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Abstract. Aiming at the problem that single-phase rectifier transformation is prone to failure in the use of three-phase rectifier transformation, this paper introduces fuzzy 
logic genetic algorithm into the fault detection process of IGBT single-phase bridge arm structure. The algorithm mainly analyzes the DC side current in detail in the frequency 
domain to judge the fault of IGBT open circuit. In the fault diagnosis of single-phase bridge arm structure, the system circuit model is analyzed by sensors by using fuzzy 
logic genetic algorithm to judge the type of fault. Finally, the experimental results show that this method can detect faults in a fixed sampling period and in the frequency 
domain. It can effectively eliminate the interference of other frequency signals and increase the reliability of the system and the accuracy of fault diagnosis. 
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1 INTRODUCTION 
 

In the test tooling for the aging of the power supply for 
rail transit air conditioning, taking the energy loss into 
consideration, it is necessary to use an energy-fed 
alternating current (AC) electronic load to carry out the 
aging test on the power supply for air conditioning [1-2]. 
In the selection of the pre-load simulation circuit of the 
general-fed AC electronic load [3-4], due to the excellent 
current control strategy of the single-phase PWM rectifier 
circuit, it can be used to simulate a number of different load 
features. Hence, it has been extensively used [5-8]. The 
single-phase PWM rectifier is mainly composed of two key 
components: IGBT and DC side capacitor. IGBT faults 
include short-circuit faults and open-circuit faults [9-10]. 
IGBT short circuit will induce over-current, and the fault 
can be diagnosed quickly based on over-current. IGBT 
open circuit will not lead to an apparent phenomenon, such 
as substantial over-current, over-voltage, and under-
voltage. Hence, it is relatively difficult to diagnose and 
protect [11-13]. The disadvantage of the fault 
determination method based on the current is that the fault 
judgment time depends on the change of the current. If 
there is no drastic change of the current in the characteristic 
features of the fault, the response to the fault will be slow 
[14-15]. Although the fault determination method based on 
the voltage can be used to obtain a relatively fast fault 
response, it generally requires the use of a voltage sensor, 
which will increase the cost of the system. If the voltage 
sensor fails, the determination method will be useless. This 
can add risky factors to the reliability of the system instead. 

In this paper, a fault detection method for the IGBT 
single-phase bridge arm structure based on the fuzzy logic 
genetic algorithm is put forward. The current is analyzed in 
the frequency domain. The type of faults is determined 
according to the specific spectrum component, which has 
enhanced the correctness of the fault judgment. At the same 
time, no additional sensors are added, which can avoid 
introducing any insecure factors. 
 
2 THE WORKING PRINCIPLE OF IGBT 

 
The IGBT is controlled by three poles: the gate (G), 

the emitter (E) and the collector (C). As shown in Fig. 1, 

the switching function of the IGBT is to form a channel by 
adding a positive gate voltage to provide a base current to 
the PNP transistor to turn on the IGBT. On the contrary, the 
reverse gate voltage is added to eliminate the channel, cut 
off the base current, and turn off the IGBT. It can be seen 
from Fig. 1 that if a positive driving voltage is applied 
between the gate and emitter of the IGBT, the MOSFET is 
turned on, so that the collector and base of the PNP 
transistor are in a low resistance state and the transistor is 
turned on. If the voltage between the gate and the emitter 
of the PNP is 0 V, the MOSFET is turned off, cutting off 
the supply of the base current of the PNP transistor, so that 
the transistor is turned off. 
 

 
Figure 1 IGBT structure diagram 

 
3 FAULT DETECTION METHOD OF IGBT SINGLE-PHASE 

BRIDGE ARM STRUCTURE 
3.1 Analysis of IGBT Open Circuit Fault Status 
 

Fig. 2 shows the topology of the single-phase PWM 
rectification, in which nU  and nI  stand for the voltage 

and current on the AC side of the circuit, respectively; nR

stands for the line inductance, nL  stands for the AC side 

current, dcU   stands for the DC side voltage, and 2C
stands for the DC side energy storage capacitor. The single-
phase PWM rectifier circuit mainly converts AC energy 
into DC energy through the switching state of the IGBT. 
Through the adjustment of the duration of different 
switching states, the DC side voltage can be controlled. At 
the same time, it can ensure that the input voltage and input 
current on the AC side are in the same phase, thereby 
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guaranteeing the energy transmission of the unit power 
factor. 
 

 
Figure 2 Schematic diagram of the single-phase PWM rectifier circuit 

 
The switch function is defined as the following: 
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In order to analyze the impact of the open circuit of the 

IGBT on the circuit, we assume that the direction of nI  in 

Fig. 3 is the forward direction of the current. Firstly, the 
open circuit fault of T1 is analyzed (as shown in Fig. 3 
below). When the current of  nI is in the positive direction, 

an open circuit fault occurs in the T1. In order to ensure the 
current continuity of nL , the current In can only flow to 

the DC side through D1. From the above analysis, it can be 
known that when the current nI  is positive polarity, it will 

not affect nI   if an open circuit fault occurs in the T1. 

However, when the polarity of the current nI  is changed 

into negative, the current nI   can no longer continue to 

flow through D1, which will inevitably have an impact on

nI . Combined with the switching commands of the single-

phase PWM, the following three kinds of switching 
commands can be determined: (1010), (1001), and (1000), 
which comply with the above analysis. 

Firstly, it is assumed that the current switch command 
of the circuit is (1010). When T1 is in a normal state, the 
current In passes through the bypass diodes D3 and T1, as 
shown in Fig. 3 below. 
 

 
Figure 3 nI in the normal state with the switch command of 1010 

In this state, the alternating current (AC) side voltage 
will store energy in nL , and nI  is increased accordingly; 

at the same time, the energy stored in C2 is released to the 
load, and dcU  is decreased. 

 
3.2 Detection of IGBT Open Circuit Fault Based on Iterative 

DFT 
 

Through the above analysis, it can be known that if the 
IGBT has an open circuit fault, it will inevitably change the 
waveform of In and convert it to the frequency domain, 
which can be clearly detected based on the size of the 
spectral component. According to the discrete Fourier 
transform [5], it can be known that the discretization of 
data in the frequency domain can be carried out to obtain 
the fuzzy logic genetic algorithm as the following: 
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Eq. (1) is extended into a trigonometric function form 

as the following: 
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Based on Eq. (2), it can be seen that 
2

cos
nk

N

 
 
   

and 
2

sin
nk

N

 
 
    

are the sampling points of the 

frequency component, and the sampling frequency is
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, T = NΔt, in which T stands for the length of the 

sampling time, and N stands for the sampling point 
obtained by sampling at a sampling frequency of sf  

within the time of T. The values of the above two equations 
can be stored in the ROM of the DSP in the form of a sine 
table and a cosine table in advance, which can be taken out 
when it is necessary to carry out the calculation. From Eq. 
(2), it can be seen that the value of the frequency 
component can be divided into two parts for calculation as 
the following: 
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Through analysis of Eq. (3) and Eq. (4), the following 

can be obtained, as shown in Tab. 1. 

 
Table 1 Sampling 

the (n − N)th sampling the (n − (N + 1))th sampling the nth sampling 
the (n − (N + 1))th sampling the (n − (N + 2))th sampling the (n + 1)th sampling 
The (n − (N + 2))th sampling the (n − (N + 3))th sampling the (n + 2)th sampling 
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The last sampled value is replaced with the latest 
sampled value to ensure that there are always N sample 
points during the calculation process, as shown in the 
following equation: 
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Through the analysis of the aforementioned iterative 
DFT algorithm process, it can be seen that for each sampled 
current, DFT calculation is carried out. It is necessary to 
perform only two subtractions, three additions, and two 
multiplications. Taking into consideration the presence of 
hardware multipliers in DSP, the time required for 
multiplication will not affect the real-time performance of 
fault detection. That is, the above algorithm can ensure 
real-time online detection of the IGBT open circuit fault. 
 
4 EXPERIMENT AND RESULT ANALYSIS 
 

For further verification of the correctness and 
effectiveness of the IGBT fault diagnosis method for the 
single-phase PWM rectifier based on the combination of 
the wavelet transform and the D-S evidence theory, as well 
as the diagnosis method for the DC side capacitor fault 
based on equivalent series resistance. Fig. 4 shows the 
experimental hardware platform established based on the 
main circuit diagram of the single-phase PWM rectifier. 
The related experiments are completed on this 
experimental platform, and the experimental platform 
parameters are consistent with the parameters of the 
simulation model. 

The load power P = 3 kW is taken as an example. By 
blocking the IGBT pulse at a certain moment, the IGBT 
open circuit fault is simulated and set. Fig. 5 to Fig. 7 show 
the input current experimental waveform when the IGBT 
is normal, when it fails, and after it fails, respectively. The 
decision-making threshold value in the experiment is ε = 

0.4 (which stands for a stricter identification of faults). 
According to the experimental results of the IGBT 

failure in the single-phase PWM rectifier, by collecting a 
cycle of the input current data, combined with the IGBT 
fault diagnosis process in the single-phase PWM rectifier, 
the evidence fusion results of the IGBT failure in the 
single-phase PWM rectifier are shown in Tab. 2 as the 
following. 
 

 
Figure 4 Physical diagram of the hardware platform in the experiment 

 
From Tab. 2, it can be seen that when the IGBT is 

normal in the single-phase PWM rectifier, the results of the 
evidence fusion in the first and second half cycles are 
relatively close. Hence, it can be determined that no fault 
has occurred based on the diagnosis decision. Upon the 
failure of the IGBT in the single-phase PWM rectifier, the 
results of the evidence fusion in the first and second half 
cycles are significantly different, and the difference is 
greater than the threshold value of 0.4. Based on the 
diagnosis decision, it can be determined that there is an 
IGBT fault. Subsequently, the fault is further located based 
on the positive or negative mean values of the fault phase 
current. 
 

 
Figure 5 Input current waveform of the single-phase PWM rectifier when IGBT 

is normal 

 
Table 2 Evidence fusion results of the single-phase PWM rectifier upon the failure of IGBT 

Upon the open circuit fault of the switch tube Fault Features First Half Cycle Second Half Cycle 

No fault 
Wavelet energy degree 0.4916 0.5084 

Wavelet singularity degree 0.5047 0.4953 
Evidence fusion 0.4964 0.5036 

S1 
Wavelet energy degree 0.9695 0.0305 

Wavelet singularity degree 0.8584 0.1416 
Evidence fusion 0.9948 0.0052 

S2 
Wavelet energy degree 0.0438 0.9562 

Wavelet singularity degree 0.3013 0.6987 
Evidence fusion 0.0194 0.9806 

S3 
Wavelet energy degree 0.0153 0.9847 

Wavelet singularity degree 0.1648 0.8352 
Evidence fusion 0.0031 0.9969 

S4 
Wavelet energy degree 0.9703 0.0297 

Wavelet singularity degree 0.8463 0.1537 
Evidence fusion 0.9945 0.0055 

 
Based on the experimental results after the failure of IGBT of the single-phase PWM rectifier, by collecting a 
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cycle of the input current data, combined with the IGBT 
fault diagnosis process of the single-phase PWM rectifier, 
the evidence fusion results after the failure of IGBT of the 
single-phase PWM rectifier are shown in Tab. 3 as the 
following. 
 

 
Figure 6 Input current waveform of the single-phase PWM rectifier upon the 

failure of IGBT 

 
Figure 7 Input current waveform of the single-phase PWM rectifier after the 

failure of IGBT 
 
 
 
 
 

 
Table 3 Evidence fusion results of the single-phase PWM rectifier after the failure of IGBT 

After the open circuit fault of the switch tube Fault Features First Half Cycle Second Half Cycle 

S1 
Wavelet energy degree 0.9908 0.0092 

Wavelet singularity degree 0.8384 0.1616 
Evidence fusion 0.9982 0.0018 

S2 
Wavelet energy degree 0.1233 0.8767 

Wavelet singularity degree 0.4205 0.5795 
Evidence fusion 0.0926 0.9074 

S3 
Wavelet energy degree 0.0553 0.9447 

Wavelet singularity degree 0.2751 0.7249 
Evidence fusion 0.0217 0.9783 

S4 
Wavelet energy degree 0.9890 0.0110 

Wavelet singularity degree 0.8222 0.1778 
Evidence fusion 0.9976 0.0024 

 
From Tab. 3, it can be seen that after the occurrence of 

IGBT failure of the single-phase PWM rectifier, the 
evidence fusion results in the first and second half cycles 
differ significantly, and the difference is greater than the 
threshold value 0.4. According to the diagnosis decision, it 
can be determined that there is an IGBT fault. Subsequently, 
based on the positive or negative mean value of the fault 
phase current, the fault is further located to the 
corresponding tube. 

According to the IGBT fault diagnosis method of the 
single-phase PWM rectifier based on the combination of 
wavelet transform and D-S evidence theory put forward in 
this paper, the experimental study is completed by 
collecting the input current data. The results suggest that 
the IGBT health status determined by using the IGBT 
diagnosis method of the single-phase PWM rectifier under 
the experimental conditions is consistent with the 
simulation results, which has verified the correctness and 
effectiveness of the IGBT fault diagnosis method proposed 
under the simulation and experimental conditions. 

Fast Fourier Transform (FFT) is used to perform 
spectrum analysis on the IGBT single-phase bridge arm 
current signal. The amplitude spectrum of the signal 
represents the energy of the corresponding frequency, and 
the phase spectrum represents the phase characteristic of 
the corresponding frequency. After the signal is Fourier 
transformed, different faults have a greater degree of 
discrimination in the amplitude and phase of the DC 
component, the third harmonic, and the fifth harmonic. 
Therefore, the amplitude and phase of the three 
components are the same as the positive half-cycle 
proportional coefficient. 21 features are used as the input 
of BP neural network (Back Propagation Neural Network, 
BPNN) for classification training. The activation function 
of the BP neural network is the Sigmoid function, which 

initializes the weights and biases randomly; the feature 
vector is 21 dimensions, and the input layer of the BP 
neural network is 21 neurons; the hidden layer is a single 
layer with 20 neurons; the output layer is 73 Neurons. The 
fault diagnosis method based on Fourier transform and BP 
neural network (FFT-BPNN) has fault recognition 
accuracy rates of 94.4% and 89.4% in Case1 and Case2 test 
sets, respectively. 

The DC component, the third harmonic and the fifth 
harmonic's amplitude, phase and positive half-cycle 
proportional coefficient extracted by Fourier transform are 
used as the input of SVM for classification learning. The 
fault diagnosis method based on Fourier transform and 
support vector machine (FFT-SVM) has a fault recognition 
accuracy rate of 95.3% and 89.6% in Case1 and Case2 test 
sets, respectively. A total of 15 features including the 
energy extracted by the three-layer wavelet and the positive 
half-cycle proportional coefficient are used as the input of 
the BP neural network. The activation function of the BP 
neural network is the Sigmoid function, which initializes 
the weights and biases randomly; the feature vector is 15 
dimensions, and the input layer of the BP neural network is 
15 neurons; the hidden layer is a single layer with 20 
neurons; the output layer is 73 Neurons. The fault diagnosis 
method based on wavelet transform and BP neural network 
(WT-BPNN) has fault recognition accuracy rates of 95.8% 
and 9.9% in Case1 and Case2 test sets, respectively. 

It can be seen from Fig. 8 and Fig. 9 that the accuracy 
of FFT-BPNN and FFT-SVM methods is low, and the 
accuracy of the FFT-BPNN and FFT-SVM methods 
fluctuates greatly in the presence of noise. The WT-BPNN 
method can effectively realize the diagnosis of the IGBT 
single-phase bridge arm fault. Fuzzy logic genetic 
algorithm (FLGA) has a diagnostic accuracy rate of up to 
97.8%, and it can still accurately identify faults under the 
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condition of 10% Gaussian white noise. 
 

 
Figure 8 Classification results of some test samples of Case2 

 

 
Figure 9 Comparison of accuracy rates of different fault diagnosis methods 

 
5 DISCUSSION 
 

According to the IGBT fault diagnosis method of the 
single-phase PWM rectifier based on the combination of 
wavelet transform and D-S evidence theory put forward in 
this paper, the experimental study is completed by 
collecting the input current data. The results suggest that 
the IGBT health status determined by using the IGBT 
diagnosis method of the single-phase PWM rectifier under 
the experimental conditions is consistent with the 
simulation results, which has verified the correctness and 
effectiveness of the IGBT fault diagnosis method proposed 
under the simulation and experimental conditions. Using 
the IGBT single-phase bridge arm current as the original 
current data sample, the comparative experiments of 
different diagnosis methods are carried out under the 
original current data sample and the data sample with 10% 
Gaussian white noise. The experimental results show that 
the fuzzy logic genetic algorithm fault diagnosis method 
can accurately identify the open circuit fault of IGBT 
single-phase bridge arm, compared with Fourier transform 
method and BP neural network algorithm. In the case of 
variable load and noise, it still has a high accuracy of 
97.3%. 
 
6 CONCLUSION 
 

In the proposed method, the problem is solved mainly 
by converting the fault detection issues in the time domain 
to the frequency domain. Through the detection of the 
harmonic content of the input current on the AC side, it can 

be determined whether an open circuit fault occurs. 
The frequency domain analysis suggests that when an 

IGBT open circuit fault occurs, the frequency domain 
analysis of the input current will show that its harmonic 
content near the switching frequency will increase. Since 
the characteristic frequency analysis is carried out in the 
frequency domain, interference from the other frequency 
signals is eliminated. Hence, reliability is improved, and 
misjudgment can be avoided. 
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