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Abstract 

The idea of this paper is designing an automatic fault detection system based on 

fuzzy logic, therefore two signals of PMSM in fault condition are analyzed for inter 

turn fault detection: current and torque. In this fault type there is some distortion in 

these signals, but it is not good enough to detecting with fuzzy logic solely, so with 

combination of wavelet transform and FCM a new method for fault detection is 

introduced. In this method one detail signal of wavelet transform is chosen and then 

with FCM it is divided into 6 clusters, these clusters describe the situation of signal 

truly. Using FCM has two advantages: first in some clusters there had been fault 

therefore fault was detected, and second it is used for fuzzy logic system to deciding 

amount and intensity of fault of PMSM. By applying combination of wavelet 

transform and FCM, designing of fuzzy logic has been more effective, the MFs are 

directly come from output of FCM, therefore fuzzy logic system have more accurate 

answer. The output of fuzzy logic that is showed in surface view is based on tree 

situation that is defined in output MF, and describes whole conditions of PMSM and 

shows the amount of inter turn fault.  

 

Keywords: Fault Detection, FCM, Turn to Turn Fault, PMSM, Wavelet Transform 
 

1. Introduction 

Nowadays PMSMs are very suitable for industrial applications because of its high 

efficiency, compactness, low weight and high torque. So it is more and more in use and 

running in many systems, therefore fault detection of it seems necessary to protecting 

the system and wasting cast and time [1-3].  

In this field the authors in [1] have been proposed a fault tolerant model to realize the 

electric fault of PMSM. It mentioned that when short circuit happen it becomes hard to 

find the fault so it used wavelet transform to find the effects of it and extracting the 

features from phase current. This paper showed some points in the wavelet transform 

that fault happening are obvious on it. So wavelet transform seems so efficient. Also 

turn fault is obvious in back electromotor force (EMF) and impedance unbalance 

element, which effects on torque in bad ripples and heating up the motor [2]. For 
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example ref [2] modeled the motor in the fault and normal condition and negative 

sequence components of current is achieved, and the changes of it between two models 

showed the fault. In some papers like [3] PMSM faults are detected based on sliding 

mode observer, it is avoiding the chattering phenomenon. For this application at first 

PMSM is modeled on MATLAB with space state model and then defined sliding 

equations and then designed the observer for estimating fault, in this method the rotor 

angular position is tracked and electromagnetic torque is linearized the sliding mode 

variable shows the error between estimation and real model, so it detected the fault [3]. 

Ref [4] consist on using back electromotor force (EMF) estimator, it introduced an open 

loop estimator that electro thermal model of machine is inside of it. Detecting the fault 

is based on difference between reference EMF and estimated EMF. This method can 

detect fault for a vast speed range and in blurring effects of harmonics too. The current 

of stator can be used to detect the fault too, therefore the current is analyzed with 

Fourier transform and wavelet transform in [5], it analyzed the first, 5
th

 , 7
th

 and 11
th

 

harmonics of current in high motor speed, and showed that these harmonics completely 

detect the fault. Ref [6] proposed analyzing 2
nd

 harmonic component of the voltage in 

the d-q frame for inter turn fault detection of PMSM, by comparing the amplitude of 

these harmonic with healthy one. The idea in some papers is detecting fault of PMSM 

without circuit model, so a dynamic model is presented in fault condition, and then all 

of the parameters was calculated, and with comparing with normal condition the fault 

can be detected. This method is faster in fault detection, and parametric study easy 

performed too [7]. Extracting frequencies of stator current and frequency components of 

noise is suitable. The noise features are effective in little inter turn fault detecting, 

because in this case the fault is not obvious enough in the current and its frequency [8, 

9]. It is showed that feature extracting from frequency components is useful to inter turn 

fault detection. 

In this paper stator current and torque are analyzed for detecting inter turn fault of 

PMSM, this parameters are not good enough for this fault detection, so some features 

has been extracted. Discrete wavelet transform has been used for it and for detecting 

and discriminating the fault a fuzzy unsupervised clustering method named fuzzy C-

means (FCM) is employed, and finally for detecting motor situation and tensity of fault 

automatically a fuzzy logic system has been introduced. 

2. Modeling of Inter Turn Fault for PMSM  

The Permanent Magnet Synchronous Motor (PMSM) is an AC synchronous 

motor whose field excitation is provided by permanent magnets, but has a sinusoidal 

Back EMF waveform. PMSMs are gaining popularity because of their superior 

performance, high efficiency and energy density. Their applications are on the rise in 

industrial motor drives, variable speed wind turbine, electric vehicle, household 

equipment, also they are extremely in use in: air conditioner & refrigerator compressors 

direct-drive washing machine, automotive electrical power steering, machining tools 

and traction control. 

In this paper PMSM is modeled based on 3 phase equations and abc model, shown in 

Figure 1. 
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Figure 1. Model of PMSM under inter-turn fault 

Short circuit is happened in phase “a” so there is some changes in inductance and 

resistance of that phase, this fault is simulated by a shunt resistance (Rsh) in that 

winding. The mutual inductance between phase changes, and there is mutual inductance 

between damaged part and healthy part of the winding, that is modeled by (ma1a2) in 

Figure 1. And also (ma1c) is mutual inductance between (La1) and (Lc), (ma1b) is 

mutual inductance between (La1) and (Lb), (ma2c) is mutual inductance between (La2) 

and (Lc) and (ma2b) is mutual inductance between (La2) and (Lb). 

Suppose X is fault percent in (1): 
Nf

x
N

  (1) 

Where N is the total number of winding's turns and Nf is the number of damaged 

turns. 

The relation of resistance and inductance with turns’ number is showed in (2): 
l

R R N
A

    

2
2

m

N
L L N

R
     

(2) 

Where, A is area of winding surface, ρ is resistivity and l is length of winding, N is 

the number of winding turns and Rm is magnetic reluctance of magnetic path. It is 

obvious from this equation that l  and N  have a direct relation with  resistance; also, L 

has direct relation with square of number of winding turns; therefore inductance and 

resistance of damaged phase can be calculated: 

a b cN N N N    (3) 

2 2a f aN N N X N     (4) 

 2 1 1 1a a a aN N N N N x N        (5) 

1a ar X r    and    2 1a ar X r    (6) 
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 
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3. Wavelet Transform Analysis 

Wavelet transform is a method for solving some difficult problems in engineering, 

mathematics and physics. In fact it is the improved version of fourier transform. 

Wavelet transform can show some some aspects of signal that other signal processing 

method miss, like beakdown points,trends and discontinuties in higher drivatives, also 

by using the proper mother wavelet function more details from signal can be extacted. 

Figure 2 shows how wavelet works.  

 
 

Figure 2. Wavelet decomposition scheme 

Trough the Wavelet transform of a signal “s” for example, that decompsed into two 

signals: “CA1” and “CD1”. CA1 is the data quantity in the signal and CD1  is the half 

of the raw signal “s”. CA1 contains the low frequency information and CD1 contains 

the high frequency information. Actually CA1 has more effective information of main 

signal and CD1 belonges to noise and other distortians. CA1 is decomposed with 

Wavelet transform again and CA2 and CD2 are obtained, CA2 decomposed again to 

CA3 and CD3. This process continue to reach to desired details. In the Figure 2 the 

decomposition process is showed.  

The general definition of wavelet is continiuos wavelet transform (CWT): 

   
1

*
2, , ,

t b
W a b x a x t t

a
 





 
  

 
  (10) 

Where, ψ*(.) is the basic wavelet function, a is the dilation factor and b is the 

translation of the origin. Although time and frequency do not appear explicitly in the 

transformed result, the variable 1/a gives the frequency scale and b, the temporal 

location of an event. The wavelet function can be defined as W(a, b, x , 


) , that is 
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energy of x of scale a  at t b ; in the discrete wavelet transform (DWT) the 

translation and deletion parameters have discrete values [10]. 

4. Fuzzy C-Means Clustering  

Clustering is one of the most widely used techniques for exploratory data analysis, 

with applications ranging from statistics, computer science, and biology to social 

sciences or psychology. In virtually every scientific field dealing with empirical data, 

people attempt to get a first impression on their data by trying to identify groups of 

“similar behavior” in their data. Data clustering is the process of dividing data elements 

into classes or clusters so that items in the same class are as similar as possible, and 

items in different classes are as dissimilar as possible. Fuzzy clustering is a process of 

assigning these membership levels, and then using them to assign data elements to one 

or more clusters. 

One of the most widely used fuzzy clustering algorithms is the Fuzzy C-Means (FCM) 

Algorithm. 

Fuzzy C-means (FCM) clustering is an unsupervised clustering method, which its 

general algorithm was mentioned on [11, 12]. in this algorithm all data are assigned to 

their categories by fuzzy memberships, let X ={xi; i=1;2; : : : ; N/xi  Rd} be a signal 

with N data that must be clustered in C classes , ix
is feature data; there is an iterative 

objective function( mJ
) that must be minimized in the optimization algorithm of FCM 

[13]: 

2

1

c N
m

m ki i k

k l i

J u x v
 

   (11) 

And: 

1

1
c

ki

k

u


            i   

0 1kiu            ,k i  

1

0
N

ki

i

u


             k  

(12) 

Here uki is the membership of xi in the kth cluster, uk is the kth class center, k  k is 

the Euclidean distance, m > 1 is a weighting exponent on each fuzzy membership. The 

parameter m controls the fuzziness of the resulting partition. The membership functions 

U and cluster centers V will be updated by the following expressions: 

2

1

1

1
ki

c m
i k

l i l

u

x v

x v







 
   



 

(13) 

And: 

1

1

N
m

k i

i

k m
m

ki

i

u x

v

u









 (14) 

By using (13) and (14) U and V would be updated through this iterative process. 
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5. Fuzzy Logic Based Fault Detection 

Fuzzy logic is widely used in electrical industries nowadays. The term “fuzzy” refers 

to the fact that the logic involved can deal with concepts that cannot be expressed as the 

“true” or “false” but rather as “partially true”. Although alternative approaches such as 

genetic algorithms and neural networks can perform just as well as fuzzy logic in many 

cases, fuzzy logic has the advantage that the solution to the problem can be cast in terms 

that human operators can understand, so that their experience can be used in the design 

of system. This makes it easier to mechanize tasks that are already successfully 

performed by humans. 

Fuzzy logic was first proposed by Lotfi A. Zadeh of the University of California at 

Berkeley in a 1965 paper. He elaborated on his ideas in a 1973 paper that introduced the 

concept of “linguistic variables”, which in this article equates to a variable defined as a 

fuzzy set. Other research followed, with the first industrial application, a 

cement kiln built in Denmark, coming on line in 1975. Fuzzy systems were initially 

implemented in Japan. Work on fuzzy systems is also proceeding in the United State 

and Europe, although on a less extensive scale than in Japan [15]. 

The input variables in a fuzzy system are in general mapped by sets of membership 

functions similar to this, known as “fuzzy sets”. The process of converting a crisp input 

value to a fuzzy value is called “fuzzification”. 

Making the decision is based on a set of rules: 

 All the rules that apply are invoked, using the membership functions and truth 

values obtained from the inputs, to determine the result of the rule. 

 This result in turn will be mapped into a membership function and truth value 

controlling the output variable. 

 These results are combined to give a specific (“crisp”) answer, the actual brake 

pressure, a procedure known as “defuzzification”. 

This combination of fuzzy operations and rule-based ”inference” describes a “fuzzy 

expert system”. 

In the Figure 3 the fuzzy system is showed. 

 

 

Figure 3. Fuzzy system 

In the fuzzy logic multivalued logic relates to objects with a degree of membership, in 

this method linguistic variable are used instead of numbers, it has some advantages like 

flexibility and tolerance to inexact data. In fuzzy logic the rule base defined based on 

experience of user [14].  In this paper the Gaussian membership functions is used which 
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had reasonable results output and the fuzzy rules was defined based on our knowledge 

from fault detection and motor condition.  

6. Simulation Results And Discussions 

In this paper PMSM is simulated with Matlab 7.6.0324 R2008a and with windows 7- 

64 bit, 2.6 GH CPU and 4 Gb RAM. Table 1 shows the studied PMSM parameters. 
 

Table 1. studied PMSM parameters 

parameters values 

Source voltage (line-RMS) 560 V 

Inductance of each healthy winding (L) 1.182 (mH) 

Mutual inductance between two healthy winding (M) 0.136 (mH) 

Resistance of each healthy winding (r) 0.016 (Ω) 

Rated speed 2500 (rpm) 

 

The PMSM is simulated in 35% fault with MATLAB. First the current of stator is 

simulated under the inter turn stator winding fault. The current is more available signal 

in PMSM therefore it is chosen first of analyzing in this paper. As can be seen in Figure 

4 there is some noises in the fault section that is occurred in t=2s.  

The second parameter that is analyzed is torque, because the inter turn fault effects on 

it like the effects in current as some noises. The Figure 5 shows the torque of motor that 

fault is occurred in t=2s. 

It is obvious that detection of fault is so difficult directly from these two signals. So 

discrete wavelet transform is used to denoising, feature extraction and better detection 

of fault and after it, fuzzy C-means clustering (FCM) is used to automatic fault 

diagnosis. 

+  

Figure 4. Current of PMSM under 35% fault 
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Figure 5. Torque of PMSM under 35% fault 

In Figure 6 current is showed after DWT and FCM. 

 

Figure 6. Wavelet and FCM of current 

The first window is approximation of main signal of current and second and third 

windows are 1
st
 and 5

th
 details of the signal that is taken from DWT. The Haar wavelet 

is implemented. The 4
th

 window is the most important of them that shows output of the 

FCM of main signal, this window clearly shows that fault is discriminated 

automatically. There is 6 clusters in FCM, this clusters are chosen tentative and after 

testing 2, 3, 4 and 5 clusters there has been seen that was a good clustering for detecting 

and discriminating fault with wavelet and FCM. 
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In this 6 clusters in FCM, 2 of them are in fault and the other 4 are healthy. This is 

showed with different colors. The blue color is the border of fault from up and the 

yellow and green are from down too. The other data are in healthy condition. FCM 

discriminated all of the data truly. Figure 7 is showed the torque signal. 

 

Figure 7. Wavelet and FCM of torque 

As it mentioned for current, the first window is approximate of main signal and 

second and third windows are 1
st
 and 5

nd
 details of it, and last window is FCM of DWT 

of torque. As is obvious the dark blue is the border of fault and healthy from above and 

the green is from down.  

The main purpose of this paper is intelligent fault detection, and this is here, with 

fuzzy logic provides an intelligent system and also showed amount of fault. The input of 

fuzzy logic system is from output of FCM. With the two inputs of current and torque the 

fault detection system is designed. The Figure 8 shows the membership functions of 

input from current. 

This is directly driven from output of FCM, it can be seen that it helped to reach to 

MFs truly. There were 6 clusters so there are 6 membership functions for input. The 

MFs are Gaussian because FCM has fuzzy nature itself, so it can help to a more correct 

answer. 
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Figure 8. Membership functions of 1
st
 input =current 

The Figure 9 shows input MFs of torque. These MFs are like before. There were 6 

clusters so it has 6 MFs. 

 

Figure 9. Membership functions of second input=torque 

Output MFs of system are designed as it is in Figure 10. 
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Figure 10. Output MFs 

There are 3 stages for output: normal, fault and high fault. In this fuzzy system, the 

output range between -1 to about -0.5 means the motor is normal, and -0.5 to 0.5 means 

fault and more than 0.5 means motor has high fault. The fuzzy system is showed in 

Figure 11. 

 

 

Figure 11. Fuzzy logic system 
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Table 2. rules of fuzzy logic  

IF Current is MF1 AND Torque is MF1 THEN Output is high fault 

IF Current is MF2 AND Torque is MF1 THEN Output is fault 

IF Current is MF3 AND Torque is MF1 THEN Output is fault 

IF Current is MF4 AND Torque is MF1 THEN Output is fault 

IF Current is MF5 AND Torque is MF1 THEN Output is fault 

IF Current is MF6 AND Torque is MF1 THEN Output is high fault 

IF Current is MF1 AND Torque is MF2 THEN Output is high fault 

IF Current is MF2 AND Torque is MF2 THEN Output is normal 

IF Current is MF3 AND Torque is MF2 THEN Output is normal 

IF Current is MF4 AND Torque is MF2 THEN Output is normal 

IF Current is MF5 AND Torque is MF2 THEN Output is normal 

IF Current is MF6 AND Torque is MF2 THEN Output is fault 

IF Current is MF1 AND Torque is MF3 THEN Output is fault 

IF Current is MF2 AND Torque is MF3 THEN Output is normal 

IF Current is MF3 AND Torque is MF3 THEN Output is normal 

IF Current is MF4 AND Torque is MF3 THEN Output is normal 

IF Current is MF5 AND Torque is MF3 THEN Output is normal 

IF Current is MF6 AND Torque is MF3 THEN Output is fault 

IF Current is MF1 AND Torque is MF4 THEN Output is fault 

IF Current is MF2 AND Torque is MF4 THEN Output is normal 

IF Current is MF3 AND Torque is MF4 THEN Output is normal 

IF Current is MF4 AND Torque is MF4 THEN Output is normal 

IF Current is MF5 AND Torque is MF4 THEN Output is normal 

IF Current is MF6 AND Torque is MF4 THEN Output is fault 

IF Current is MF1 AND Torque is MF5 THEN Output is fault 

IF Current is MF2 AND Torque is MF5 THEN Output is normal 

IF Current is MF3 AND Torque is MF5 THEN Output is normal 

IF Current is MF4 AND Torque is MF5 THEN Output is normal 

IF Current is MF5 AND Torque is MF5 THEN Output is normal 

IF Current is MF6 AND Torque is MF5 THEN Output is fault 

IF Current is MF1 AND Torque is MF6 THEN Output is high fault 

IF Current is MF2 AND Torque is MF6 THEN Output is fault 

IF Current is MF3 AND Torque is MF6 THEN Output is fault 

IF Current is MF4 AND Torque is MF6 THEN Output is fault 

IF Current is MF5 AND Torque is MF6 THEN Output is fault 

IF Current is MF6 AND Torque is MF6 THEN Output is high fault 

And finally surface of output of fuzzy logic system that shows whole situations 

available is showed in Figure 12. In this Figureure the blue zone shows that PMSM is in 

normal situation and the green shows there is fault in it, and the red color shows that 

motor is bad damaged. Actually this Figureure describes the output of fuzzy logic 

system designed, based on some qualitative relations. 
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Figure 12. Surface view 

The fuzzy system is tested too; Figureure (13) has been showed this. 

 

Figureure13. output of fuzzy system for 30% fault 

This fuzzy system is tested for a 30% fault PMSM that has two part: healthy and 

faulty. The healthy part is less than -0.5, according to fuzzy output MFs, the fuzzy 

inference system works absolutely true. The faulty part is about 0.15 that shows fault 

condition correctly. 

This paper introduced a new method for inter turn fault detection of PMSM in two 

parts: 

Part 1 is detecting fault by combination of wavelet transform and FCM, the idea is 

detecting fault using unsupervised fuzzy clustering, so after calculating wavelet 

transform of input signals FCM implemented and detected the fault in its some clusters 

correctly. This is a new method that has both fuzzy and wavelet advantages, like 

robustness in fuzzy and denoising in wavelet. 

In part 2 a fuzzy logic system is designed with a new formula. All of the fuzzy logic 

systems are based on experience and knowledge of user from the system, in this paper 

the input MFs are come from output of combination of wavelet and FCM, so there is the 
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minimum error around output. In this paper a new approach of fault detection is 

introduced by improving effectiveness and reliability of fuzzy logic system.  

7. Conclusion 

Permanent magnet synchronous machines (PMSM) are common in use in modern 

industries; it seems that detecting its fault is very important. The electrical faults in 

PMSMs are so harmful, one of the most important electrical faults is inter turn stator 

winding fault. This paper introduced an intelligent fault detection system based on fuzzy 

logic theory. The model of PMSM is simulated in MATLAB and the current signal of 

stator in fault condition is extracted and analyzed then with calculating wavelet 

transform of this signal the features are extracted, and after it with a fuzzy unsupervised 

clustering method (FCM) the fault is discriminated and detected. For better checking 

and evaluation of fault the torque signal is analyzing too. Finally with this two signals 

as inputs the fault detection system is designed based on fuzzy logic, this system has 

been alarmed the fault and has been showed the intensity of fault in PMSM. 

Wavelet transform that is implemented in this paper have some remarkable 

advantages: 

The main advantage is localization in both time and frequency domain. The other is 

that it is computationally fast, so there is frugality in time and software. Also wavelet 

transform separated the fine details using Haar wavelet and it has better analyze than the 

other signal processing techniques like Fourier transform in fault detection.   

The other innovation of this paper is using output of fuzzy clustering for fuzzy 

system. In all fuzzy systems the inputs are defined by experience of user and there 

might be some error, but in this paper the input MFs are directly from FCM, this 

automatic MF designing is more efficient. 

Fuzzy logic system implemented is the most important distinction of this paper that 

has flexibility and tolerance to inexact data, so has more efficiency in noisy condition 

than the other fault detection systems. 
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