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ABSTRACT 

The domain of fault detection and diagnosis is intensely occupied with numerous research studies. The fault 

diagnosis community has witnessed development of diagnostic techniques from traditional machine theory and model 

based techniques to recent artificial intelligence (AI) techniques. The traditional techniques were found engraved with 

handicaps of ambiguities and limitations in detection and diagnosis in case of multiplicity of faults. To overcome the 

observed limitations the analog/digital signal spectrum analysis using soft computing techniques gained momentum and 

prominence. They secured the focus of researchers because of their enhanced level of accuracy as compared to 

traditional techniques. The soft computing based techniques stepped through frequency domain, time-frequency domain, 

and higher order spectral analysis to recent artificial intelligence (AI) techniques like fuzzy logic, artificial neural 

network (ANN), and genetic algorithm (GA). The tools employed in these techniques vary from the use of sensors to 

steady state spectral components of the electrical and mechanical quantities. This paper presents a brief analysis of the 

state of art in this domain. The cited contributions were published in most relevant journals and specific conferences. It 

is expected that this manuscript pinpoints the latest trend and limitations observed in this regard. 
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I. INTRODUCTION 

Induction motors (IMs) are regarded as the workhorses of the industry. Condition monitoring and system 

diagnosis of these extremely useful energy conversion devices and their widespread use in numerous applications 

has lead to the spurt in research activity in industry as well as academia. It has motivated significant research 

efforts being witnessed today, which is proven by the increasing number of recent papers in this area. Due to the 

incorporation of induction motors in vast number of industrial processes and applications, detection and diagnosis 

of faults occurring in them has experienced spectacular dynamism. Moreover, these motors are often critical in 

those processes in which they operate. Eventually, their failure may lead to severe economic repercussions as well 

as intangible costs. Although, there are notable review papers in this concern [1]-[3], the aforementioned dynamism 

has resulted in to the publications of latest new contributions of unquestionable focus in this domain. These issues 

have motivated the authors of this paper to present the state-of-the art to blend the latest trend and advances in fault 

detection and diagnosis of IMs. 

Considering the large number of published contributions, this paper has been structured in to five sections. 
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In section II, various types of faults occurring in IMs, their brief discussion, and the fundamental causes of growing and 

propagation of faults are reviewed. Section III, covers a comprehensive write-up on bearing and rotor related faults 

whereas section IV presents the stator faults diagnosis and a brief comparison of some notable techniques. Finally, the 

concluding observations end this paper. 

II. INDUCTION MOTOR FAULTS 

As per the survey on motors conducted by motor reliability working group [4] most faults occur due to bearings 

and stator winding as shown in Figure 1.  

 

Figure 1: Break-up of Induction Motor Incipient Faults 

As shown in Figure 2, in an inter-turn fault turns of stator coil are short circuited. The magnitude of the circulating 

current in the short circuited path is twice that of blocked rotor current. It causes localized hot spots and propagates into 

larger section of the stator winding which may subsequently be found in the form of coil-to-coil, line-to-line or line-to-

ground faults which are more serious and can damage the motor. 

 

Figure 2: Stator Winding Failure Modes 

Vibrations and noise due to air gap eccentricity; Cracking of rotor bars; melting of end rings; and misalignment of 

shaft, are most frequently observed in induction motors. Defects in brazing process, heavy end rings, and thermal stresses 

on rotor bars restricting its longitudinal movement in occupied slots are the main reasons of rotor faults.   

A number of fault detection techniques are used for preventing the industrial motor system falling into a 

catastrophic failure mode. These techniques can be summarized as - signals based, model based, machine theory based, and 

simulation based [5]. The process of fault detection and diagnosis usually consists of four phases, data acquisition; feature 

extraction; trend analysis; and decision making. Incipient fault detection tools and techniques are continuously 

experiencing changes not only in their implementation modes but cost effectiveness as well. This review encompasses a 

number of research studies published/accepted up till the date of submission of this manuscript. However, a lot of 

omissions were done when no substantial difference in detection techniques were observed in one or more papers. We 
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apologize if an important method or substantial improvement was left out unintentionally. This manuscript steps through a 

wide variety of methods with a brief discussion of each. As revealed by Figure 1, almost 90% of induction motor faults are 

contributed by bearing, rotor and stator related faults. Hence, for structuring this paper these faults i.e. bearing, rotor and 

stator related faults are independently dealt in following sections.  

III. BEARING AND ROTOR FAULTS 

Recent trend reveals that signal based techniques have been extensively used detection and diagnosis of bearing 

faults. In Frequency domain signal analysis, frequency components and their amplitudes are used for detecting incipient 

bearing faults. A number of studies have employed Fast Fourier Transform (FFT) for detection and diagnosis of bearing 

faults. The FFT of signal is analyzed, which shows peaks and harmonics in the vibration signal spectra at the bearing 

defect frequency in the event of a fault. These peaks show a marked increase as the severity of the fault increases. When 

there are a large number of frequency components in the signal spectrum and the signal to noise ratio is low, it becomes 

difficult to distinguish between the faults and the noise components. This therefore, becomes a drawback. Envelope 

analysis, also known as high frequency resonance technique has been used to overcome this problem which has been 

studied in [6]. It is based on the concept that every time the raceway is hit by a localized defect; an impulsive force gets 

generated exciting the resonance of the mechanical system between the point of impact and the point of measurement. This 

method helps in getting the amplitude modulation of the resonance which lets the location and detection of the defect to be 

known. A technique of signature analysis of the terminal voltage, immediately after switch-off to diagnose broken rotor 

bars, was introduced in [7]. It concluded that the voltage unbalance of the source does not influence the result compared to 

online techniques using current signature analysis since the supply is off. A high resolution frequency estimation method 

for three phase induction machine bearing fault detection was presented in [8].  

Time-Frequency Domain Analysis uses both time and frequency domain information to detect the transient 

features such as impact. There are a number of time-frequency domain techniques such as Short Time Frequency 

Transform (STFT), the Wigner-Ville Distribution (WVD) and the Wavelet Transform (WT). In cases where the signal to 

noise ratio is low and there is a presence of a lot of frequency components, these time-frequency domain techniques prove 

to be useful in detection of faults. Development of sensor fusion technique gives a probabilistic approach to problems like 

bearing outer race failure and faults due to stator voltage imbalances in induction motors. The method extends the             

D-Markov process to combine the information from both electrical and mechanical sensors. The vibration data that is 

obtained is analyzed using Continuous Wavelet Transform (CWT). For most of the wavelet transform, analysis can be 

done only mathematically and hence it poses a limitation.  This makes it necessary to use Discrete Wavelet Transform 

(DWT). But the use of DWT for analysis makes the signal no longer shift-invariant, which means that the time shifted 

version and the wavelet transform of the same signal are not shifted versions of each other. In [9], Multi-Resolution 

Analysis (MRA) using wavelet technique has been used to identify degradation of the bearing, where an increase in the 

characteristic frequencies can be captured when the bearing undergoes degradation.  

Higher order spectra analysis which describes the degree of correlation among different frequencies present in the 

signal can also be used for bearing fault detection. One of the novel and effective digital signal processing (DSP) tools used 

for feature extraction of the machine performance characteristic signals is the HOS.  

A comparison of signal processing based techniques for detection of broken rotor bars and bearing deterioration in 
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induction motors was presented in [10]. Features of those techniques relevant to fault detection were also presented. Those 

features were then analyzed and compared to realize wavelet as the most appropriate technique for induction motor rotor 

fault detection. A new technique exploring pendulous oscillation property for induction machine broken rotor bar fault 

diagnosis using the rotor magnetic field space vector orientation has been implemented in [11].  Study proposed in [12] 

dealt with induction machine condition monitoring using higher order spectra. The method could detect the type and 

magnitude of fault unambiguously. 

The artificial intelligence (AI) is the study of system conditions through the use of computational models. The AI 

tools are of great practical significance in engineering to solve various complex problems, which require human 

intelligence. Recently, significant efforts have been made on the use of artificial intelligence tools to develop condition 

monitoring and faults diagnostic techniques for electric machines. A three-layer feed forward neural network for condition 

monitoring of induction motors in real time has been implemented in [13] using 35 training and 70 testing data patterns set. 

The motor bearing faults are investigated at constant load torque. The stator currents and rotor speed are used as inputs 

during the off-line training of the network. The network is implemented in real time using a digital signal processor board. 

The network showed satisfactory performances with higher number of hidden nodes. However, the technique is not quite 

accurate due to the dynamic nature of machine parameters. In addition, it requires large number of training data set in order 

to cover all the operating conditions including the faulted and un-faulted conditions of the motor. Lasurt et al. in [14] have 

implemented a fuzzy logic based condition monitoring and faults diagnostic technique for induction motors. The proposed 

technique implemented the higher order spectral (HOS) analysis of the machine vibration signal. The fuzzy logic 

procedures are then applied to the HOS signatures in order to enable diagnosis of a machine fault. The major drawback of 

conventional artificial neural network (ANN) fault detection is the inherent black box approach that can provide the correct 

solution, but does not provide heuristic interpretation of the solution. The above problem was overcome in [15] using a 

neural network structured upon fuzzy logic principles. The fuzzy membership function module provided the qualitative 

heuristic knowledge of the motor current and rotor speed. However, to accomplish the objective with more accurate results, 

in addition to stator current and rotor speed, three more easily measurable parameters; winding temperature, bearing 

temperature, and noise of motor (dB) were considered in [16].  The inferences about insulation level and bearing condition 

were drawn on the strength of 108 training and 36 testing data patterns. In [17], adaptive neural fuzzy inference system is 

applied for same type of fault detection. A comparative analysis of incipient fault detection techniques like ANN, fuzzy 

inference system (FIS) and ANFIS with five input parameters; was presented in [18]. It was concluded that an ANFIS 

based detector provided the highest accuracy in prediction of bearing condition. 

Despite various techniques mentioned above for the signal based monitoring and fault detection of induction 

motors, the domain of fault diagnosis is still being thronged with ambitious studies.  

In an attempt to eliminate the ambiguities associated with multiple fault conditions, a successful classification of 

induction motor fault conditions, viz., broken rotor bars, unbalanced voltages, stator winding faults, and eccentricity 

problems, has been presented in [19] using hybrid fuzzy min-max (FMM) neural network and classification and regression 

tree (CART), based on FFT. The hybrid model known as FMM-CART was able to reach to accuracy level of 98.25% but 

implementable only for off-line situations. Hilbert Modulus Current Space Vector (HMCSV) and Hilbert phase current 

space vector (HPCSV) failure signatures were applied on a 1.1 kW induction motor for its effectiveness in detecting 

broken rotor bars, air-gap eccentricity and ball bearing defect [20]. These two signatures are subsequently analyzed using 
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the classical FFT, offered an easy interpretation on condition monitoring and seemed to be promising for industrial 

equipments due to its non-invasiveness.  

A comparative study for detection of broken rotor bar using zoom-FFT and zero crossing time (ZCT) is presented 

in [21]. It was observed that ZCT entailed better performance than zoom-FFT for low load and low current. But,                 

zoom-FFT being easily implementable was preferable for embedded systems. Detecting unbalanced voltage fault in three 

phase traction motors using Artificial Neural Network (ANN), was presented in [22]. Proposed method was independent 

from load state and fault percentage; which meant ANN was able to detect fault and load condition. 

An artificial ant clustering technique to detect broken rotor bars and bearing failures at different load levels was 

implemented in [23] on a 5.5 kW squirrel cage IM. 

Characterization and classification of the harmonics present in a healthy cage rotor induction motor spectrum as a 

starting point for diagnosis was presented in [24]. The traditional Hilbert method to detect broken rotor bar faults was 

reviewed in [25]. The drawbacks associated with it were removed using estimation of signal parameters via rotational 

invariance technique (ESPRIT). Influences of the broken rotor bar faults on electromagnetic characteristics of the IM, was 

presented in [26]. Monitoring of electromagnetic torque was also suggested.   

Eccentricity related faults are very common in induction motors. Traditional diagnostic methods cannot offer 

reliable results for principal slot harmonics (PSH) in induction motors. Also most of the works are focused upon dynamic 

and mixed eccentricities. In [27], a specific time frequency decomposition tool, the Zhao-Atlas-Marks distribution was 

proposed. Results proved the ability of the approach to complement the information obtained from the current analysis.  

A new technique based on a recent enhancement on wavelets known as complex wavelet (CW) was proposed for 

identifying multiple faults in vector controlled induction motor drives [28]. In this study; radial, axial and tangential 

vibrations were analyzed for diagnostic purpose. A novel non-intrusive approach for detecting outer-race bearing defects 

using stator current signal, was developed in [29]. In this study, the empirical mode decomposition (EMD) technique was 

applied for extracting intrinsic mode functions (IMFs), which were applied on wigner-ville distribution (WVD).               

The experimental results showed that stator current based monitoring yielded a high degree of accuracy. 

Detection and diagnosis of broken rotor bars is associated with no practical solution to the air duct-induced false 

indications regarded as the on-going problem in the field. The experimental attempt carried on a 6.6 kV motor [30], 

showed that the magnitude of the 2���  component due to axial ducts depend on the design, material, construction, and 

operating conditions of the motor. It is also shown that the 2���	 component can even decrease with broken bars.  

Core vibrations in the axial direction were investigated in [31] to overcome the limitations of the classical 

techniques using time-frequency analysis. In [32], a distinctive method combining WT and ANN for detection of short 

circuits in stator winding and faulty bearing in induction motor, under different load level, has been presented. When 

multiple faults exist in a machine, vibration and current are excited by several fault related frequencies combined with each 

other, linearly or non-linearly. 

More recently, methods based on external magnetic field analysis have been developed as their advantage lie in 

the aspect of non-invasive measurement and simplicity of implementation. The magnetic field existing outside the 

electrical machines is an inherent phenomenon in the functioning of these machines. A new method based on the coupled 
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magnetic circuit theory, has been presented in [33]. The MCSA model developed gave the spectrum analysis which was 

useful for diagnosing stator, rotor, and mixed faults. The drawback observed was that though this model gave more 

information but required more calculation time due to large number of equations required for simulation. Diagnosis of 

bearing faults involves decomposition of specific frequency components appearing in the current signal as a result of air-

gap variations produced by an incipient bearing fault. However, the considerably low magnitude levels at which these 

components are exhibited would make challenging the detection of bearing fault using the conventional current signature 

analysis techniques. An alternative technique based on spectral analysis of complex current signals was therefore proposed 

in order to improve fault detection. The validity of the findings of this work was confirmed by analysis of measured data 

obtained on a 30 kW commercial machine test rig that could be configured to introduce a range of different bearing fault 

severities [34]. In [35], a novel vibration analysis technique at twice line frequency component as a diagnostic tool was 

proposed. The presentation emphasized that the most important forcing functions exciting the vibration at twice line 

frequency are radial magnetic forces produced by the fundamental rotating magnetic field and a torque pulsation due to 

asymmetrical voltage and current in the stator winding as a result of a supply voltage imbalance in the power line and/or 

internal faults in the motor electrical system.  

A radial basis function (RBF) neural network based on immune genetic algorithm (IGA) was applied in [36].              

The experiments showed that for motor fault diagnosis problem, the result of RBF neural network based on IGA are 

significantly better than direct result of RBF neural network. Good inner adaptability of ANN has warranted its extensive 

application in fault diagnosis systems. Among the various ANN, the back-propagation (BP) algorithm is one of the most 

important and widely used algorithms and has been successfully applied in many fields. However, the conventional BP 

algorithm suffers from a few shortcomings, such as slow convergence rate and easily sticking to a local minimum. Hence, 

improvisations on BP algorithm are the most sought. The paper [37] presented a new BP which was based on particle 

swarm optimization (PSO) algorithm for detecting rotor failures in cage motors. Authors in [38] adopted a distinct non-

linear model for detection of broken rotor bars problem using residual generators based in moving horizon estimator of the 

rotor resistance and the reconfiguration action where the failure events are detected by jumps in the estimated parameter 

values of the model. The machine used was 1.1kW, 220/380V, 50��, 1500 �	
 induction motor. Severity of fault and its 

diagnosis on five different defect levels was experimentally validated by authors in [39] using stator current analysis and 

programmable logic controllers (PLC). Experimental results showed that the adopted technique was more accurate, cost 

effective, safe, and provided continuous real time tracking of faults through visual indication. There are cases when 

tolerable motor operating conditions generate current signatures similar to those with broken rotor bars. These cases may 

present security concerns when the detection element is set to trip the motor and send alarms. This problem was eliminated 

by proposing the technique of zero setting protection elements in [40], which uses the current signature method. 

IV. STATOR WINDING FAULTS 

Although deterioration process of the stator winding insulation is caused by a combination of various stresses 

acting on the stator, usually inter-turn fault incepts an insulation failure between two windings in the same stator winding 

phase. 

There is no experimental data to indicate the time delay between inter-turn and ground wall insulation failure. It is 

possible that the transition between the two states is not instantaneous. Hence, detecting inter-turn fault at an incipient 

stage would eliminate damages and decrease maintenance cost and motor break-down time span. Therefore, for the 
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purpose of detecting such fault related signals, many diagnostic methods have been developed so far. It is rather difficult to 

profile all such techniques/methods in this paper. Hence, it is thought worthwhile to present here the core techniques along 

with their independent methodologies in tabular form. It is expected that the tabular profile presented here will efficiently 

put forth the brevity of concepts underlying each core technique. However, only those papers have been included which 

have established pioneering concepts or yielded the wanted citation. 

Table 1: Comparison of Techniques for Detection and Diagnosis of Stator Inter-Turn Faults 

S.

N. 

Core 

Technique 

Methodology 

Implemented 

Issues Dealt for 

Detection of Faults 
Limitations/Salient Features 

Reference 

Number 

1. MCSA 

Stator current 

spectrum analysis 

of operating 

induction motors 

and direct torque 

control motors 

Third harmonic and 

rotor slot harmonic 

frequencies 

*In current spectra there is reflection of 

saturation of magnetic material and 

unbalanced supply voltage 

*Static eccentricity condition gives rise to 

rotor slot harmonic component 

*Third harmonic in motor current leads to 

better precision as compared to traditional 

techniques 

41,42,43 

Stator current at 

terminal voltages of 

machine just after 

switching off 

Shortened stator turns to 

act as a search coil to 

pickup rotor magneto 

motive force 

*Immune to supply voltage unbalance 

*But, it cannot provide continuous 

monitoring 

44 

Stator Power 

Analysis (SPA) 

Spectral component and 

AC component of power 

signal in all three phases 

*Can detect inter-turn fault severity greater 

than 5%. But, ambiguous for low intensity 

fault severity 

45,46 

Phase shift 

Phase shift between 

stator line current and 

phase voltage 

*There isn’t significant change of the values 

of phase voltage and line current due to 

supply voltage unbalance. 

 

47, 

48 

Park’s Vector 

Approach (PVA) & 

Extended Park’s 

Vector (EPVA) 

Two dimensional 

representation is a 

circular locus centered 

at the origin of 

coordinates in healthy 

condition which varies 

to an elliptical pattern in 

faulty case 

*Degree of ellipticity and major axes 

orientation of the pattern determine the fault 

severity and the faulty phase 

*Since this method is insistent in supply 

voltage unbalances, it can be used in PWM 

fed induction motors. 

49 

2. 
Sequence 

Component 

Current/voltage 

sequence 

components 

Ratio of difference 

between positive 

sequence current 

under healthy and 

faulty condition to 

the positive 

sequence current 

under healthy 

condition 

Positive and negative 

sequence current used as 

an indicator. It varies in 

the event of stator 

winding asymmetries 

Voltage negative and 

positive sequence 

components 

*Detect inter-turn faults accurately 

*Affected by the asymmetries li9ke 

unbalance supply voltage and machine 

saturation. 

*Negative and positive sequence voltage 

determines stator winding deterioration 

*Voltage negative sequence is more 

prominent indicator of turn fault as 

compared to current negative sequence 

component 

50 

Negative sequence 

impedance 

Off-diagonal terms of 

the sequence component 

impedance matrix are 

used as inter-turn fault 

detecting signatures 

Variation of Znp 

*Fairly good results in detecting inter-turn 

faults 

*Also immune to supply voltage unbalance 

51 

High frequency 

signal injection 

Minimizing the 

influence on machine’s 

operation 

*Useful for inverter fed AC machines 52 

Zero Sequence 

Voltage 

Zero sequence 

parameter 

*Immune to supply or load unbalances 

*Neutral of the machine is needed in this 

method which is not accessible mostly 

53 
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Table 1: Contd., 

3. 
Vibration 

Monitoring 

Electrically excited 

vibrations 

The current and 

vibration signal 

spectrum relationship is 

determined using 

coherent analysis 

*Useful for characteristics of insulation and 

stato current imbalances 
54 

4. 
Air-gap 

Torque 

Air-gap torque 

frequency 

components 

Non-zero angular 

frequency of the torque 

*Non-zero angular frequency of the torque 

shows the faulty situation of the induction 

motor 

55 

5. 

Temperatur

e 

Monitoring 

Thermal model 

based approach 

Temperature estimation 

techniques based on 

solving different orders 

of lumped circuit 

composed of heat 

resistance, heat 

capacitance and power 

loss 

*A non-intrusive technique which does not 

require installation of temperature sensors.  

*although solving this circuit is easy, 

specifying thermal parameters are too 

difficult; and they cannot adapt to change in 

cooling conditions 

56, 57 

Parameter based 

approaches 

Estimation of stator 

winding temperature 

according to the 

variation of the stator 

resistance 

*Stator resistance is not affected by running 

condition and cooling mode 

*Stator resistance can be determined by 

induction motor modeling, neural network 

and signal injection methods 

*Frequency and saturation which affects the 

resistance, are not considered in this method 

It cannot determine the specific faulty phase 

57, 58, 59 

Finite Element 

Method (FEM) 

Thermal behavior of the 

motor according to 

specified losses and 

heat transfer properties 

*Solving coupled non-linear differential 

equations is time consuming 

*Cannot be used online monitoring 

60 

6. 
Artificial 

Intelligence 

Expert system, 

fuzzy, genetic 

algorithm 

Neuro-fuzzy system 

with motor current and 

voltages as input 

Park Vector extracted 

patterns 

Negative sequence 

equivalent circuit 

*Advantageous as compared to traditional 

techniques 

*No need of detailed model of faulty system 

and just requiring a priori knowledge for 

implantingthe diagnosis tool. 

*Helpful for automation of the diagnostic 

system.  

61, 62, 63 

7. 

Axial 

leakage flux 

and Radial 

flux 

Frequency 

component of 

leakage flux using a 

separate coil internal 

or external to the 

machine 

Radial flux sensing 

observer coil placed 

along with stator 

coils 

Harmonic analysis 

comparing the healthy 

and faulty conditions 

*Works properly in presenting harmonics 

*Leakage flux measured from the search 

coils provides simplicity in detection of 

faults 

*Axial leakage flux technique depends upon 

installation of search coils which cannot be 

extensively used in industries. 

*Recently developed observer coil 

technique though intrusive is extremely 

simplified from installation point of view. 

64, 65 

 

The modern trends discussed above through a number of recent research papers, reveal that the incipient fault 

detection and diagnostic techniques are quite mature now.  However, a couple of limitations are also observed. Hence, 

following trends are identified for future course of developments. 

• Research trends show that two or more integrated AI techniques will have a greater role in motor diagnostic 

system to account for higher level of accuracy and classification of faults. 

• The inherent asymmetry in the magnetic circuit of the motors leads to leakage flux. A comprehensive technique, 

which must be user friendly as well as cost effective, to measure the varying asymmetry, is the instant need. 

CONCLUSIONS 

A comprehensive citation of a number of recent studies has been presented in present review. Also, application of 
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two or more methods integrated together with major role of AI and CWT techniques, for enhancing the accuracy of 

detection and classification has also been discussed. Two recommendations for future research studies have also been put 

up. The in-depth review of latest trend has led to conclusion that the incipient fault detection and diagnostic techniques 

employed in case of low voltage induction motors apart from being a very few, are not only costly but required high level 

of technical expertise as well. Design and development of an online economic and user-friendly detection and diagnostic 

method therefore, has been undisputedly emerged as the immediate industry need which should be explored extensively in 

futuristic researches. 
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