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1. Introduction 

 

     Renewable energy has received wide attention 

in recent years. One of the key components in 

converting energy to standard electric energy is 

inverter. Inverters have also been modified to 

improve their output power quality. Multi-Level 

Inverters (MLIs) are the latest generation of inverters 

that have suggested better power quality and less 

voltage stress on switches [1]. This advantage has 

made MLIs an ideal candidate in other applications 

such as in Flexible AC Transmission Systems 

(FACTS) [2]. However, their reliability has been 

compromised due to the excessive number of 

semiconductor switches which are highly prone to 

failure[3, 4]. Although some researchers have 

proposed new topologies in which they have reduced 

the number of switches to generate the same output 

voltage levels, the number of utilized semiconductors 

are still comparable to the conventional bridge 

inverter [5, 6].  

It is worth mentioning that the topology capability 

to use redundant switches in case of a failure is very 

critical.  The MLI presented in [7, 8] has parallel 
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Inverters have been widely used in renewable energy as a means of converting extracted 

power to grid standards. However, this power electronics equipment is highly 

vulnerable to failures due to its complex architecture and components. One of the main 

sources of failure is semiconductor switches that are critically sensitive to abnormal 

conditions such as high voltage. With the advent of multilevel inverters, this concern 

has been raised considerably due to the increase in the number of switches. This paper 

has proposed a novel method with a neural network that can detect open circuit failure 

of switches and replace them with some new arrangement in the inverter so that it can 

run effectively. Simulations with MATLAB/Simulink for a seven level inverter, 

illustrate that with a switch failure, the multilevel inverter can work successfully. 

Results also demonstrate that this method is fast and can compensate for the output in 

less than two cycles. Therefore, it can be used in reliable multilevel applications in 

which the power flow should be achieved even if a semiconductor switch is broken. 
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switches in the inner switches, which provide the 

redundancy states for fault tolerance analysis. 

Therefore, the number of devices is indeed 

remarkably high. The inner voltage levels in the 

parent topology possess intrinsic redundancy [9]. 

Although the reference paper's main goal is to 

improve dependability, it neglects to consider the 

influence of inherent redundancy on the parent 

topologies' overall power loss [10, 11]. 

Converters can suffer from different failures i.e., 

open circuit (OC) and short circuit (SC) [12, 13]. 

Since the SC fault occurs quickly and is difficult to 

detect, the diagnosis and system protection of the SC 

fault is mainly solved by hardware circuit design. The 

SC fault can also be converted into an OC fault for 

processing by connecting the fast fuse to the circuit 

[14]. 

 Therefore, new approaches have been proposed 

to overcome this problem by detecting faults in the 

switches and applying innovative scenarios to run the 

inverter in these conditions. One of the methods for 

fault detection is the Park method [15]. In this 

method, the average of all three phase currents is 

calculated. The average should be zero unless a fault 

occurs in the switches. The identification of the faulty 

power switch can be achieved by determining the 

interval in which the average motor supply current 

Park's Vector falls. Another approach is called the 

modified normalized DC current method, in which a 

less restrictive way to localize the faulty switch is 

employed. The normalization of the component takes 

place by dividing the direct component of phase 

current by its first harmonic absolute value. The result 

will be used to arrange a table based on the results for 

each phase. If a switch is broken, there will be a 

substantial change in the value by which the faulty 

switch can be identified [16]. An approach called the 

slope method proposes the slope of the trajectory in 

the complex plain of park transformation of phase 

current can be used for fault detection and 

identification [17]. In this method, the current 

polarity should be identified and the slope of the 

trajectory during a fault can suggest the faulty switch.  

 It is worth mentioning that the failure of switches 

will have an impact on the output voltage level. 

Therefore, there will be a deviation between the 

reference voltage and the measured one which can be 

used to detect the faulty switch [18]. Another 

approach is based on the fact that during normal 

operation, the voltage magnitude on lower switches is 

either zero or equal to bus voltage. However, during 

switch failure, this voltage will be about half the bus 

voltage. So, the failure can be recognized by 

measuring lower switch voltages [19].  

There are several more methods for fault 

diagnoses. An approach based on certain logical 

judgment detects switch failure based on system 

parameters and some logical operation based on the 

switching sequences. This method needs some 

constants such as error margins, to be determined 

correctly so that the result becomes reliable. In 

addition, it is almost slow and takes about 100 ms to 

detect the fault [20]. Another approach uses a moving 

average filter to immune the diagnosis against noise. 

However, this method needs many sensors to measure 

the voltages of different capacitors in a flying 

capacitor topology [21]. 

  Different methods and analytical techniques are 

also used to analyze the VSI switch fault. For 

example, Fast Fourier Transform (FFT) method is 

used to analyze the current spectrum for 

characteristics of an open transistor detection [22]. 

However, this technique needs high speed processors 

to calculate FFT. There are also other complex 

approaches, such as Wavelet-Fuzzy method and 

discrete wavelet–fuzzy control [23]. Wavelet 

transform is used to detect abnormal changes in phase 

current. Then, the DC offset and its polarity are 

calculated and fed to the fuzzy system to detect a 

broken switch [24]. Since wavelet is proven to have a 

better performance for detecting changes during 

failure, it is also used with neural networks to detect 

switch failure [25].  

Artificial neural network (ANN) is considered a 

powerful control approach in nonlinear cases which 

can have training data [26]. So, ANN is adopted to 

detect switch failure in an inverter. This approach is 

achieved by training ANN with inverter parameters 

such as voltage and current. 

In order to build a fault tolerant inverter, an 

effective control scenario should also be introduced 

to run the inverter at post fault instances. The 

approach is based on the inverter topology and is 

responsible for controlling the inverter during fault 

time so that the output voltage becomes the same as 

before or as near as possible to it  [27].  

  This paper utilizes ANN to detect open circuit 

switch faults in a  multilevel inverter. The main 

novelty of the research is applying ANN on a fault 

tolerant multilevel topology so that a faulty switch 

can be diagnosed quickly and the output can become 

stable fast. Unlike other mentioned approaches, this 

goal is achieved with less number of sensors ( only 

output voltage ) and does not need to measure the 

voltage at different points. In the method, PWM 

control of the inverter will be modified after the fault 

based on the detected broken switch, so that it can run 

with less adverse effect due to the failure. Simulations 
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with MATLAB/ Simulink prove the effectiveness of 

the approach for different fault conditions. 

 

2. Fault tolerant topology 

 

A proper multilevel topology should be selected 

so that this approach can lead to a continuous 

operation of the inverter. Most multilevel inverters 

utilize only high frequency switches in their circuit 

which are more expensive and prone to failure [28]. 

One of the latest achievements in multilevel topology 

is proposed in [11]. This approach separates high 

frequency and low frequency section switchs, 

culminating in a considerable reduction of high 

frequency switches. In addition, high frequency 

switches are more vulnerable to failure due to 

excessive switching loss and transients. Therefore, 

redundant switches can be assumed in this section so 

that the possible faults in this part can be managed. 

The resulting 7-level topology in which the high 

frequency redundant switch is introduced, is 

illustrated in Figure 1. According to the figure, 

Switches S1, S2, S3,S4, G and G2 work at high 

frequency, hence  highly vulnerable to failure.   

This topology can run even in case of an open 

circuit fault in switches. Therefore, this topology is 

adopted for fault tolerant operation of multilevel 

inverters. 

 
Figure 1. Redundant topology for multilevel 

inverter 

 

It is pertinent to mention that this topology can be 

extended to higher output voltage levels. 

 

3. PWM method       

 

There are several modulation methods for driving 

an inverter which are generally categorized into high 

and low frequency methods. High frequency methods 

such as SPWM are not suitable for this purpose since 

they will impose considerable calculations to detect a 

fault in switches. Therefore, low frequency staircase 

(or nearest level control ) method as shown in figure 

2, is used in this paper [29]. In this method, limited 

angles (θ1, θ2 ,θ3), as shown in figure 2, at which 

there should be a level change, are calculated. It is 

worth mentioning that there is another low frequency 

method for PWM, which is called selective harmonic 

elimination (SHE). It needs extensive calculations to 

find proper switching angles. Therefore,this method 

is not suitable for real time applications in which the 

system should respond quickly to the variations and 

disturbances [30]. 

Apart from its simplicity in calculations, it 

exhibits less switching loss due to its inherent low 

switching frequency. Therefore, this modulation 

method is adopted for this research. There are several 

approaches for applying staircase modulation. 

Feed-forward method is the best method in which 

the step size for zero is the least. The equation for the 

method is used in this research as follows[29]: 

 

αi = (1 ∕ 2) ∗ sin−1((2i − 1) ∕ (m − 1)) (1) 

In which m is the number of levels and i is the 

corresponding level.  

 

 
Figure 2. Staircase modulation scheme 

 

4. Proposed method using neural networks 

 

As stated in the previous section, there are a variety 

of methods to analyze the output waveforms of 
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inverters including: discrete Fourier transform, 

wavelet transform, and machine learning algorithms. 

In this paper, neural networks are used to analyze 

sampled output voltage and current of inverters. The 

data is sampled in different circuit situations, for 

example, open circuit instances in one switch, and 

collected relevant data are used to train the neural 

network. 

   

4.1. Proposed neural network structure 

 

In this paper, a neural network with three layers is 

used as depicted in figure 3. The first layer, called the 

input layer, contains two neurons corresponding to 

two input variables. The second layer, called the 

hidden layer, contains 20 neurons. The number of 

neurons in the hidden layer is determined using the 

following equation [31]: 

 

𝑘 = √𝐼 + 𝑂 + 𝜃 (2) 

 

In this equation, k is the number of hidden 

neurons, I is the number of input neurons, O is the 

number of output neurons, and 𝜃 is a number between 

1 and 10.  

 

 
Figure 3. Details of the proposed neural network 

structure 

 

Finally, the third layer, called the output layer, 

contains four neurons corresponding to four switches. 

Weights of neural networks are optimized using the 

Levenberg–Marquardt algorithm (LMA).  

 

4.2. Data collection for training 

 

Input data vectors are collected using MATLAB 

Simulink, as discussed in the previous section. Two 

input values, ∆𝑣𝑟𝑚𝑠 and 𝑣𝑜𝑢𝑡, are used in the 

experiments. Sample values of input features for 

different modulation indices are summarized in Table 

1. It is pertinent to mention that each DC voltage 

source is 100 V. It means that with three DC sources 

as shown in figure 1, peak output voltage is 300V. 

To improve the performance of the neural network, it 

needs more training data. By decreasing the 

simulation step size, it is possible to generate more 

data to train the network better. 

 

Table 1. Sample values of input features. 

𝛥𝑣𝑟𝑚𝑠 for 𝑚 = 1  𝛥𝑣𝑟𝑚𝑠 for  m=0.1  

48.28 35.52 𝑠1 

33.7 31.7 𝑠2 

75.78 62.25 𝑠3 

4.26 3.07 𝑠4 

 

5. Simulation results 

 

In order to verify the approach, simulation is done 

in MATLAB/Simulink. The overall circuit of the 

fault tolerant inverter is as follows.  This figure shows 

the topology, which is used as seven level fault 

tolerant inverter. 

 

 
Figure 4. Simulink block diagram of the inverter 

 

To train the neural networks, feature extraction is 

done in different fault scenarios. Then, it is used to 

identify any fault in the inverter and prompt the 

procedure to overcome the output voltage problem. 

The neural network block diagram is also depicted in 

figure 5.  

 
Figure 5. artificial neural network block diagram 
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The regression results for the training, test, 

validation and overall are depicted in the following 

diagrams. The results show that the system has been 

trained and validated properly and the data and the 

fitting curve are almost identical with negligible 

error. 

In addition, the histogram of error in figure 7 

clearly shows that the system has almost zero error in 

training, test and validation as the results are mostly 

located in the middle of the diagram which implies 

negligible error.  

 

 
Figure 6. Error diagram for test, training , 

validation and overall 

 

 

 
Figure 7. Histogram of errors for training, test, 

and validation 

 

It is also worth mentioning that the fault detection 

scheme is disabled during the time that the fault is 

compensated. Otherwise, there will be a conflict 

between the fault state and the compensation state and 

the procedure will fail.  

The results of faults at different switches are 

depicted in the following diagrams. Firstly, the 

modulation index is considered m=0.8, and the results 

of open circuit fault at t=0.1 in switches S2 and S4  

and S1 are depicted as follows. 

 

 
Figure 8. Output voltage of fault tolerant inverter 

when S2 is open circuited and m=0.8 

 
Figure 9.  Output voltage of fault tolerant inverter 

when S4 is open circuited and m=0.8 

 

 
Figure 10 Output voltage of fault tolerant inverter 

when S1 is open circuited and m=0.8 

 

In order to investigate the performance of the 

inverter in another modulation index, the fault is 

applied in modulation index m=0.4. The results show 

the effectiveness of the inverter in fault instances. 
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Figure 11. Output voltage of fault tolerant inverter 

when S2 is open circuited and m=0.4 

 
Figure 12. Output voltage of fault tolerant 

inverter when S4 is open circuited and m=0.4 

 

 
Figure 13. Output voltage of fault tolerant inverter 

when S1 is open circuited and m=0.4 

 

The results in different modulation indexes and 

switches clearly illustrate the effectiveness of the 

proposed method. In comparison with other fault 

tolerant methods, this method only needs to measure 

the output voltage of the inverter unlike the method 

in which all separate voltage cells ( 3 cell in this 

system) should be measured [32]. Therefore, the 

proposed method has less number of measurement 

units and is also faster. Another special merit of the 

approach is its fast response compared to other 

methods. One of the fastest methods claims to achieve 

the fault tolerant procedure could work within two 

cycles ( 40 ms) [32]. In addition, some researchers 

have investigated different detection methods with 

new machine learning techniques in conjunction with 

digital wavelet transform (DWT) such as decision 

tree (DT) and support vector machine (SVM). The 

research illustrated that the fastest method took 0.433 

seconds to detect open circuit faults [33].  

It is worth mentioning that the transient time in the 

proposed method is 30ms which is much less than 

other methods.   

 

6. Conclusion 

 

This paper proposed a fault tolerant multilevel 

inverter in which open circuit switch fault can be 

detected and compensated. Therefore, the inverter 

can run successfully in case a switch is broken. In 

order to verify the method, three switches were 

intentionally open circuited in different scenarios  at 

different modulation indexes. The proposed system 

successfully detected the failure and retrieved the 

output voltage. Furthermore, results show that this 

method can detect the faulty switch and compensate 

the output faster than available methods. This 

approach can be used in applications such as 

renewable energy in which the reliability of 

multilevel  inverters is of paramount importance and 

they should run constantly even if a switch is broken. 

Electric planes can also use this technique to avoid 

electric propulsion failure due to inverter switch 

failure. This approach can also be implemented on 

different topologies and circuits.  

Nomenclature 

αi Output level change angle (kJ/K) 

K Number of hidden neurons 

m Modulation index 

t time (S) 

ANN Artificial neural network 

FACTS Flexible AC Transmission System 

MLI Multi- Level Inverter 

VSI Voltage Source Inverter 

PWM Pulse Width Modulation 

SPWM Sinusoidal Pulse Width Modulation 

OC Open Circuit 

SC Short Circuit 
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