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by conventional DTC, and amplitude ripples in the electromagnetic 
torque exceed 1.75 N·m when FL-DTC controls the ASM. These values 
become 1.3 rpm and 0.85 N·m for speed and torque, respectively, 
when FL-DTC controls the motor.

2) Electrical performances
In this diagnostic context, the primary performance of the FL-DTC 
control is the distinction of spectra related to BFs, rendering them 
more precise than those caused by the control (Figs. 15, 18, 21, and 

Fig. 18.  Spectrum of the stator current envelope with IR fault in the ASM (Top) with (a) zoom of SSEDTC-IR and (b) zoom of SSE FL-DTC-IR.

Fig. 20.  Mechanical performances with outer race fault of the ASM with direct torque control and fuzzy logic-direct torque control: (a) Speed. 
(b) Torque.

Fig. 19.  THD of the stator current with IR fault in the ASM with (a) direct torque control and (b) fuzzy logic-direct torque control.
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Fig. 22.  Total hormonic distortion of the stator current with outer race fault in the ASM with (a) direct torque control and (b) fuzzy logic-direct 
torque control.

Fig. 21.  Spectrum of the stator current envelope with outer race fault in the ASM.

Fig. 23.  Mechanical performances with Ball bearing fault of the ASM with direct torque control and fuzzy logic-direct torque control: (a) Speed. 
(b) Torque.
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24); the ratio rdf measures this performance. In fact, even if these 
spectra are clearly distinguished, the use of FL-DTC makes them 
more evident by reducing spectral noise caused by the control and 
increasing the amplitudes of the dependent spectra of BFs, as shown 
in Fig. 22 for the OR fault, where this ratio rdf is 1.10 in the case of clas-
sical DTC and 2.08 in the case of FL-DTC.

Moreover, in Figs. 19, 22 and 25, which show the THD of the current in 
the case of BFs, the values of this rate for the conventional DTC arrive 
at 15.37% and 6.88% for the FL-DTC; this proves that for diagnostic 
purposes, the THD is not conclusive in the presence of the controls, 
as these values are very close for the three BFs (IR, OR, and Ball). Also, 
the harmonics proportion caused by the BFs is significantly inferior 
to those caused by the two controls (0.09% in the DF case, 15.37% in 
the DTC case, and 6.88% in the FL-DTC case).

The summary of the performance of FL-DTC and DTC during the 
three BFs is summarized in Table IV.

The benefits of the chosen approach are shown in Table VI, where 
it is highly evident how the FL-DTC control affects the mechanical 
performance of speed and electromagnetic torque in a healthy con-
dition. In fact, the speed fluctuations are nearly zero (0.17 Rpm) com-
pared to 0.5 Rpm when traditional DTC is used, significantly reducing 
torque ripples (0.8 N·m for FL-DTC vs. 1.7 N·m for classic DTC).

The FL-DTC control limits the amplitudes of the torque and speed 
variations to 0.85 N·m and 1.3 rpm successively in the case of BFs in 
the bearing ball, as compared to 1.75 N·m and 1.5 rpm in the case of 
traditional DTC, i.e. a reduction of 13% in the amplitudes of the speed 
variations compared to the traditional DTC control, which is 0.025 
N·m and 0.85 rpm in the case of DF, i.e. a reduction in the amplitudes 
of speed variation of 13% compared to the traditional DTC control. 
In the cases of the IR and OR faults, the amplitudes of speed varia-
tions are reduced by 25% and 23.5%, respectively, when compared 
to traditional DTC. Similarly, the amplitudes of the torque ripples in 
the presence of these three BFs (IR, OR, and Ball) are decreased by 

Fig. 24.  Spectrum of the stator current envelope with Ball bearing fault in the ASM.

Fig. 25.  THD of the stator current with Ball bearing fault in the ASM with (a) direct torque control and (b) fuzzy logic-direct torque control.
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61.25%, 53.12%, and 51.42%, respectively, with FL-DTC compared to 
conventional DTC.

Furthermore, in the case of DF, the THD values clearly show the 
impact of each BF on the stator current; however, in the presence of 
both controls, these values do not give any useful information about 
the faults in the ASM.

The values of the rdf ratio are the most essential parameter because 
they illustrate the advantage of FL-DTC in distinguishing the spectra 
indicating BFs, especially for the two BFs, IR and OR (0.64 for the clas-
sical DTC against 1.15 for the FL-DTC). Also, for the Ball fault, whose 

characteristic frequency is very close to the voltage frequency at 
the output of the inverter, this ratio is almost the same (1.2 for the 
classical DTC against 1.1 for the FL-DTC) Indeed, for the results to 
be conclusive, it is better to choose reference speeds that result in 
characteristic frequencies sufficiently higher than the fundamental 
frequency.

3) Comparison with some recent studies
In this section, the Table V shows a brief comparison is made with 
other recent works which take into account the control in the context 
of fault diagnosis in ASMs. the criteria for this comparison concern 
the type of fault, the control, the signal processing method adopted 

TABLE IV.  COMPARISON OF THE PERFORMANCE IN A HEALTHY STATE AND IN THE PRESENCE OF BEARING FAULTS.

Variable Analyzed Control Technique Control Performances Etat Sain IR BF OR BF Ball BF

Current Open loop DF rdf 0 0.01 0.03 0.04

Closed loop DTC 0 0.64 1.1 1.20

Closed loop FL-DTC 0 1.15 2.08 1.1

Current Open loop DF THD (%) 0 0.03 0.05 0.09

Closed loop DTC 15.23 15.20 15.37 15.03

Closed loop FL-DTC 6.55 6.31 6.55 6.88

Torque Open loop DF Torque ripples (N·m) 0 0.01 0.015 0.025

Closed loop DTC 1.7 1.6 1.6 1.75

Closed loop FL-DTC 0.8 0.62 0.75 0.85

Speed Open loop DF Overshoot (rpm) 0 0.3 0.5 0.85

Closed loop DTC 0.5 0.8 0.85 1.5

Closed loop FL-DTC 0.17 0.6 0.65 1.3

BF, bearing faults; DF, direct fed; DTC, direct torque control; FL-DTC, fuzzy logic-direct torque control; IR, inner race; OR, outer race; THD, total harmonic distortion.

TABLE V.  COMPARISON WITH SOME OTHERS RECENT STUDIES

Studies ASM Fault Control Variable Method Control (Contributor or Disturber)

[2] BRB DTC Current DWT Disturber

[3] BRB IFOC Current ANN and HT Disturber

[4] BRB FOC Current DWT Disturber

[5] BRB FOC Current FFT Disturber

[12] Short-circuit Frequency converter Vibration CWT and CNN Disturber

[40] BFs ANN-DTC Current HT and FFT Contributor

[43] Short-circuit IFOC Current, torque, and speed RMS, Average,... Disturber

[44] BRB—short-circuit Frequency converter vibration ANNs Disturber

[45] BRB—short-circuit IFOC Torque DWT and ANN Disturber

This study BFs FL-DTC Stator current HT and FFT Contributor

ANN, artificial neural networks; BF, bearing faults; BRB, broken rotor bar; DTC, direct torque control; DWT, discrete wavelet transform; FFT, fast fourier transform; 
FL-DTC, fuzzy logic-direct torque control; HT, Hilbert transform; IFOC, indirect field oriented control. CWT, continuous wavelet transform; CNN, convolutional neural 
network; FOC, field-oriented control.
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and whether the control represents a contributing or disturbing ele-
ment for fault diagnosis in this type of machine.

This comparison, presented in Table VI, shows that the majority of 
studies in the literature that consider control focus on BRBs faults 
and treat the control as a disturbing element, which leads them to 
adopt advanced signal processing and/or intelligent methods. The 
authors in ref. [40] addresses BFs and utilizes the ANN-DTC control to 
aid in the diagnosis. In ref. [46], another recent study presents a com-
parison between ANN-DTC and FL-DTC in terms of their contribution 
to the diagnosis of BFs.

VII. CONCLUSION

This research employs a method of diagnosing BFs based on MCSA, 
which was partnered with a HT and an intelligent speed control 
FL-DTC. The purpose of this research is to design a control that is effi-
cient and has the least amount of THD, as well as maintain the rota-
tional speed at a specific reference value; this will allow the analysis 
of the stator’s current envelope in the domain to be employed to 
extract the instantaneous frequencies and to differentiate the spec-
trum of BFs from the others, this will increase the effectiveness of 
diagnostics in ASMs that are controlled by closed-loop systems.

First, the parts that oscillate in the BFs were recreated. The FL-DTC 
protocol is then employed to control the ASM. Subsequently, a time 
frequency domain analysis of the current profile was conducted. The 
results of the simulation using MATLAB/Simulink, as well as their 
understanding, are listed below:

1.	 The diagnosis of LFs is accurate thanks to the control of the 
speed of the ASM by the FL-DTC and the reduction in THD com-
pared with conventional DTC of more than 50%, in all cases.

2.	 The FL-DTC method reduces the amplitude of the harmonic 
spectrum produced by the control, and better distinguishes 
harmonics from BFs. The values of the rdf ratio illustrate the 
advantage of FL-DTC in distinguishing the spectra indicating 
BFs, especially for the two BFs, IR and OR (0.64 for the classical 
DTC against 1.15 for the FL-DTC).

3.	 Because it is less sensitive to alterations in load rotation, enve-
lope current analysis using HT and FFT is very useful for recog-
nising mechanical faults. In this way, the specific frequencies in 
the spectrum that indicate faults (fIR, fOR, fball) are easily recogniz-
able and are not linked to the supply frequency, making it easier 
to identify BFs.

Future research could develop this work to test it experimentally in 
the presence of various electrical faults such as BRBs and mechanical 
faults such as BFs. Also, the processing of ASM current and noise data 
instead of signal processing would be interesting and would make it 
possible to carry out intelligent classification of the various faults in 
rotating machines.
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APPENDIX

Nomenclatures

isα, isβ, irα, and irβ Stator currents and rotor currents in (α, β) plan

vsα, vsβ, Stator voltages and rotor voltages in (α, β ) plan

Ψsα, Ψsβ, Ψrα, and Ψrβ Stator fluxes and rotor fluxes in (α, β) plan

Lm Mutual inductance

Lf Leakage inductance

Rs, Rr Stator resistors and rotor resistors

p Pairs of poles number

ωm Stator angular speed

Ω Rotation speed

Tm Electromagnetic torque

Tr Load torque

J Moment of inertia

f Viscous friction coefficient

nr Rotation speed

fr Rotation frequency

Dc Diameter of the cage

Db Diameter of a ball

Nb Number of balls

α Contact angle

fs Supply frequency

fc Specific frequency of the fault

fBall Specific frequency of bearing ball fault

fOR Specific frequency of outer race fault

fIR Specific frequency of inner race fault


