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ABSTRACT: The use of efficient signal processing tools (SPTs) to extract proper indices for fault 
detection in induction motors (IMs) is the essential part of any fault recognition procedure.  In the 
first part of the present paper, we focus on Fourier-based techniques, including fast Fourier transform 
and short time Fourier transform. In this paper, all utilized SPTs which have been employed for 
fault detection in IMs are analyzed in detail. Then, their competency and their drawbacks to extract 
indices in transient and steady state modes are criticized from different aspects. Different kinds of 
faults, namely, eccentricity, broken bar, and bearing faults as the major internal faults in IMs, are 
investigated.    
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1- Introduction
Ever-increasing application of induction motors (IMs) 
in different industries and importance of eliminating 
its uninterrupted operation in production lines make it 
necessary to diagnose internal faults in these motors 
quickly and precisely. Electrical, mechanical, magnetic, 
and thermal stresses caused by improper operation of the 
machines are the main reasons for the occurrence of these 
internal faults.
With the development of powerful microprocessors, signal 
processing tools (SPTs) became an integral part of every fault 
diagnosis system and contributed to the more reliable condition 
monitoring schemes. A plethora of SPTs has been proposed 
in the literature for diagnostic purposes. Generally, SPTs can 
be categorized into two main branches, namely stationary 
and non-stationary. When a machine pursues a stable regime, 
called stationary conditions, Fourier transform can be used as 
a powerful tool for the decomposition of faulty signals and 
tracking fault components.  On the other hand, under non-
stationary conditions, in which most of the machine signals are 
not periodic, time-frequency methods should be used for this 
purpose in order to track fault harmonics over the time.
In this paper, as the first part of a review, Fourier transform 
and its extended version for non-stationary conditions, 
called short-time Fourier transform, are investigated. The 
application of these tools for the diagnosis of different 
internal faults of IMs is studied. Furthermore,  the impact 
of external factors such as load variations and drive 
systems are studied. A similar approach will be followed 
for the other types of SPTs in the second part.

2- Internal Faults in Induction Machines
The internal faults in induction motors consist of electrical and 
mechanical faults. Electrical faults occur in the stator and rotor. 
Stator faults include a short circuit in stator windings. This 
short circuit may happen between two turns, two windings, one 
phase of winding and earth or two phases of one winding. It is 
noted that one fault may result in other faults. Fig. 1 shows the 
relationship between different stator internal faults. Diagnosing 
and predicting the stator faults are simpler than other internal 
faults of the motor. The reasons are: 1) these faults are strong 
at initial stages and exhibit more clear effects and signs, and 
2) the stator is more accessible compared to other parts of the 
machine. Electrical faults of the squirrel-cage rotor of induction 
motor consist of bars and end-rings breakage, which are about 
10% of the internal faults of squirrel-cage induction machine 
[1-2]. The reasons for such faults are as follows:

1. thermal stresses due to over-load and asymmetrical 
dissipation of heat and generation of the hot spot,
2. magnetic stresses arising from electromagnetic forces,
3. stresses due to assembling process,
4. stresses due to centrifugal forces arising from shaft torque,
5. mechanical stresses due to the mechanical fatigue of 
different parts, bearing damage, etc.

Some impacts of the broken bars on induction motor are as 
follows:

1. the presence of the 3rd harmonic magnetic flux density 
in the air gap [3,4],
2. the increasing of core losses and total losses in faulty 
machine [3–5],
3. asymmetrical vector diagram of rotor current, this 
should be fully symmetrical in a healthy motor [3],
4. the reduction of leakage reactance and effective 
resistance of the bars adjacent to the broken bar [3].
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Broken bars and end ring faults have been studied more 
than other types of internal faults in the induction motor. 
In addition to these electrical faults in the squirrel-cage 
rotor, some faults similar to the stator winding may occur 
in the squirrel-cage rotor. The mechanical faults, including 
bearing and eccentricity faults, are those faults that occur in 
the mechanical parts of the motors.. Statistics show that 80% 
of faults in motors are because of the eccentricity [1-6]. This 
fault may occur due to the stator oval structure, assembling 
problems of motor [7-8], operation of the motor at critical 
speed [9], and mechanical resonance at the critical load [8]. 
There is static, dynamic, and mixed eccentricity as shown 
in Fig. 2. Being incautious to this fault and neglecting its 
on-time diagnosis can seriously cause damages to the motor, 
that they are the rubbing and the abrasion of the rotor to 
stator. That is why great attention has been paid to this fault 
in the last two decades [7, 10]. There is an inherent static 
eccentricity in the motor. This causes a stable asymmetry 
in the magnetic pulling of the motor, bending the shaft, 
weakening the bearings, and finally leading to a dynamic 
eccentricity [7, 11]. Motors may also have an inherent 
dynamic eccentricity [10]. Eccentricity creates a magnetic 
pull that leads to the separation of the stator and rotor 
axes. This magnetic pull is constant and unidirectional for 
static eccentricity and rotates with a field for the dynamic 
eccentricity. The magnetic force leads to the stress on the 
stator windings [9]. Since eccentricity fault and load current 
effects on the current spectrum are similar, it is difficult to 
diagnose this fault [12]. To detect this fault, variations in the 
frequency spectrum of different signals, including current 

waveforms, are used. 
One of the mechanical faults of the motor which involves 
41% of the internal faults of the induction motor is 
the bearing fault [13]. This fault does not generate an 
instantaneous problem in the motor and gradually affects 
it. Also, this fault increases friction losses and decreases the 
efficiency [14]. Fig. 3 shows the structure of the healthy 
bearing. The bearing fault may occur by the current passing 
through the bearing and this causes wrinkle of the external 
body of the bearing and rises noise and vibration levels 
[15]. The bearing faults can be categorized into two general 
groups, as shown in Fig. 4 [13] or four groups [14, 16, 17]. 
The bearing fault generates two types of linear and radial 
movements of stator and rotor which can be used for the 
detection of this fault. The important point about internal 
faults of the motor is that the most internal faults finally 
lead to mechanical faults [1]. Fig. 5 shows a general view of 
different faults in an induction motor [18]. The faulty motor 
is studied using experimental or modeling and simulation 
methods. Magnetic equivalent circuit (MEC) is one of the 
motor modeling techniques in which MEC is applied to all 
components of the motor. This model shows the passing 
flux path. In this model, a numerical magnetic potential is 
defined for every node. The current passing each permeance 
indicates the flux of that element. Fig. 6 shows a portion of 
a typical 2-D MEC for an induction motor[1]. 
Another method is finite difference (FD) method in which 
the resulting differential equations are transformed into the 
difference ones. One of the major methods in modeling a 
faulty motor is the winding function (WF) [19]. This method 
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Fig. 1. Relation between various internal faults of stator [1]

Fig. 2. Different types of eccentricity faults, (a) Healthy motor, (b) Static eccentricity, (c) Dynamic eccentricity.
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calculates the inductances of the motor, taking into account the 
spatial harmonics due to the winding distribution. Then, using 
dynamic equations, the currents can be calculated. Given the 
current and inductance, electromagnetic torque is computed 
and replaced in the mechanical equations of the motor. Two 
major assumptions in the application of this method include 
neglecting mmf drop of the iron and radial air gap field [12]. 
The drawbacks of WFM are that this model cannot model 
saturation versus time averaging permeance, slot effect upon 
air gap permeance; therefore, FEM is preferable. Fig. 7 shows 
the rotor cross-section. FEM gives the magnetic field pattern 
of the motor using its geometry and magnetic parameters. 
Other parameters of the magnetic field such as air gap flux 
density can be calculated with the knowledge of the magnetic 
field distribution. FEM is more precise compared to other 
methods but it is a time-consuming technique [1]. 
Following the analysis of faulty motor by test or modeling, a 
proper signal must be selected. The signals used in the fault 
diagnosis process, consist of mechanical and electrical signals. 
Mechanical signals are composed of torque, speed, motor 
body vibration and temperature. Electrical signals consist 
of stator voltage, stator current, and air gap flux density. For 
three reasons, the stator current signal is a suitable signal for 
the fault diagnosis. The first reason is the unique effect of the 
motor internal fault on this signal. The second is that there 
is no need to have a sensor for monitoring this signal. The 
third reason is that this method is economical. After testing or 
modeling the motor and selecting a proper signal, it must be 
processed and the effect of the proposed fault upon the signal 
is determined. This is the aim of application of different 
processors. The signal processing methods are based on the 
mathematical transformations. Fourier transform is a well-
known and powerful tool for the condition-monitoring of 
electrical machines, and an enormous number of researches 
are devoted to it. However, these conventional methods 
are only applicable to steady-state signals of the machines 
with a stable regime which is not common in the industry. 
In addition, other inherent transient signals of the machines 
such as  start-up currents and switch-off terminal voltages 
which may have useful information for the fault detection, 
cannot be investigated with classical tools. To solve this 
problem and reveal the underlying dynamics that  correspond 
to the signal, recently modern signal processing tools such 
as time-frequency transforms are required to deal with these 
non-stationary signals. Wavelet transform, Hilbert-Huang 
transform and multiple signal classification (Music) are of 
these methods which are used for this purpose. Recently, 
intelligent methods such as Genetic algorithm, Fuzzy logic, 
and Artificial Neural Networks have been applied to make 
the fault diagnosis decision more efficient [16, 20, 21]. It is 
impossible and unscientific to decisively determine one of 
the above-mentioned processing methods as the best method 
for all signals, different internal faults, and load conditions. 
With considering the fault type, the load conditions, and the 
proposed processor characteristics, a particular processor will 
be selected for each case. To choose an appropriate processor, 
different faults and operating conditions such as the load 
conditions are considered. Since harmonics caused by motor 
internal fault depend on the load condition and level, more 
emphasis is put on the load. Note that the above-mentioned 
harmonics are close to the fundamental harmonic under the 
light load; hence, the fault diagnosis will be difficult. 

Fig. 3. Structure of healthy bearing [14]

Fig. 4. Axial and radial movement caused by bearing fault [13]

Fig. 5. General view of different faults in induction motors [18]
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3- Fourier Transform

Spectral analysis of the faulty machines is a common tool 
for fault diagnosis. Fourier transform expresses signal as 
a sum of sinusoidal functions. This tool expresses a time-
domain signal in the frequency-domain using a linear 
transform. The aim of using this transform is to determine  
the frequency components arising from the faults which are 
not known a priori. The discrete version of this transform 
for the analysis of the digital signals called discrete Fourier 
transform (DFT) is time consuming with computational 
complexity of O(N2) for a signal with the length of N. 
Therefore, usually DFT is implemented by the fast Fourier 
transform (FFT) in order to increase the computation speed 
and, in this case, computational complexity will be reduced 
to O(NlogN). To obtain a high-frequency resolution and 
avoid spectral leakage, it is necessary to calculate the Fourier 
transform of signals read over a long time. In fault diagnosis 

applications, capturing signals over a long period of time will 
increase the risk of the influence of load and power supply 
on the signal. Also, it  is observed that rotor core anisotropy 
created during the rolling process will cause a false alarm in 
condition-monitoring systems and sensorless control drives. 
A comprehensive study of the influence of anisotropy on 
the rotor fault components can be found in [22]. In addition, 
these transforms are not applicable to cases in which signals 
are non-stationary. Therefore, an extended version of Fourier 
transform for non-stationary conditions, called Short Time 
Fourier Transform (STFT), is proposed. The major issue in 
this method is the determination of the length and the type of 
the window in which signals are assumed to be stationary and 
Fourier transform is applicable for. STFT is a fixed resolution 
method and the length of the window should be adjusted 
appropriately depending on the application [19].

3- 1- Rotor Bars and End Ring Breakage
For the rotor bars and end ring breakage fault diagnosis in the 
induction motor, Fourier-based techniques are used often used, 
and the frequency spectra of torque, speed, instantaneous power, 
body vibration, zero sequence currents, and stator current 
signals are obtained. Torque signal has been employed as a 
reference for the fault diagnosis in [4, 21, 23]. The harmonics 
2sfs are produced in the torque frequency spectrum used for 
the fault detection. Fig. 8 shows the frequency spectrum of a 
typical induction motor torque under the bars fault [24]. The 
influence of the location of the broken bar on the amplitude 
of the torque harmonics has been pointed out in [25]. Table 1 
presents this effect.

The amplitude of torque harmonics is increased by more 
concentration of the broken bars. Some references, e.g. 
[24], use the speed signal for the fault diagnosis, and, here, 
harmonics 2sfs of the frequency spectrum are again proposed. 
Fig. 9 exhibits the frequency spectrum of speed signal and 
its variations due to the broken bars [4]. Torque and speed 
signals depend on the external factors such as load. This fact 
makes fault diagnosis hard. 

Fig. 6. A typical 2D MEC of induction motor rotor [1]

Fig. 7. Rotor cross-section [1]

Fig. 8. Torque frequency spectrum: (a) healthy motor, (b) 
broken-bars motor [24].
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In most cases, these signals are considered complementary 
and confirmatory to the other methods. The influence of the 
load is arisen from torque fluctuations and appears in the form 
of harmonics in the frequency spectrum of line current whose 
equivalence can be determined in speed or torque spectrum  
[26]. Also, the procedure for acquiring these signals is an 
important issue  because using sensors and other devices 
affect the accuracy of the operation. 
Another signal considered for the fault diagnosis is the case 
vibration signal. The reason for this vibration is the air gap 
radial electromagnetic forces. Rotor broken bars cause odd 
harmonics in the frequency spectrum of the vibration signal. 
Although sometimes signal with a frequency twice of the  
supply frequency  has been used for the fault diagnosis, this 
signal is not suitable because it also appears in the frequency 
spectrum of the vibration signals for a healthy motor [27]. 
Fig. 10 shows the frequency spectrum of the vibration signal 
for a healthy motor and a motor with three broken bars at 
the rated load. The above-mentioned signal depends on the 
load and its detection requires a sensor [27]. On the other 
hand, Fourier transform on transient signals, namely speed 
and vibration, does not yield accurate results. 
Pendulum oscillations and increment of load angle (Δδ) have 
been used to detect broken bar [28, 29]. Fig. 11 presents 
oscillation angle for both healthy and faulty motors [28]. 
Oscillation of Δδ have been mathematically proposed in [29] 
with some simplifying assumptions. As seen, broken bars 
generate 2sfs harmonics in δ spectrum [28]. 
Instantaneous power signal can also be utilized for the broken 
bars and end rings fault diagnosis. Advantages of using 
instantaneous power spectrum are as it follows [30].

1. A large number of low-frequency harmonics exist.
2. Filtering DC component of power is simpler than 
deleting a current fundamental component, particularly 
over the low slip.
3. There are only one DC component and one 2fs 
component in the instantaneous power spectrum of the 
healthy motor, however, the broken bars fault generates 
2ksfs and (2±2ks)fs frequencies [20].
4. The drawback of the application of the instantaneous 
power spectrum with FFT is its high sensitivity to noise 
which cannot be eliminated by filtering [26]. 

 
In addition to the above-mentioned signals, there are some 
other signals used for fault detection. The output voltage 
harmonics of a motor after the power supply interruption can 
be used to diagnose the fault. The main idea of this method is 
eliminating the harmonics caused by the voltage supply. Fig. 
12 shows the output voltage of the motor after a power supply 
interruption [31]. However, this signal is a transient signal 
and FFT application on this signal leads to an inaccurate 
fault detection. Intelligent algorithms can be used to diagnose 
the fault through current signal envelope [32]. It is noted 
that to  extract envelope signal particularly in the drive side  
supply drive, LPF is used to prevent the error caused by drive 
harmonics. The drawback of this method is that the harmonics 
of the envelope signal depend on the severity of the rotor 
bar fault as well as their locations [31]. The current signal 
has been considered as the most appropriate signal for the 
internal fault diagnosis. Some references, see e.g. [33], use 
time spectrum of the line current for fault diagnosis but this 
fault is often detected through line current harmonics [1–4].  

Location of broken bars Amplitude of 
harmonics 2sfs

Four broken bars on one pole -24
Three broken bars on one pole and 

one broken bar on adjacent pole -25

Three broken bars on one pole and 
one broken bar on the opposite 

pole
-28

Two broken bars on one pole and 
two broken bars on the adjacent 

pole
-30

Two broken bars on one pole and 
two broken bars on two adjacent 

poles
-33

Two broken bars on one pole and 
one broken bar on the adjacent and 

opposite pole
-35

Two broken bars on one pole and 
two broken bars on opposite pole -38

One broken bar on each pole -40
Healthy motor -59

Table 1.  Sideband harmonics of torque spectrum for rotor 
broken bars in different cases [24]

Fig. 9. Frequency spectrum of motor speed for different 
numbers of rotor broken bars [4].

Fig. 10.  Frequency spectrum of vibration of motor at half-
load: (a). Healthy and (b). Three broken bars motor [27].
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3- 1- 1- Broken Bars and End Ring Fault Diagnosis
The most important harmonics used for the fault diagnosis 
are (1±2s)fs. The amplitudes of these harmonics are larger 
than those of other harmonics, and their diagnosis is easier. 
The amplitude of harmonic (1-2s)fs depends on the rotor 
broken bars fault and its intensity and harmonic (1+2s)fs 
is mostly dependent  on the speed variations [2]. It is noted 
that harmonic (1-2s)fs may disappears when broken bars has 
a 90⁰ phase difference [26]. Also, static eccentricity fault 
may cause harmonics to be similar to those generated by 
the broken bars [5]. These harmonics may also be produced 
by load fluctuations, voltage variations, bearing fault [27], 
magnetic anisotropy, and misalignment of the shaft and cage 
[34]. In addition, gearbox application and rotor spider lead 
to the harmonics similar to those from the broken bar fault 
[35]. Skewing and non-isolated rotor bars against the core 
decrease the amplitudes of these harmonics [26]. The fault 
is diagnosed through stator steady-state current harmonic 
frequency spectrum using (1±2s)fs harmonics [4, 24, 36, 
37]. These harmonics also exist in the frequency spectrum 

of a healthy motor. However, amplitudes of these sidebands 
harmonics grows by the broken bars fault. The reason for 
the rise of the amplitude is the asymmetry of the rotor that is 
caused from the fault and, consequently, a negative rotating 
field [36]. Table 2 shows these harmonics before and after 
the fault [4]. These sideband harmonics exist in a healthy 
motor and according to the table, the fault in the motor 
causes large changes in the amplitudes of the harmonics, 
particularly high sideband harmonics. However, rising the 
fault intensity produces lower changes in the amplitudes 
of the sidebands. This  reason  increases  the number of 
parallel paths of the currents and saturation due to the 
asymmetry of the currents passing through the bars. Fig. 13 
shows the frequency spectrum of the stator current for the 
broken bars [4]. The discrepancy between the experimental 
and simulation results comes from neglecting the load 
effects and inner current of the broken bars. The influence 
of the bar’s inner current in the broken bar fault has been 
considered in [38], and its effects consisting of harmonics 
amplitude reduction has been mathematically proved. are 
presented in The paper [39] considers the speed ripples 
and bars skew and presents its simulation results. In the 
reference [36], broken end-ring has been considered. Fig. 
14 illustrates the stator current’s frequency spectrum for 
such a case. However, the main drawback of FFT analysis is 
that it cannot present a localized view for the current signal. 
Starting current signal may be used for the fault diagnosis 
[4] where broken bars generate harmonics (3±4k)fr in the 
current spectrum (see Fig. 15). The problem of FFT with the 
transient signals like starting currents of the motor is solved 
in STFT by employing a sliding window and taking FFT from 
the windowed signal. However, dimensions of the window 
are fixed and therefore it does not have good frequency and 
time resolution at the same time [40]. Sometimes the current 
is indirectly used; for example, in [34], Park transform of 
the stator current has been used for fault diagnosis. Of 
course, this method has some drawbacks such as non-clear 
fault effect and susceptibility to noise; thus, it seems that the 
application of this method in addition to other techniques 
such as intelligent methods is useful. However, in this case, 
a set of full data is necessary. Park transform of stator current 
leads to iD+iQj Modulus, and harmonics arising from the 
broken bars fault in the line current are as 2sfs and 4sfs. The 
advantage of these harmonics is that they are far from the 
fundamental harmonic; hence, its detection is simple. 
In [41], an extensive experiment for the broken rotor bar 
diagnosis has been performed, and comparative analysis of 
the zero sequence spectrum (ZSC) with conventional MCSA 
shows the superiority of this method. In [42], the effect 
of non-consecutive double bar breakage fault, its relative 
position on the amplitude of left sideband harmonics (LSH), 
and high order harmonics of the air gap field are investigated 
by STFT. The results showed that although the amplitude of 
LSH in double breakage case is smaller than single breakage, 
the proposed method can clearly discriminate between this 
fault and the healthy case.
Gabor transform is a particular case of the STFT, performed 
with a Gaussian window. In [43], Gabor analysis is 
performed on transient start-up currents for the diagnosis 
of the broken bar and the mixed eccentricity faults. In this 
method, chirp z-transform is used for the generation of very 
high-resolution trajectory of the fault harmonics. 

Fig. 11. Variations of motor oscillation angle against numbers 
of rotor broken bars [28]

Fig. 12. Frequency spectrum of output voltage after power 
supply interruption: (a). healthy motor, (b) motor with three  

broken bars motor [31].
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3- 1- 2- Impacts of Load Variation
Side-band components vary with the load torque fluctuations 
[44]. Fig. 16 shows time variations of stator current signal for 
no-load and full-load healthy and faulty induction motors with 
four broken bars [44]. In this figure, larger load causes a higher 
current and damping effect. Fig. 17 shows the impact of the 
load upon the high and low side-bands of the stator’s current 
spatial vector [37]. Load fluctuation decreases the amplitude of 
low-band and increases the amplitude of high-band.

3- 1- 3- Impact of Broken Rotor Bars Location
Rotor bar location and its impact on the fault diagnosis 
have been investigated and reported in [45], and the effect 
of the location of the broken bar on the waveform and the 
frequency spectrum of the stator current and side-bands 

components (Fig. 18) have been given. Table 3 shows that 
more concentrated broken bars lead to a higher amplitude of 
side-bands.

3- 1- 4- Impact of Drive
In the presence of drive and closed-loop circuits, the situation 
differs. In a PWM-driven motor, odd harmonics and third 
harmonic are injected to the motor. Inverter harmonic 
components are fb=(m±2nks)fs, where m=1, 5, 7, … are odd 
inverter harmonics, n=1, 5, 7, … are odd harmonics due to the 
induced currents of the rotor and k =1, 2, 3, … is an integer 
number. Subsequently, odd harmonics induced in the rotor 
produce odd flux harmonics in the air-gap. Therefore, a new 
frequency pattern is introduced in the faulty motors under 
PWM supply [46]. In the closed-loop drive, mutual effects 

Table 2. Amplitudes of the current sidebands for a motor with 
different rotor broken bars [4].

Fig. 13. Stator current stator current: (a) healthy motor, (b) 
motor with four rotor broken bars [4].

Fig. 15. Frequency spectrum of starting current: (a) healthy 
motor, (b) motor with 4 rotor broken bars [40].

Fig. 14. Frequency spectrum of stator current for broken end-
ring [36].

Fig. 16. Time spectrum of stator current for the motor with four 
rotor broken bars: (a). 50% rated load, (b). rated load [44].

NBB fs+2fr fs-2fr
0 -58 -57
1 -54 -55
2 -53 -48
3 -48 -42
4 -46 -40
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of electrical and mechanical oscillations amplify each 
other, and the amplitude of the above-mentioned frequency 
spectrum increases. Fig. 19 shows an experimental stator 
current’s spectrum for PWM-supplied the motor with the 
broken bars [35].

3- 2- Eccentricity Fault
Fourier transform-based processor is often used to diagnose 
eccentricity fault in the induction motor and different 
signals of IMs, including instantaneous power, phase angle, 
inductance profile, body vibration, and stator currents, 
are used in Fourier-based techniques in order to diagnose 
eccentricity faults. Instantaneous power spectrum has been 
used to diagnose two types of eccentricity simultaneously [10] 
in which a new method for temporal creation of eccentricity 
fault introduced. Identical harmonics as a result of two kinds 
of eccentricity in the power spectrum are produced, and in 
the closed-loop control, they depend on more factors. Fig. 20 
shows the amplitude of the power spectrum harmonics for 
two different kinds of eccentricity faults [10].
Spectrum for healthy and faulty motors has been displayed 
in Fig. 21. The apparent power of motor can also be utilized 
for the fault diagnosis [7] where a criterion is expressed to 
determine the fault degree. 
In [20], instantaneous phase power spectrum is used for the 
simultaneous diagnosis of two faults in an induction motor. 
The harmonics arising from the faults have been introduced. 
It is proved that due to non-overlapping between harmonics 
arising from individual eccentricity fault, and simultaneous 
occurrence of these two faults, instantaneous phase power 
spectrum harmonics can be used for diagnosis of this fault.
Application of Park’s transform for simultaneous diagnosis 
of two eccentricity types is not suitable due to the cross 
term phenomenon in the frequency spectrum. Simultaneous 
occurrence of eccentricity fault is diagnosable from phase 
angle frequency spectrum (power factor angle) [47].
Inductance spectrum of the induction motor can be used for 
the simultaneous diagnosis of fault [48]. Vibration spectrum of 
the motor can be utilized for the fault detection. Fig. 22 shows 
these harmonics due to eccentricity [9]. The stator current 
signal has the greatest  contribution to the fault type diagnosis.

3- 2- 1- Diagnosis of Eccentricity Type
Creation of some harmonics in the stator current and air gap 
flux density is expected due to asymmetry caused by the 
eccentricity fault. These harmonics consist of the harmonics 
around fundamental frequency and high frequencies (PSH) 
[1, 9, 49, 50]. Here again, most methods are based on Fourier 
transform. Fig. 23 shows the stator current’s harmonics caused 
by the eccentricity fault [6]. Different eccentricity faults with 
their relationships are also expressed in [1]. The interaction 
between the harmonics arising from the dynamic and static 
eccentricity has been discussed in [9] in which harmonics 
caused by the eccentricity fault in the frequency spectrum of 
motor body vibration have been taken into account. Table 4 
summarizes the impacts of the eccentricity fault with different 
degrees on the amplitude of harmonics around fundamental 
frequency [12]. Of course, there are low amplitude harmonics 
in the healthy motor due to the inherent eccentricity of the 
motor. PSH harmonics have been discussed in [51] and it was 
pointed out that the triple harmonics of poles pair must not 
be generated in the current spectrum. Also, a healthy motor 

supplied by unbalanced supply or unbalanced motor structure 
itself enables to generate these harmonics. Eccentricity 
harmonic needs some features in order to appear in the 
frequency spectrum; its general relationship and harmonics 
due to the simultaneous presence of two types of eccentricity 
in the frequency spectrum have been presented in [51]. 
Simplifying assumptions such as neglecting saturation and 
slot effect causes a large discrepancy between the test and 
theory results. Low order harmonics  due to eccentricity fault 
are not reliable [52], because they may be caused by inherent 
asymmetry of the motor or unbalanced supply. Mechanical 
faults such as eccentricity in a medium size induction motor 
have been considered in [53].  Generally, PSH harmonics 
cannot diagnose the eccentricity type. On the other hand, 
bearings contaminations generate harmonics similar to those 
from the dynamic eccentricity fault. Misalignment fault 
generates frequency spectrum similar to  that of the static 
eccentricity fault [52]. Sometimes, impulse test has been 
used for eccentricity fault diagnosis [8]. This is an off-line 
method and its frequency spectrum is an irrational spectrum 
and cannot be considered as fault degree criterion. Fig. 24 
shows the impulse test results for a faulty motor [8]. 
In [54], the spectrum of the terminal voltage of the machine 
at switch-off is used to detect all types of eccentricity faults. 
Because of transient nature of this signal, STFT is used for 
the spectrum calculations. At switch-off,  UMP will not 
exist due to the cessation of stator rotating magnetic field. 
Therefore, this method is independent of UMP. In addition, 
unlike current based methods in which some of the fault 
components may  disappear for a certain pole pair and rotor 
slot combination, this method is applicable to any machine. 

3- 2- 2- Impacts of Load Variation
Both the eccentricity fault and the load have a similar impact 
on the spectrum of the current [6]. In this case, side-band  
frequencies  and their amplitudes are used for the fault 
diagnosis. Table 4 summarizes the amplitude of harmonics 
around the fundamental frequency and also PSH harmonics in 
healthy and static eccentric motor [6]. A higher load decreases 
the amplitude of the proposed harmonics. Fig. 25 shows 
the impacts of the load fluctuations and eccentricity degree 
upon the amplitude of harmonics around the fundamental 
frequency and PSH harmonics [6]. 
It indicates that increasing the load and dynamic eccentricity 
degree increases the amplitude of the harmonics around PSH. 
It means that the highest amplitude of harmonics is at the 
rated load and maximum eccentricity degree. Only the rate 
of the impact of the load and the dynamic eccentricity fault 
upon the amplitude of harmonics differs. The rate of increase 
of the harmonic amplitude around PSH by rising fault degree 
at a fixed load is larger than that of increasing the load at the 
fixed fault degree. Finally, for diagnosis of the eccentricity 
fault, harmonics around fundamental frequency can be used 
and for simultaneous diagnosis of the eccentricity fault and 
its type, harmonics around PSH can be utilized.

3- 2- 3- Impact of Drive
In a controlled motor, high-order harmonics have a higher 
amplitude and are the dominant harmonics in the motor. 
Therefore, in this case, the frequency pattern can be used 
as the eccentricity fault index by more investigation of 
the impact of the motor‘s operating conditions upon this 
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Fig. 17. Impact of load upon high and low side-bands of stator 
current spatial vector [40].

Fig. 19. Experimental stator current spectrum in PWM 
supplied motor with the broken bars [35]

Fig. 18. Impact of bars location on the amplitude of sidebands; 
(a) three broken bars in one pole and one broken bar in 

adjacent pole, (b) two broken bars in one pole and two broken 
bars in the adjacent pole, (c) one bar under each pole [45]. Fig. 20. Amplitude of power spectrum harmonics for two 

different eccentricity faults [10].
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index. Of course, the same results cannot be expected for 
the different drives. The sum of the amplitudes of the first 
sidebands around the fundamental harmonic of the motor is 
studied as the eccentricity fault diagnosis index in [55].  This 
index is somehow robust against load fluctuations in both 
the direct supply and controlled cases. In spite of this, the 
amplitude of this index does not show a fixed trend against 
variation of the parameters of DTC controlled motor. PI 
controllers in FOC drive operate as a low-pass filter, and the 
amplitudes of sidebands of the fundamental frequency are 
affected by the bandwidth of controllers. In FOC drive, PSH 
spectrum will be eliminated, because it is located within a high 
frequency range. Almost there is no such a problem in DTC 
drive without the speed loop. Therefore, the use of sidebands 
of the fundamental harmonic index will operate better in DTC 
compared with that of FOC. In [10], the active power of motor 
has been investigated for the mixed eccentricity fault diagnosis 
in direct-supply, open-loop scalar controlled (v/f) and DTC 
closed-loop controlled cases. Fig. 26 shows a typical power 
spectrum of a motor under eccentricity for three drives. In the 
direct-supply case, all harmonics obtained from equations are 
visible. In v/f open-loop controlled motor, two low harmonics 
are present but the amplitude of the high harmonic is lower than 
that of the noise level . No reason has been so far given for such 
a reduction. There are all three harmonics in the DTC closed-
loop drive. According to the experimental results, the behavior 
of v/f drive shows opposite to that of DTC with different 
loads and speeds. v/f drive increases the harmonics amplitude 
compared with the line-start case, but DTC drive decreases the 
amplitude of these harmonics. DTC drive has no considerable 
effect on the amplitude of the index over low loads and also 
speed variations. However, in v/f case, the amplitude of the 
index varies for some loads.

3- 3- Bearing Fault
Fourier based methods have more contribution in bearing fault 
diagnosis. Some methods have been introduced for bearing 
fault diagnosis based on the harmonics and their impacts on the 
frequency spectrum of the current [56, 57]. These methods do 
not require the bearing parameters of the motor and are based 
on the noise deletion. Different kinds of bearing faults and 
load influences on the harmonics arising from fault have been 
investigated in [14]. It has been shown that the amplitude of 
harmonics decreases by increasing the load due to the damping 
effect of the load. Fig. 27 shows the frequency spectrum of a 
healthy motor and a motor under a bearing fault [14]. For the 
same fault degree, harmonic components due to the fault on the 
external flake of bearing are larger than that of the internal flake. 
The fault can be better diagnosed in the no-load case because 
of load harmonics deletion. Both axial and radial movement 
of the rotor due to the fault can be considered, and a model is 
introduced based on the load torque fluctuations and also the 
variation of the air gap length [13]. Since frequency components 
mainly depend on the load and fault type, it has been suggested 
to use a vibration frequency spectrum in addition to the current 
frequency spectrum for fault diagnosis. Here FFT with Hilbert 
transform is utilized to diagnose the fault. In [46], bearing fault 
in a PWM-driven motor has been proposed and Fig. 28 exhibits 
frequency spectrum of body vibration of the faulty motor in 
which external flake bearing fault occurs. This fault increases 
particular harmonics amplitudes that are introduced in Fig. 28.
Fourier series-based methods can be useful in specific cases 

Location of broken bars (1-2s)
fs

(1+2s)
fs

(1-4s)
fs

(1+4s)
fs

Four broken bars on one 
pole -38 -40 -54 -56

Three broken bars on one 
pole and one broken bar on 

the adjacent pole
-40 -42 -57 -60

Three broken bars on one 
pole and one broken bar on 

the opposite pole
-41 -44 -59 -60

Two broken bars on one 
pole and two broken bars on 

the adjacent pole
-43 -45 -60 -63

Two broken bars on one 
pole and two broken bars on 

two adjacent poles
-45 -47 -63 -66

Two broken bars on one 
pole and one broken bar on 
adjacent and opposite pole

-46 -50 -64 -67

Two broken bars on one 
pole and two broken bars on 

opposite pole
-48 -52 -67 -69

One broken bar on each pole -51 -55 -70 -73
One broken only on one 

pole -54 -59 -73 -77

Healthy motor -60 -63 -76 -90

Table 3. Amplitude of current sidebands versus rotor broken 
bars positions [45]

and goals. First, the employed signals must be a steady-state 
and stable signal in order to minimize the error due to the 
transformation. However, some have used STFT for transient 
signals and their disadvantages have been described above. 
Secondly, a fundamental component of the current makes it 
difficult to follow the fault diagnosis process in the no-load 
case; thus, a load is required for fault diagnosis using this 
method [58]. Therefore, the fundamental component of the 
current must be deleted and this deletion will cause some 
changes in other harmonics due to the fault. Also, transient 
signals, such as starting current of the machine, have useful 
information for the fault diagnosis. Advantages of the 
transient signals are as it follows [58, 59]:

1. frequency components of transient mode due to the 
fault have a higher amplitude compared with that of the 
steady-state mode;
2. transient spectrum has a series of additional data.

In [60], STFT is used for the fault detection of bearing failure 
due to circulating currents caused by motor variable frequency 
drives. The reason for using t-f methods in the analysis of 
vibration signal is that continues tracking of fault components 
regardless of the machine operation conditions is possible as 
STFT can visualize the evolution of frequency components 
over time. Also, this method shows discrimination for different 
kinds of bearings.

4- Conclusions
In this survey, different methods and processors used for the 
diagnosis of three internal faults of induction motors were 
investigated briefly. To this end, four types of processors and 
their advantages and drawbacks were studied. It is clear that a 
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Fig. 21. Power spectrum harmonics, (a) healthy motor, (b) 
motor with 33% static eccentricity [7].

Table 4. Amplitude of harmonics around fundamental 
frequency and also PSH harmonics in healthy and static 

eccentric motor [6]

Fig. 22. Vibration spectrum harmonics due to eccentricity: (a) 
UMP vibration ;(b) twice-supply-frequency vibration [9].

Fig. 25. Load fluctuations impacts and eccentricity degree upon 
the amplitude of harmonics around the fundamental frequency 

and PSH harmonics [6].

Healthy motor Motor with 41% 
SE

% of Rated load PSH PSH
0 -52 -50
33 -44 -41
66 -38 -34
100 -33 -30

Healthy motor Motor with 41% SE
% of 
Rated 
load

fs-fr fs+fr fs+2fr fs+3fr fs-fr fs+fr fs+2fr fs+3fr

0 -78 -79 -64 -90 -54 -55 -59 -78
33 -70 -76 -66 -87 -60 -57 -61 -80
66 -76 -77 -70 -85 -68 -65 -62 -83
100 -80 -78 -85 -86 -70 -69 -76 -85

(a)

(b)
Fig. 24. Impulse test results, (a) Healthy motor, (b) faulty 

motor [8]
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single method and a common processor cannot be specified for 
all faults. Fourier processor as the  most applicable processor 
for different faults has weak and strong points. Its most 
important weakness is in the processing of transient signals. 
To overcome this problem, applying a wavelet processor was 
suggested. This provides more detailed time  and frequency 
view of the signal. Wavelet pockets with the simultaneous 
high precision of time and frequency are commonly used. 
These processors are often used for the broken bars fault but 
there are no appropriate studies  on the number of broken 
bars and their locations. Other drawbacks of this method 
are that it is time-consuming and suffers from complicated 
technique. In recent years, Hilbert-based techniques with a 
high-frequency precision methods such as MUSIC have been 
proposed. A common point that must be taken into account 
in an appropriate fault diagnosis method in industry beside 
on-line case is that the method must be quick and at the same 
time must have a high level of  accuracy. 
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