 10 msec. 

 

 
 

 
 

Figure 7. Simulation Result under Open-switch Fault in S2  
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Fig. 8 and Fig. 9 show the simulation results for the open-switch 

fault detection when the open fault occur in two switches at the 

same time in S2 and S5 and in S2 and S6, respectively. The instant of 

fault occurrence and waveforms are the same with the previous 

results except for the fault location. Even though these figures 

have different fault signature in current waveforms, the detection 

algorithm still works well, detecting the fault occurrence within 

10 msec.  

 

 
 

 

 
 

Figure 8. Simulation Result under Open-switch Fault in S2 and S5  

 

 
 

 

 
 

Figure 9. Simulation Result under Open-switch Fault  

in S2 and S6 

 

 

To verify the effectiveness of the proposed fault diagnosis 

scheme in a practical way, the experimental results under the 

same conditions with simulations are presented. Fig. 10 

shows the experimental result for the proposed fault detection 

scheme under the open-switch fault in S2. In these figures, the 

first waveform indicates the instant of fault occurrence and 

the other waveforms are similar to the simulation results. The 

fault detection is accomplished in 5 msec. 

 



International Journal of Applied Engineering Research ISSN 0973-4562 Volume 12, Number 6 (2017) pp. 932-939 

© Research India Publications.  http://www.ripublication.com 

938 

 
 

Figure 10. Experimental Result under Open-switch Fault 

 in S2  

 
 

 

 
 

Figure 11. Experimental Result under Open-switch Fault 

 in S2 and S5  

 

 
 

Figure 12. Experimental Result under Open-switch Fault 

 in S2 and S6 

 

 

Fig. 11 shows the experimental result for the proposed fault 

detection scheme when the switch open faults occur in S2 and 
S5 at the same time. The detection results well correspond to 

the simulation result in Fig. 8.  

Fig. 12 shows the experimental result for the proposed fault 

detection scheme when the switch open faults occur in S2 and 
S6  at the same time. This result corresponds to the simulation 

result in Fig. 9. It is clearly shown that the experimental 

waveforms including current responses well match up with 

the simulation. This proves that the proposed diagnosis 

scheme still works well in a practical drive system. 

Through the simulations and the experiments under various 

fault conditions, it has been clearly demonstrated that the 

proposed fault detection scheme works effectively and 

reliably even when the inverter has the open faults in two 

simultaneous switches. 

 

 

CONCLUSION 

To improve the reliability of a PWM VSI-fed PMSM drive 

system even when the inverter has the open faults in multiple 

switches, this paper has presented a fast open-switch fault 

detection scheme. An open-switch fault usually arises caused 

by an accidental over-current as well as electrical and thermal 

stresses. Since these faults introduce over-current stress to 

other electric components, it can be easily propagated, 

yielding a severe secondary damage in the entire system. In 

contrast to the conventional schemes, the proposed fault 

detection scheme uses the moving filter to process the current 

information, which facilitates a fast detection of fault without 

increasing the computational burden severely. To verify the 

practical usefulness of the proposed open-switch fault 
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detection scheme, the entire system has been implemented using 

DSP TMS320F28335. Through the comparative simulations and 

experiments under various fault conditions, it has been proved 

that the proposed fault diagnosis scheme works reliably by online 

basis under the open faults in inverter. 
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