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Abstract -- Conventional diagnostic methods applied to 

industrial induction motors, such as the Motor Current 

Signature Analysis, may lead to false-negative diagnostic 

outcomes in several cases. Such a case consists of the non-

adjacent rotor breakages occurrence. Various alternatives with 

advanced digital signal processing algorithms have been 

proposed that concern the monitoring and analysis of the stator 

current, or the stray magnetic flux, of the motor during the 

transient start-up. Those methods work efficiently in most cases; 

however, the real issue is that most large industrial motors have 

very few start-ups during their long operating life time. In that 

sense, it is not feasible to implement the transient analysis-based 

methods. This paper addresses an alternative methodology that 

solves this issue for induction motors at steady state. The method 

relies on a two-stage signal processing technique for frequency 

information tracking and extraction, where the higher harmonic 

index of the motor’s torque around the sixth harmonic is 

evaluated during each stage. By the results of the method, it is 

evident that the fault and its severity level can be reliably 

detected at the steady state. The method’s efficacy is proven valid 

even for challenging cases of large industrial motors, where the 

likelihood of a false diagnostic decision is increased during the 

signature screening. 
 

Index Terms — Induction motors, Rotor faults, Fault 

diagnostics, Torque analysis, Frequency Extraction. 
 

I.   INTRODUCTION 

LTHOUGH electrical machines are considered robust 

devices for electromechanical energy conversion, faults 

appear in induction motors very frequently compromising 

the reliability of industrial production. If undetected, early 

faults may evolve in severity and lead to catastrophic 

breakdowns with huge financial losses and prolonged periods 

before reoperation of the production lines.  Many methods 

have been proposed over the years to address the broken rotor 

bars failure. Among those, the vibration analysis [1], the 

Motor Current Signature Analysis (MCSA) [2]-[3], the 

monitoring of the input electric power [4] ,the analysis of the 

stray flux [5]-[6] and torque [7] are some of the most 

widespread in literature.  

The most favorable is the MCSA as it has numerous 

advantages including its non-intrusiveness, reliability, low 
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cost, and the ability to be applied on-line as well as remotely 

from the low power side of industrial plants. Despite all its 

benefits, MCSA has been shown to carry some disadvantages 

as well. The main drawback is that it is vulnerable to signature 

masking depending on various factors, i.e., geometrical 

properties, constructional characteristics, complex 

electromagnetic phenomena, manufacturing defects, mixed-

fault cases, etc.; therefore, it may lead to false-positive or 

false-negative diagnostic alarms under certain conditions [8]-

[13], as shown in the following table (Table I). 
 

TABLE I 

CASES OF DIAGNOSTIC OUTCOMES AT SIGNATURE SCREENING 
 

 
 

The analysis of the stator current during the motor start-up 

with the Short Time Fourier Transform (STFT) [14], Wavelets 

[15], MUSIC (MUltiple SIgnal Classification) [16] and other 

methods has proved to offer satisfying results for the case of 

non-adjacent broken rotor bars, as well as other cases of 

misdiagnosis. This is because the harmonic component related 

to the fault is amplified due to the high rotor current at high 

slip conditions. This condition is further enhanced by the 

stronger skin effect experienced by the rotor due to the high 

frequency of the induced rotor currents during the starting. 

Despite the diagnostic reliability conveyed by spectral 

methods, in many applications large induction motors do not 

experience frequent start-ups. They have a low rotor resistance 

to keep the steady state operation very efficient, which reduces 
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the starting capabilities. In such applications, diagnostic 

methods depending on the starting current simply cannot be 

applied [17]-[22]. This is a clear gap in the diagnostics field, 

with the need to be addressed through new methods. 

This paper provides a reliable answer to the latter need. 

Through extensive Finite Element Analysis (FEA) 

simulations and experimental testing, a new methodology has 

been developed. The proposed technique relies on the 

monitoring of the motor’s torque during the steady state 

operation. This is because after the rotor currents, the motor’s 

torque is the diagnostic medium most affected by rotor faults 

[23]. Thereafter, the STFT analysis is implemented on the 

torque signal. The trajectories of the slip-related broken rotor 

bar fault signatures at higher frequencies in the neighborhood 

of the naturally existing, sixth torque harmonic, are identified 

by frequency tracking, and their spectral information is 

extracted through time. The main reasons for utilizing higher 

frequencies are the longer frequency distance from the 

signature to the “mother” harmonic which makes the detection 

easier at low load operation, the stronger skin effect impact 

which makes the higher frequency fields stay on the exterior 

of the rotor and thus enhance the fault’ magnetic asymmetry 

and of course the greater amplitude of the signatures due to 

Faraday’s law of induction which enhances the amplitude 

based on the rate of change of the flux (in this case the 

frequency). The new waveforms -which correspond to the 

time evolving amplitudes of the fault signatures- are then 

handled as periodical signals and analyzed with the Fast 

Fourier Transform (Hanning window applied). The results 

indicate that such a two-stage diagnostic methodology can 

lead to the reliable detection of the broken rotor bar fault, 

while the induction motor is utilized at the steady state regime 

of operation. 
 

II.   FEA MODELS & TRANSIENT SIMULATIONS 

Α) Screening of rotor fault-related signatures in low power 

induction motors for bar breakages at adjacency 
 

The characteristics of the low power induction motors 

under investigation are shown in Table II. The two motors 

have different numbers of rotor slots to study the impact of the 

cage geometry on the validity of the method. The two motors 

have been simulated using the FEA, while operating under the 

same mechanical torque 26 Nm. The operating slip for each 

simulated case is shown in Table III. The slip increases 

monotonically with the fault severity level under fixed 

mechanical torque, for both motors. This is expectable 

because the presence of a broken rotor bar causes an increase 

of the rotor resistance; therefore, the torque-versus-speed 

characteristic of the motor shifts to the left, which leads to 

higher slip under the same applied load.  

A commercial FEA software is utilized for the transient 

simulations. Three simulated models derive from each motor, 

being the healthy, and then the motor with one, and two 

adjacent broken bars. The motors are considered un-skewed 

due to simulation time constraints. The two motors and their 

respective spatial distribution of the magnetic flux density 

under one broken rotor bar, and while at the steady state, are 

shown in Fig. 1. These cases were chosen since the adjacency 

of breakages in rotor bars is the most frequently encountered 

mechanism of rotor faults in low power induction motors, as 

also reported from historical case studies over the spectrum of 

the literature [24]- [26]. 
 

 

TABLE II 

CHARACTERISTICS OF THE SIMULATED LOW POWER MOTORS 

Characteristics Motor #1 Motor #2 

Frequency 50Hz 50Hz 

Stator Connection Δ Δ 

Rated Power 4 kW 4 kW 

Rated Voltage 400 V 400 V 

Rated Current 10 A 10 A 

Number of poles 4 4 

Rated Torque 26 Nm 26 Nm 

Stator slots 36 36 

Rotor slots 28 32 

 

 
a) 

 
b) 

Fig. 1. The FEA models of the two induction motors and the magnetic field 

spatial distribution under one broken bar for a) Motor # 1, and b) Motor #2,. 

The red arrows point the broken bar location. 

 

 
TABLE III 

SLIP VALUE OF EACH FEM MODEL 

Case 

 
                          Slip value 

 

Motor #1 

 

Motor #2 

Healthy 0.0197 0.0200 

1 broken bar  0.0204 0.0204 

2 adjacent broken bars  0.0217 0.0217 

 

 

B) Screening of rotor fault-related signatures in high power 

induction motors for non-consecutive bar breakages 
 

In industrial applications, like electromechanical energy 

conversion and power generation, large induction motors are 

the most dominantly installed devices encountered within the 

set-up of a facility. For the longest time of their life cycle, such 
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motors operate at the steady-state and undergo very few start-

ups [14]. Their nature also differs in terms of design, rotor bar 

geometry, construction, and manufacturing [15], [20], [27]-

[28]. In contrast with low power motors embedding 

aluminium die-cast rotors, large induction motors embed 

rotors with copper bars that are slotted in manually. 

Subsequently, the motor and its rotor are more susceptible to 

manufacturing defects like porosity [29], magnetic anisotropy 

[10], and similar material anomalies [30]-[31].  

Consequently, complex electromagnetic and thermal 

phenomena like the magnetic saturation, the skin effect, and 

the TEAM (Thermal, Electrical, Ambient and Mechanical) 

stresses [32]-[33] are not only intensified, but also “spread 

randomly” to become “more chaotic” [34]-[35], with no 

distinctive distribution pattern or predictable trend [33], [36]. 

Therefore, large industrial motors constitute a category of 

their own in terms of rotor fault finding and diagnostics. One 

of the main reasons is that the mechanism of the breakages’ 

evolution remains unknown for these challenging diagnostic 

cases [33]-[38]. 

Although adjacency of broken bars seems intuitively the 

first case to examine, industrial reports and research 

investigations from on-field experiences in industrial 

environments have shown otherwise [24]-[27], [39]-[42]. For 

large induction motors in industrial environments, breakages 

almost always happen in a non-consecutive pattern around the 

rotor cage; this results in the masking of the indicative fault-

related signatures. Conclusively, conventional methods like 

MCSA or SFSA fail to alarm for fault severity and the 

machine runs the danger of misdiagnosis. A large induction 

motor (6 kV, 1.1 MW) is shown in Fig. 2, and a practical 

example of the fault signatures’ masking during MCSA 

application is presented in Fig. 3. The 1.1 MW motor is the 

third motor used for validation of the proposed methodology 

through FEA; the four models derived from this motor (Motor 

#3) correspond to the healthy motor, and the motor with one 

broken bar, two adjacent, and two non-adjacent breakages. 

The characteristics of the motor are summarised in Table IV, 

and the operating slip value of each model is presented in 

Table V. The motor is operated at the same mechanical torque 

11 kNm. 

 

 
Fig. 2. The FEA model of the 1.1 MW induction motor and the magnetic field 

spatial distribution under one broken bar. The red arrows point the broken bar 

location. 

 

 
Fig. 3. MCSA results while the 1.1 MW motor is under steady state operation.  

 
TABLE IV 

CHARACTERISTICS OF THE SIMULATED HIGH POWER MOTOR 

Characteristics Motor #3 

Frequency 50 Hz 

Stator Connection Y 

Rated Power 1.1 MW 

Rated Voltage 6.6 kV 

Rated Current 170 A 

Number of poles 6 

Rated Torque 11 kNm 

Stator slots 54 

Rotor slots 70 

 

 
TABLE V 

SLIP VALUE OF EACH FEM MODEL 

Motor #3 

 
                          Case 

 

Slip Value 

Healthy 0.0090 

1 broken bar  0.0091 

2 adjacent broken bars  0.0095 

2 non-adjacent br. bars 0.0095 

 

III.   STFT ANALYSIS & EXTRACTION OF SPECTRAL 

INFORMATION FOR MOTOR #1 & MOTOR #2 

The flowchart of the proposed diagnostic technique is 

presented in Fig.4 [43]. Initially, the torque signal is sampled 

for the healthy motor. The sampling frequency of the data has 

been set at 10kHz. Subsequently, the motor slip s and the 

characteristic sfs are calculated, where fs is the motor supply 

frequency. Then the torque signal is analyzed in the time-

frequency domain using the STFT and the results are plotted. 

Following that, the trajectory of the characteristic signal (6-

4s)fs is extracted and analyzed in the frequency domain. The 

same procedure is repeated for the faulty motor and every time 

the results are compared to assess the motor condition. The 

proposed diagnostic technique has been verified through 

simulation and experimental data and the results are presented 

in the following sections. 
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Fig. 4. Flowing chart of the proposed diagnostic technique. 

 

The torque waveforms at steady state for the healthy and 

faulty operation of Motors #1 and #2 are shown in Fig. 5 and 

Fig. 6, respectively. Some low frequency oscillation can be 

observed, especially when 2 bars are broken. The oscillation 

under fault appears significantly stronger in Motor #2.  

 
a) 

 
b) 

 
c) 

Fig. 5. Torque waveforms over time of Motor #1 (28 bars): a) healthy,  

b) 1 broken bar, and c) 2 adjacent broken bars. 

 

 
a) 

 
b) 

 
c) 

Fig. 6. Torque waveforms over time of Motor #2 (32 bars): a) healthy,  
b) 1 broken bar and c) 2 adjacent broken bars. 

 

The computed STFT spectrograms of the torque for the 

healthy and faulty models of Motor #1 are shown in Fig. 7. 

Due to the fact that the motor is PSH (meaning producing 

strong rotor slot harmonics since the rotor bars are a multiple 

of the number of poles) but unskewed, a strong rotor slot 

harmonic is observed in the healthy motor close to the 6th 

torque harmonic. Nevertheless, this harmonic is no longer 

clear in the faulty cases due to high harmonic index between 

the rotor slot and the 6th harmonics. Moreover, significant low 

frequency disturbance is observed close to the DC torque 

component and the 6th harmonic, especially for operation 

under 2 adjacent broken bars. The results are similar for Motor 

#2, which is also a PSH motor. 
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a) 

 
b) 

 
c) 

Fig. 7. The STFT spectrograms of the: a) healthy motor, b) motor with 1 

broken bar, and c) motor with 2 broken bars of Motor #1.  

 

The next step is to extract the time evolving amplitude 

information of the broken rotor bar related frequencies. A 

signature of significant importance exists at 6𝑓𝑠 − 4𝑠𝑓𝑠. This 

signature is due to the stator 5th and the fundamental rotor 

harmonics existing in both torque [7] and input power [44] and 

has significant amplitude due to the impact of the skin effect. 

The higher frequency in this case the 5th significantly 

intensifies the skin effect in the rotor, causing the current 

density displacement towards the rotor surface. Consequently, 

the magnetic asymmetry due to the fault becomes stronger 

with the increase of the applied frequency. 

The amplitude waveform of the 6𝑓𝑠 − 4𝑠𝑓𝑠 harmonic over 

time is shown in Fig. 8 for both motor cases. It is evident that 

the amplitude of this harmonic increases monotonically with 

the fault severity for both motors under study. More 

specifically, the average amplitude of the healthy Motor#1 is 

-26 dB. It increases up to -9.3 dB when there is one broken bar 

and up to -5.9 dB for 2 broken bars. Motor#2 exhibits a similar 

pattern where for healthy the average is -24.6 dB, for 1 broken 

bar it is -11.4 dB and for 2 broken bars it is -6.1 dB.  

Furthermore, the torque ripple of all faulty cases corresponds 

to the twice the slip frequency (2𝑠𝑓𝑠) due to the broken rotor 

bar fault and the speed ripple effect. 

Considering the above mentioned signals as periodical over 

time, they are analyzed with the application of the FFT, since 

they are at steady state and such a traditional signal analysis 

tool is reliably applicable [14], [21]. The resulting spectra are 

depicted in Fig 9. While the focus is on the speed/torque ripple 

frequencies that are low (in this case 2𝑠𝑓𝑠 = 2 Hz), the spectra 

are focusing on the harmonics close to the DC component. 

Specifically, the 2𝑠𝑓𝑠 signature in Motor#1 has amplitude -

52.9 dB under healthy operation. It reaches an amplitude of -

15.4 dB for one broken bar and -13 dB for 2 broken bars. The 

pattern is similar for Motor#2 where for healthy condition the 

amplitude is -58.5 dB, for 1 broken bar it is -15.5 dB and for 

2 broken bars it becomes -13.1 dB.   
 

 
a) 

 
b) 

Fig. 8. Extracted amplitude of the 6𝑓𝑠 − 4𝑠𝑓𝑠 harmonic over time for: a) Motor 

#1, and b) Motor #2. (healthy-black, 1 broken bar-blue, 2 broken bars-red) 
 

 
a) 

 
b) 

Fig. 9. FFT frequency spectra of the extracted amplitude over time of the 

6𝑓𝑠 − 4𝑠𝑓𝑠 harmonic of a) Motor #1, and b) Motor #2. (healthy-black, 1 

broken bar-blue, 2 broken bars-red) 

 

IV.   STFT ANALYSIS & EXTRACTION OF SPECTRAL 

INFORMATION FOR MOTOR #3 

Now that the method’s validity has been demonstrated in 
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normal fault cases, it is crucial to investigate its reliability for 

non-adjacent broken bar fault cases of industrial level 

induction motors. For this purpose, Motor #3 has been 

simulated with FEA. The computed STFT spectrograms of the 

torque for the healthy and faulty models of Motor #3 are 

shown below in Fig. 10. 
 

 
a) 

 
b) 

 
c) 

 
d) 

Fig. 10. The STFT spectrograms of the: a) healthy motor, b) motor with 1 

broken bar, c) motor with 2 adjacent broken bars and d) motor with 2 non-

adjacent broken bars of Motor #3.  

 

The extracted harmonic waveforms of the 6𝑓𝑠 − 4𝑠𝑓𝑠 

harmonics are shown in Fig. 11 for all cases and its respective 

FFT spectra in Fig. 12. It is quite clear that the fault is easily 

detected in all cases. Most importantly though, the 2𝑠𝑓𝑠(=
1 𝐻𝑧 here) harmonics have similar amplitudes between the 

cases of the motors with 2 adjacent and non-adjacent broken 

rotor bars (Fig. 12). More specifically, the amplitude of this 

harmonic is -61.7 dB in the healthy machine and increases to 

-36.2 dB for one broken bar. Additionally, it is -25.6 dB for 

the motor with adjacent broken bars and  -28.2 dB for the non 

adjacent broken bars. This is a great outcome considering the 

FFT results of Fig. 3, where it is clear that traditional methods 

would classify the motor with non-adjacent broken rotor bars 

as healthy, leading to a false negative alarm. 

 

 
Fig. 11. Extracted amplitude of the 6𝑓𝑠 − 4𝑠𝑓𝑠 harmonic’s trajectories over 

time for Motor #3 (healthy-black, 1 broken bar-blue, 2 adjacent broken bars-

red, 2 non-adjacent broken bars-orange). 

 

 
Fig. 12. FFT frequency spectra of the extracted amplitude over time of the 

6𝑓𝑠 − 4𝑠𝑓𝑠 harmonic of Motor #3 (healthy-black, 1 broken bar-blue, 2 

adjacent broken bars-red, 2 non-adjacent broken bars-orange) 

V.   EXPERIMENTAL VALIDATION 

 

The experimental setup is shown in Fig.13. In order to 

perform the necessary testing, two identical Induction Motors 

have been used, one healthy (Motor_HLT) and one with a 

broken bar (Motor_BRB). Both have the same parameters 

which are presented in Table IV. At each test the motor is 

coupled to a DC generator which supplies a variable resistor, 

thus playing the role of the mechanical load. Two cases have 

been investigated, running the motors under different loads at 

3.2 kW and 2.8 kW, the details are presented at Table V. Each 

time the slip is estimated through the proposed algorithm. A 

torque sensor is used to obtain the mechanical torque signal 

via a data acquisition card, while the diagnostic procedure is 

accomplished according to the 2-stage signal processing 

procedure described by Fig. 4. The sampling frequency of the 

data has been set at 10kHz, while the sampling time is 10s. For 

analysis purposes we consider the signal at its steady state 

which corresponds to 7.5s. 
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Fig. 13. The experimental setup. 

 
 

TABLE IV 

NAMEPLATE PARAMETERS OF THE INDUCTION MOTORS 

Characteristics Induction Motor 

Frequency 50Hz 

Stator Connection Δ 

Rated Power 4 kW 

Rated Voltage 400 V 

Rated Current 8.36A 

Number of poles 4 

Stator slots 36 

Rotor slots 28 

 
TABLE V 

SLIP VALUE OF EACH EXPERIMENTAL CASE 

Case 

 
                          Slip value 

 

Motor_HLT 

 

Motor_BRB 

Case #1 (3.2kW) 0.0252 0.0252 

Case #2 (2.8kW) 0.02 0.0188 

Case #3 (1.7kW) 0.0132 0.0132 

 

The torque waveforms at steady state for the healthy and 

faulty operation for the Case #2 are shown in Fig. 14. The 

distortion of the signal under faulty condition is clearly visible. 
 

 
a) 

 
b) 

Fig. 14. Torque waveforms over time for Case #2 (2.8kW): a) healthy, b) 
broken bar. 

 

The computed STFT spectrograms of the torque signals for 

the healthy and faulty conditions of Case #1 and Case #2 are 

depicted in Fig. 15 and Fig.16 respectively. Similarly to the 

simulated results, in the healthy condition a strong rotor slot 

harmonic is observed close to the 6th torque harmonic, while 

in faulty condition this harmonic become less clear. Again, a 

significant disturbance is present close to the DC component 

and the 6th harmonic. 

 

 
a) 

 
b) 

Fig. 15. The STFT spectrograms for Case #1: a) healthy motor, b) motor 

broken bar 

 

 
a) 

 
b) 

Fig. 16. The STFT spectrograms for Case #2: a) healthy motor, b) motor 

broken bar 

 
 

In the following results, the component 6𝑓𝑠 − 4𝑠𝑓𝑠 (295 Hz 

for Case#1, 296.2 Hz for Case#2 and 297.4 Hz for Case#3) is 

extracted and its amplitude over time for all cases is presented 

in Figs 17-19. Under faulty operation, it is clear that the 

respective component’s amplitude increases, with tangible 
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oscillations that modulate the extracted amplitude ripples [14], 

[22]. 

 
 

 
Fig. 17. Extracted amplitude of the 6𝑓𝑠 − 4𝑠𝑓𝑠 harmonic over time for Case 

#1 (healthy-black, broken bar-red). 

 
Fig. 18. Extracted amplitude of the 6𝑓𝑠 − 4𝑠𝑓𝑠 harmonic over time for Case 

#2 (healthy-black, broken bar-red). 
 

 
Fig. 19. Extracted amplitude of the 6𝑓𝑠 − 4𝑠𝑓𝑠 harmonic over time for Case 

#3 (healthy-black, broken bar-red). 
 

As a last step, the extracted trajectory signals 6𝑓𝑠 − 4𝑠𝑓𝑠 

are analyzed in the frequency domain with the FFT. The 

computed spectra are depicted in Figs 20-22 for all the 

investigated cases. The 2𝑠𝑓𝑠, 4𝑠𝑓𝑠 𝑎𝑛𝑑 6𝑠𝑓𝑠 components are 

clearly seen (marked with arrows) to increase in amplitude for 

the faulty machine in both conditions of loading. The 

amplitude increase of the mentioned signatures varies between 

10-20 dB in most cases. More specifically, the 2𝑠𝑓𝑠 harmonic 

is at -67.4 dB, -59.1 dB and -66.4 dB for the healthy condition 

of Case#1, Case#2 and Case#3 respectively. This harmonic 

increases to -43.8 dB, -45.2 dB and -53.7 under the presence 

of a broken rotor bar fault for the same respective cases. 

Moreover, the 6𝑠𝑓𝑠 harmonic has the most consistent and high 

amplitude increase between all the healthy and respective 

faulty cases.  

Those amplitude oscillations of the fault-related harmonics 

demonstrate the method’s effectiveness and experimental 

reliability for the detection of rotor electrical faults in 

induction motors. 
 

 
Fig. 20. FFT frequency spectra of the extracted amplitude over time of the 

6𝑓𝑠 − 4𝑠𝑓𝑠 harmonic for Case #1 (healthy-black, broken bars-red). 
 

 
Fig. 21. FFT frequency spectra of the extracted amplitude over time of the 

6𝑓𝑠 − 4𝑠𝑓𝑠 harmonic for Case #2 (healthy-black, broken bars-red). 

 

 
Fig. 22. FFT frequency spectra of the extracted amplitude over time of the 

6𝑓𝑠 − 4𝑠𝑓𝑠 harmonic for Case #3 (healthy-black, broken bars-red). 

 

VI.   CONCLUSIONS 

This paper presented a novel method for the detection of 

rotor electrical faults in induction motors. The method relies 

on a two-stage signal processing technique, referred to as 

frequency extraction. The method was applied on the signals 

of the motor’s torque, while the motor operates in the steady 

state regime. At the first stage, the STFT of the torque signals 

is calculated. Secondly, a specific fault-related harmonic close 

to the 6th torque harmonic is extracted from the spectrogram; 

then, periodicity is evaluated over time and then analyzed with 

the application of the FFT. If a rotor electrical fault is present, 

then the extracted signal will have components at multiples of 

twice the slip frequency being superimposed; this fact allows 

the reliable detection of the fault, ensuring the accurate 

tracking of the discussed components. The method’s validity 

and effectiveness have been tested theoretically on various 

induction motors with extensive finite element simulations. 

Finally, the method was verified on extended torque 

measurements by experimental testing. 
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