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Broken Rotor Bar Fault Detection in Induction
Motor Based on Spectral Analysis

Zafer Dogan

Abstract— Three-phase induction motors are among the most
frequently used motors in industrial areas due to their simple
structure, low cost, power specifications, etc. Electric energy
consumption from these motors accounts for 68% of the energy
used by all motors. The faults that occur in these motors over time
decrease motor efficiency and result in significant energy
consumption. In this study, a new method based on spectral
subtraction (SS) was suggested for determining broken rotor bar
(BRB) faults in these motors. The traditional method of motor
current signature analysis via Fast Fourier Transform (FFT) is
hard to use to diagnose BRB faults because the sideband
characteristics used as a fault indicator are also seen in the healthy
state at low amplitude levels. In the proposed fault detection
method, the FFT of both healthy case and faulty case current
signals were calculated and then the SS signal is obtained by
subtracting the FFT of the healthy motor from the faulty motor
for each time step. In the residual SS signal, fault detection was
performed by examining the amplitude levels of the harmonic
component of the BRB fault. Experimental results indicate that
BRB faults can be successfully detected in squirrel-cage rotor
induction motors using the suggested method.

Index Terms— Broken rotor bar, Induction motor, Spectral
subtraction, Energy-saving, Induction motor energy consumption.

I. INTRODUCTION

LECTRONIC ENERGY is among humanity's primary and

indispensable needs. The most intense consumption of this
energy is consumed due to electric motors. According to
International Energy Agency (IEA) estimates, 53% (10,500
TWh per year) of the electricity consumed worldwide is
consumed by electric motors. This consumption gives rise to
around 6800 Kt of CO; emissions. Induction motors are the
most preferred motor among electrical motors. These motors
are driving machines that have been used for many years due to
their simple structure, low cost and stable operation. These
motors consume 68% of the energy used by all motors
worldwide [1]. Any amount of energy saving in these motors is
important for both the environment and the efficient use of
primary resources due to their excessive consumption
[2].Despite induction motors strong and stable structure,
various faults can occur because of thermal stress, magnetic
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stress, production faults, dynamic stress, environmental
conditions, etc. As shown in Fig. 1, induction motor faults can
be classified, in general, as [3]: Stator faults (Open or Short
Circuit in one or more phase windings), Rotor Faults (Broken
Rotor Bar (BRB) and End-ring cracking), Bearing Faults (Outer
race, Inner race, Ball and Cage failures), Other faults
(Eccentricity faults, Shaft inclination and Driver based faults).

Others;

14% Bearing Faults;

36%

Rotor Faults;
10%

Rotor Faults;
40%

Fig.1. Induction motor faults[3]

Most 3-phase induction motors used in industrial areas have
a squirrel cage rotor. Broken bar faults or end ring faults take
place in this rotor over time. The rotor faults make up about 8—
10% of all faults in induction motors. The main causes of rotor
faults can be classified as losses and pores on the bars due to
thermal overloading; noise-vibration due to irregular magnetic
attractions; manufacturer faults; torque generated by the load
on the motor shaft; frequent stops and starts; faults due to

centrifugal and circular rotation; and faults due to
environmental conditions such as moisture, chemicals and dirt
(31, [4].

The faults in induction motors cause many adverse

conditions, which are vibration and noise in the motor, heat
increase in the motor, uneven air gap flux distribution, decrease
and oscillation in average moment, decrease in efficiency,
harmonics in the line current and induced electromotive force
(EMF), etc[4], [5]. In terms of working safety, economy and
energy savings, early detection of faults in the mechanical and
electrical parts of induction motors is very important. Periodic
maintenance operations performed at certain time intervals
allow operating electrical motors for long periods of time
without any fault. Currently, real-time condition monitoring
and fault detection based predictive maintenance are replacing
periodic maintenance. Therefore, monitoring electric motors
and predictive maintenance are among the most important
issues that are focused on today [5], [6], [7].
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Many methods, such as motor current signals [8], [9],
vibration [10], instantaneous power [3], noise, chemical
analysis etc., are used for fault detection in these motors. Motor
current signature analysis (MCSA) is the most frequently used
method among these methods [11]. The motor current signal
can be monitored non-invasively. The traditional MCSA
method is quite successful, especially for motors operating
under constant speed, constant load torque and constant
voltage[12]. There are many studies in the literature for
detecting BRB faults in induction motors via MCSA[8], [9],
[13], [14],[15], [16], [17], [18]. When BRB occurs in the motor,
the frequency spectrum of the motor stator phase currents
changes from the healthy state [19]. Many methods based on
analysis of the stator currents have been used in detecting
induction motor BRB faults. Among them, time-domain
analysis [20], frequency domain analysis [3], [4], [5], [11], [14],
[21] and time-frequency domain analysis [7], [9], [18], [22],
[23] are the most well-used methods. Although time-domain
analyses are practical, they may not always produce the desired
diagnostic results. In contrast to time domain analysis, time-
frequency domain analysis is impractical but can produce the
desired diagnostic results. Frequency domain analysis is both
partially practical and can give the desired diagnostic results
[3], [4]. In frequency domain analysis, time domain signals are
transmitted to the frequency spectrum via Fourier transforms.
In a Fourier transform method, the spectrum of the monitored
current signal is analyzed, and the frequency components of the
signal are examined. Researchers using this method have
monitored the sideband components to the lower and upper
components of the fundamental frequency for BRB fault
detection. In [5], a Fast Fourier transform (FFT)-based BRB
fault diagnosis was made using an MCSA in an induction motor
driven by an inverter. The fault detection was implemented
using characteristic frequencies of the BRB fault in a fuzzy
logic algorithm. In [24], a support vector machine (SWM) was
used to detect BRB in induction motors. The curve area, crest
angle and amplitude of harmonics were extracted from the
stator current using FFT. Then, these fault characteristics were
applied to the SWM input and a fault diagnosis was made. It is
difficult to diagnose BRB faults using the FFT of the motor
current signals because the sideband characteristics used as a
fault indicator are also seen in the healthy state at low amplitude
levels. Therefore, classification algorithms are used in most of
the BRB studies. This problem can also be resolved using a
spectral subtraction (SS) method. The SS method is widely used
for removing acoustic noise in audio data processing [22], [25],
[26]. Spectral subtraction is a good tool for reducing the spectral
effect of healthy motor spectral components on the stator phase
current [22].

In this study, a new approach is presented for BRB fault
detection in induction motors using stator current SS. The main
purpose of this study was to detect these faults at the initial
stage. The stator phase current of the motor is monitored to
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obtain the SS signal. The SS signal is obtained by subtracting
the spectral components of the healthy motor from the faulty
motor for each time step. Fault diagnosis was performed by
statistical analysis of the SS signal.

The study is comprised of 5 sections. The 2nd section after
the Introduction explains the impacts of BRB faults on
induction motors. Section 3 focuses on the calculation of motor
current SS signal values for both the healthy and faulty cases.
Experimental studies are presented in Section 4. Results are
presented in Section 5.

II. BROKEN ROTOR BAR DETECTION BY MCSA

In a healthy condition, an induction motor operates under
uniformly distributed mechanical and electromagnetic forces.
The impedances of the stator equivalent windings of the motor
are identical. For the healthy case, a squirrel-cage rotor
resistance matrix [R;] is given as [27]

2 +r) -, 0 . 0 0 -]
-t 2 +r) -1 0 0 0
Rl E Do : Do (1)
0 0 0 . -1 2n+r) -1
-1 0 0 . 0 -r  2An+r)
- e A AR A -1, -nr|

where r. is the resistance of the end-ring segment, ry is the
nominal resistance of the rotor bar and n is the number of rotor
bars in the cage. As a result, under normal conditions, the stator
phase currents of an induction motor with 3-phase squirrel-cage
are symmetrical and the motor works with s slip at f source
frequency. These currents produce a rotating magnetic field in
the stator of the induction motor, as seen in Eq. (2) [27]

i, =1, cos(wt—a,) 2

where Isrepresents amplitude, ar fault condition component and
ir denotes the stator phase current. These rotating magnetic
fields induce an EMF at frequency, s, in the rotor circuit. A
symmetric magnetic flux distribution is generated in the air gap
when the stator and rotor circuits are symmetrical.

Rotor faults may develop in these motors when operating under
extreme operating conditions due to thermal, magnetic,
dynamic and environmental causes as well as mechanical and
production faults. BRB and end-rings in induction motors are
among the most important squirrel-cage rotor faults [22]. A
BRB fault in an induction motor with a squirrel cage rotor
changes the rotor equivalent circuit of the motor. To model the
impact of the broken bar, a defect resistance, ryp, is added to the
rotor resistance matrix, [Rr]. As a result, the squirrel-cage rotor
equivalent resistance matrix, [Rr], accounting for the impact of
the broken bar, is defined by Eg. (3) [9].
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The phase currents flow from the stator windings under BRB
conditions [27];

l-s)f = la—s)r cos((1 — 2s)wt — ag_g)r) 4
where /.25 represent amplitude and #.;.2)r represents the stator
phase current increasing due to rotor asymmetry. These currents
result in the generation of two magnetic fluxes rotating contrary
to one another at frequencies + sf subject to the rotor circuit
asymmetry as well as the generation of an oscillating stator
EMF at frequency component (1- sf) [27]. As a result, it begins
a speed oscillation and a vibrating torque at the frequency 2sf’
[28]. The propagation of the BRB fault in the frequency domain
is shown in Fig. 2.

/ Stator \

. (1+2s)

I \ i \

\ Rotor

‘ Mechanical Speed +sf 25f |
\ =
\ a

K Stator (1-25)f /

Fig. 2. The propagation of the BRB fault in the frequency domain

The electrical and magnetic asymmetries in the rotor also
generate harmonics at the sidebands of the source frequency in
the motor phase current. BRB harmonic components can be
calculated via spectral analysis of the motor currents. The BRB
frequency components can be given as [3], [4]:
fo=QQ £25)f ®)

where f, represents the broken rotor bar frequency and s is the
slip.

The frequency components of the sidebands that represent BRB
faults change dynamically with the load moment of the motor.
Hence, this change should be taken into consideration when
applying SS and the differences of the motor phase current
signals under the same load conditions should be calculated
when determining the healthy and faulty motor SS signal
values. To do this, the sideband frequency harmonic
components for BRB fault should be determined accurately.
These harmonic components depend on the slip value generated
according to the load condition of the motor. For any load
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moment of an induction motor, the slip value can be calculated
precisely depending on the rotor speed [29]. For this purpose,
the synchronous speed of the motor, n,, can be calculated using
Eq. (6) depending on source frequency and the number of poles.
Depending on the calculated 7, and the rotor speed, #,, obtained
experimentally, slip can be calculated using Eq. (7). The term
color space refers to the entire sum of colors that can be
represented within the said medium. For our purposes,

6
ng = 120.f/p ©)
S =ns— nr/ns (7)
I1l. SPECTRAL SUBTRACTION ON THE MOTOR CURRENT

SIGNALS

The SS method is frequently used to filter the noise generated
in the sound signals for improving the sound quality but
reference [30] shows that it has also been used successfully for
bearing fault detection in electrical motors. The offered method
gives highly successful results especially for induction motors
that are running steady state.

Fig. 1 shows the topology of the method suggested for BRB
fault detection of induction motors. This topology comprises
five stages: data acquisition, normalization, FFT, Spectral
subtraction, and feature extraction.

Signals are carried over to the frequency domain in spectral
analyses. Fourier transformations are among the most
frequently used spectral analysis methods [10]. Fourier
transformation, which is used in many scientific areas for
harmonics analysis, is also an important fault detection tool for
the detection of faults in electrical motors. Since the signals
used for fault detection in electrical motors include a limited
number of samples within a certain time interval, Discrete
Fourier Transformation (DFT) is used in these applications [4].
DFT can be expressed as in Eq (8)

N1 P
X(k)=>x(me N, k=01.,N-1

®)

>

where N denotes the length of the x signal which contains a
certain number of samples.
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Fig.3. Block diagram for the suggested fault detection method

In this study, the application stages of the proposed SS
method for diagnosing BRB faults are as follows:

1. The stator phase current signals acquired from
healthy and faulty motors are normalized, after which
xh(n), the healthy motor current signal, and xf(n), the
faulty motor current signal, are obtained.

2. xh(n) and xf(n), each containing N samples, are
windowed using a Hanning window. Thus, xhw(n), the
windowed healthy motor current signal, and xfw(n),
the windowed faulty motor current signal, are
generated.

3. The current spectrums of Xfh(k), healthy motor, and
Xff(k), faulty motor, are calculated by replacing xhw(n)
and xfw(n) signals in Eq. (8).

4. The SS signal, R(k), seen in Eqg. (9), is obtained by
subtracting the FFT of the healthy machine from the
faulty machine for each time step [25]. The most
important feature of the SS signal obtained here is that
it carries only the fault effects of the motor current.

R(k) = | Xfh(k)-| XFf()| (9)
5. The BRB fault status in IM can be calculated using
Eq. (10). The difference between the amplitude
response, A(f), corresponds to the frequency, f, and the
amplitude response, A((I+ 2s)f), corresponds to the
frequency, (1-2s)f, in the R(k) SS signal. The
difference value, D, can be given as,

D = A((1+2s)f) - A(f). (10)

Accordingly, the motor is faulty if D >0.
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IVV. EXPERIMENTAL STUDY

The experimental setup used in the study is given in Fig. 4.
The hardware used in this setup is comprised of an induction
motor, DC machine, data acquisition system and tachometer.
The DC Machine used as a load in this system has a loading
capacity of 2800 rpm and 42 Nm. The torque sensor is in a strain
gage structure and has a measurement capacity of 100 Nm.

Fig. 4. Experimental setup

Two identical induction motors were used during the
experiments for the healthy motor and faulty motor states.
Table.1 shows the parameters of the motor used in the

experimental studies.
TABLE |
THE PARAMETER OF THE INDUCTION MOTOR

Rated output power 2.2 kW
Supply frequency 50 Hz
Supply phase voltage 230/400 V (A/Y)
Rated current 8.4/4.85 A (A/Y)
Rated speed 1435/min
Power factor 0.82
Efficiency 79.7%

The load conditions for the motor were generated using a DC
Generator. High sampling frequency motor current data should
be collected for BRB fault detection based on the SS signal.
This study used a data acquisition system comprised of a
National Instrument cDAQ-9174 cabin and NI 9227 current
module to meet this demand. An optical tachometer was used
to measure the rotor speed.

Fig. 5. Healthy and broken rotor bars
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The BRB faults of the induction motors were generated
artificially on the squirrel-cage rotor. The induction motor used
in experimental studies had a total of 28 rotor bars. A 17 mm
hole was drilled in one of the rotor bars using a 6 mm drill bit.
Hence, one broken rotor bar (1BRB) was formed. The same
operation was repeated for the other faults (2BRB, 3BRB). The
rotors used in the experimental setup can be seen in Fig. 5.
The motor phase currents were recorded for 20 s at a 25600 Hz
sampling frequency. The data were monitored for 4 different
states (healthy, 1 BRB, 2 BRB and 3 BRB) of the motor. Each
motor state was tested in 6 different load conditions (0%, 25%,
50%, 75%, 100% and 115%). Fig. 6 shows the motor phase
current signals for the healthy (IH), 1 BRB (I11BRB), 2 BRB
(12BRB) and 3 BRB (I3BRB) states.

in induction motors varies depending on the load condition of
the motor. This change is clearly seen in Fig. 7. The respective
1BRB fault harmonic frequency components for 0%, 25%,
50%, 75%, 100% and 115% load conditions are 49.66-50.35
Hz, 47.8-52.2 Hz, 47.31-52.65 Hz, 46.39-53.65 Hz, 45.65-
54.4 Hz and 44.14-55.95 Hz. The main reason for this change
is the slip. The other words, the slip value of the motor changes
with changing load conditions in induction motors.

The load conditions of the healthy motor and the faulty motor
are the same in the SS-based induction motor fault detection
method. In this study, the slip value corresponding to the load
condition of the induction motor was calculated using Eq. (7),
depending on the motor speed measured by a tachometer. Table
Il shows the slip and speed values depending on the load
condition of the motor.

10 - 1
. TABLE II
; ; I O R . THE SLIP AND THE SPEED VALUES DEPENDING ON THE LOAD
sp v H Vo S CONDITION OF THE MOTOR.
st \ l‘ BERE Load Speed (rpm) Slip
= 2f ||| lu' v I { \ f 1 %0 14949 0.0034
e oo ,? . L ! 1 %25 1467 0.022
(ST [ =
HF R f %50 1459.65 0.0269
-4 F - -\ -
NIV ERYER | RSN %75 144585 0.0361
ML R ' 2 %100 1435 0.0435
Al
- T cemiax=—oss %115 1413,6 0,0576
-WDO 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2

Time(s)

Fig.6. Stator phase current signals for induction motors faulty and healthy.

Fig. 6 shows that the sinusoidal form of the motor current
signals deteriorates in case of BRB failure and this deterioration
increases in direct proportion to the failure level. The main
reason for this distortion is the harmonics caused by rotor
failure.

V. RESULTS

The first stage in the fault detection process is distinguishing
whether the motor is faulty. In this study, a data set of 512000
elements was created for fault detection from the phase current
signals monitored in each motor load condition. Then, FFTs
were calculated for the data sets using the Hanning window.
Fig.7 shows, according to load conditions, the lower and upper
sidebands, ((1+ Zs)f ), of the fundamental frequency for BRB

faults.

v A o ] ‘ %25 || ™ T ¥
20F v y A s s T Yy v 1
& \ / 4
o A 14
g W
S a0+ I
=
a
E
< Jf
HJ:- ¥ »
80+
100
a4 46 48 50 52 54 56
Frequency(Hz)

Fig.7. Frequency spectrums of different load currents for the 1BRB motor state
The harmonic frequency value corresponding to the RBB fault
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At the last stage, the SS signals were calculated. As can be seen
from Table 2, the change of the load case changes the slip value.
Therefore, SS values are calculated according to each load case.
Fig. 8 shows the 1BRB-Healthy SS signal, RIBRB(K), the
2BRB-Healthy signal, SS R2BRB(k) and the 3BRB-Healthy
signal, SS R3BRB(k) figures for the motor under 100% load.

m T T R__®
% Ay i 125y (1+25]f\‘\ ERE
2 | ™ ) N o P
o o fy b el ’ I w.‘\'f‘\r." I
Ew ! .
46 52 54

— —
o T T T T R
Tl PRIES \; rogra, e
- r M N (AP N ]
% [1] r,\lw WL P S v\ | ’,vn.ga’."\‘.‘ A s\, A~ AW A YA urqiﬂﬁa.u, J' Vrmary
Em v L |

M 46 48 5 56
— - .
in T —— R,
o L 2BRE
= 40 - (1+25)fFm
2 gkAM ~ IRV
? 0 - "\.“ AT,
< 40 '

f{Hz)
Fig.8. The SS signals under 100% load

In all the graphs in Fig. 8 the amplitude values at frequency f
are approximately 0. This figure also shows that the amplitude
values at frequencies f have larger BRB harmonic components
than the amplitude values at frequencies f. Therefore, the motor
has a BRB fault in all these graphs since D>0.

Determining the fault level is the second important step in
the fault detection process. Since hardware damage in the motor
may increase with increasing fault level, increased fault level
may result in an adverse situation, such as making the motor

http://dergipark.gov.tr/bajece


http://dergipark.gov.tr/bajece

BALKAN JOURNAL OF ELECTRICAL & COMPUTER ENGINEERING, Vol. 12, No. 4, December 2024

completely unusable. Since an increase in the number of broken
bars in the rotor will increase the total resistance, the amplitudes
of the fault harmonic components of the motor stator currents
in the frequency domain will also increase. Therefore, BRB
fault levels can be easily determined by comparing the
amplitude values for the harmonic frequencies of the SS signal.
The amplitude values of the SS signal under different load
conditions are shown in Fig.9.

35 | ; ;

30 -

251

B)

Amplitude(d

20 40 60 80 100
Load(%)

Fig.9. Amplitude values of the SS signal under different load conditions

This figure shows the amplitude values of the SS signals under
100% load condition as BRB1 11.579 dB, RB2 23.834 dB and
BRB3 31.033dB. The different fault level values given for the
100% load condition are also similar for the other load
conditions. These changes in harmonic amplitudes, which vary
in direct proportion to the fault level, indicate the fault levels.

Many studies in the past years on the detection of
conventional FFT-based BRB failures in induction motors have
shown that rotor failure detection at 0% load condition is almost
impossible [31]. In this study, under the 0% load condition, the
amplitude values of the SS signals are 6.15 dB, 7.22 dB, and
18.02 dB for 1BRB, 2BRB and 3BRB fault conditions,
respectively. According to these results, the proposed fault
detection method can distinguish the fault level even under 0%
load condition.

VI. CONCLUSION

This article focuses on BRB fault detection in a 2.2 kW three-
phase induction motor. A new fault detection method based on
the induction motor SS signal was suggested in this study.
Induction motors stator phase currents were first monitored
under 6 different load conditions in the healthy case.
Afterwards, this monitoring procedure was repeated for the
artificially generated 1BRB, 2BRB and 3BRB fault states.
Spectral analyses were then carried out for the recorded motor
phase current signals for each motor state. Finally, the SS signal
values were calculated for the healthy state and for each fault
status. BRB fault and fault level detection according to
harmonic components at the sidebands of the motor’s source
frequency were carried out using the acquired SS signal values.
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In addition, as a significant advantage of the suggested method,
while 1BRB faults cannot be detected by most fault detection
methods since a very low current passes through the rotor
circuit in the 100 % load condition of an induction motor, fault
detection could be carried out easily with this method. The
results indicate that the suggested SS signal method can be
successfully used for BRB fault detection in induction motors.

As a general result, the rapid and reliable fault detection
achieved by the proposed method in induction motors, which
are the most widely used in industrial areas all over the world
and consume the most energy, will have an important
contribution to humanity in terms of both economic and
environmental aspects. The proposed method can be used in
future studies to detect other faults in these motors.
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