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Detection and Classification of the Broken Rotor
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Abstract— Mechanical faults, stator faults and rotor faults are
the major faults of induction motors. Rotor faults constitute
about 10% of total faults of induction motors. The main reasons
of rotor faults are the broken rotor bars. Many methods have
been used to detect broken rotor bars till now. In this paper, a
new method is introduced. A squirrel-cage induction motor is
modeled by using MATLAB/Simulink. Model takes motor speed
as an input and finds the frequency of side-band harmonics of
stator current. Then model compares the magnitudes of
side-band harmonics with the magnitude of fundamental
component and classifies them according to the number of
broken rotor bars. At any load and speed, the method can find
and classify the broken rotor bars based on the number of
broken rotor bars. Experimental results, along with simulation
results verifies the effectiveness of the method.

Index Terms— Broken rotor bars, detection, induction
motors, simulation.

I. INTRODUCTION

Induction motors are the major motors used mainly in
industry. Therefore it is very important to use motors with
minimum fault. Any fault (related to induction motors) takes
place in industry may result in significant downtime and
financial losses. Stator faults, mechanical faults, and rotor
faults can be counted as the major faults of induction motors.
Stator faults caused by short-circuited coil or weak insulation.
Rise in temperature and vibration occurs in induction motor
as a result of stator faults. Mechanical faults are mainly
originated from bearing and misalignment faults. Vibration
occurs as a result of mechanical faults. Rotor faults especially
result from broken rotor bars. Rotor faults cause harmonics in
stator current, vibration and temperature rise. According to
the results of latest fault surveys approximately 38% of the
total faults of induction motor are due to stator faults, 40% of
the total faults are due to mechanical faults, 10% of the total
faults due to rotor faults and 12% of the total faults are due to
other mechanical faults [1].

Stator current, voltage, noise, heat, torque, and vibration
signals are mostly used to detect induction motor faults.
Motor current signature analysis (MCSA) is a commonly used
method to detect rotor faults by observing side-band harmonic
frequencies of stator current [2-3]. Time domain analysis and
frequency domain analysis are the main methods for MCSA.
The side-band harmonic frequencies of stator current can also
be used to diagnose broken rotor bars for large motors [4].
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When there is a broken rotor bar, induction motor heats more
than induction motor with healthy rotor. It may also vibrates
compared to the healthy motor. Therefore its noise is more
than the healthy motor. Frequency signal dimension order
estimator can be created to compare faulty and healthy rotors
and decide on the healthiness of the rotor [5]. By using
wavelet analysis and by observing heat, torque, noise and
vibration signals, rotor faults can also be detected [6-7].
Startup transient currents may be observed by using wavelet
method. In this method it is not necessary to load the
induction motor for fault detection [8-9].

Digital signal processing method is another method to
diagnose rotor faults [10-11-12]. To achieve success in this
method, the signal should have harmonic sinusoids. The rotor
faults can be diagnosed by monitoring the signatures of
current, voltage, heat and vibration signals. This method is
also used for condition monitoring of induction motors
[13-14]. By measuring vibration signals and observing
frequency features, rotor faults can also be detected [15-16].
In global fault index method, stator current besides stator
voltage is measured and then the power of the induction motor
is calculated. Broken rotor bars are detected by using
periodograms such as Bartlett periodogram [17]. Comparison
of power spectrum with the stator current is another way to
detect rotor faults [18-19]. With instantaneous power
spectrum, it possible to detect broken rotor bars even at low
slips [20]. Flux analysis uses magnetic flux density to
diagnose rotor faults (mainly used for large motors) [21].
Stator current analysis is the most commonly used method to
detect rotor faults. Broken rotor bar is the main reason of the
rotor faults. When there is a broken rotor bar in the induction
motor, side-band harmonic frequencies (f,) appear at both
sides of fundamental frequency of stator current. Side-band
harmonic frequencies can be found as:

f, =(0%2ks)f,,

where ‘fy’ represents side-band harmonic frequencies, ‘s
represents slip and ‘f;” represents fundamental component
frequency.

As load of the induction motor increases, slip also increase.
Therefore side-band harmonic frequency changes and as slip
increase side-band harmonic frequency diverges from the
fundamental component frequency. Closeness of the
side-band harmonic frequency to the fundamental component
frequency at 25% loading condition is more than the
closeness of the side-band harmonic frequency to the
fundamental component frequency at 100% loading
condition. Not only closeness of the side-band harmonic
frequency to the fundamental component frequency changes
but also the magnitudes of the side-band harmonics change

k=1,2,3 (1
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with the loading of the motor. Magnitudes of the side-band
harmonics at 100% loading are bigger than the magnitudes of
the side-band harmonics at 25% loading. At the same loading
condition; the magnitudes of the side-band harmonics also
increase as the number of broken rotor bar increases [22].
This condition can be formulated as:

=N @

where ‘Iy,’ represents the magnitude of side-band harmonics,
‘I’ represents the magnitude of fundamental component, ‘ny,’
represents the number of broken rotor bars and Ny’
represents the total number of rotor bars.

The resistance of rotor increases as the number of broken
rotor bars increase [23-24]. The change in the resistance of
the rotor can be written as

N, -3n,,

where * Al’r > represents the change in rotor resistance for
each phase, ‘r,” represents rotor resistance for each phase.

In this paper, a squirrel-cage induction motor is modeled by
using MATLAB/Simulink. Model takes motor speed as an
input and finds the frequency of side-band harmonics. Then
model compares the magnitudes of side-band harmonics with
the magnitude of fundamental component of stator current
and classifies them according to the number of broken bars.
At any load and speed, the method can find and classify the
number of broken rotor bars. In the study, Simulink model
will be introduced first. Then, simulation results will be
presented. Finally, experimental results will be presented and

compared with the simulation results.

II. MATHEMATICAL MODEL OF THE INDUCTION MOTOR

Equations of rotor and stator are deduced according to dq
frame. As a matter of convenience three-axis frame (abc
frame) translated into two-axis reference frame (dq frame) as
follows [25-26];

O -Axis Model;

2
L5, dlys L, 4pgr
R4 (Lo—=my_95 _y _Zm 74" 4
slas * (s L,,) dt oL, de )
L, dpgr L., P
L + =1, 4L, +—(0— 5
R, di Paqr = 1Lgstm R, ( 3 )Pdr )
D-Axis Model;
Ryl +(L L%n ) dl 4 7% Ly dogy (6)
d. - ), = T
SN L dt L dt
L, dogy L, P
Ly =14L,, ——— (00— 7
R di (2 dstm R, ( > )(qu @)
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Slip;
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Side-band harmonic frequencies are found by using motor
speed as follows;
2007 _ )
—_ P

Jy=(0£2=), (12)
where R, R, are the stator and rotor resistances; L,, L., L,
are stator, rotor and mutual inductances; Vg, Vg4, are q and
d axis stator voltages; I , Is are q and d axis stator
currents; @, , (), are rotor q and d axis fluxes; o is the rotor

angular speed; P is pole pair; T is load torque; T,
electromagnetic torque; Tgamp is the damping torque; J is rotor
and load inertia; F is the rotor and load friction coefficient; f;
is the fundamental component frequency; f; is the side-band
harmonic frequency; s is slip; ny, is the number of broken
rotor bars, and Ny, is number of total rotor bars.

III. SIMULINK MODEL

The Simulink model is developed according to equations
1-12. In the simulation model, user can set the loading of the
motor and the number of broken rotor bars from the menu.
The loading can be selected as 25% load, 50% load, 75% load
and 100%. The nameplate parameters of three-phase
induction motor used in the model are: 7.5 kW; 380 V-50 Hz;
2850 rpm, 2 poles, 30 rotor bars. User can enter parameters of
the induction motor from the functional block of the model.
Apart from the model used in the previous work [26]; this
model uses total number of rotor bars to classify the rotor fault
according to number of broken rotor bars as in equation (2),
side-band harmonics are calculated in the same block (see
Fig. 1), change in rotor resistance is calculated according to
equation (3), motor speed is used to find the frequency of
side-band harmonics. Details of the model is given in Figure
1.
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Figure 1. Details of the parameter computation block

IV. SIMULATION RESULTS

The developed model was tested under four different
loading conditions (25% load, 50% load, 75% load and 100%
load) and with two different rotor faults (one broken rotor bar
and three broken rotor bars). Under all loading conditions, the
induction motor was tested first with healthy rotor, then with
one bar broken rotor bar, and then with three broken rotor
bars. All stator currents shown in the paper are provided in
frequency domain. Due to the limited space in the paper the
results of all implemented tests are not provided in this paper.
There are no side-band harmonics under all loading
conditions when the rotor is healthy. This can be seen from
Figure 2.
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Figure 2. Stator current under 50% loading with healthy
rotor
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Figure 3. Stator current (with one broken rotor bar) under
50% loading
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The motor with one broken rotor bar was first tested under
25% loading. Under this condition side-band harmonic are
close the fundamental component of the stator current. The
magnitudes of the side-band harmonics are quite low. The
second test of the motor with one broken rotor bar was
implemented under 50% loading. Figure 3 shows the stator
current of the motor with one broken rotor bar under 50%
loading. Side-band harmonics are clearly separated from the
fundamental component. The magnitudes of the side-band
harmonics are medium.
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Figure 4. Stator current (with one broken rotor) bar under
100% loading
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Figure 5. Stator current (with three broken rotor bars) under
50% loading

The third test of the induction motor with three broken
rotor bars was implemented under 75% loading. Side-band
harmonics are far away from the fundamental component. The
magnitudes of the side-band harmonics are higher. The last
test was implemented under 100% loading. Figure 4 shows
the stator current of the motor with one broken rotor bar under
100% loading. Side-band harmonics are much far away from
the fundamental component. The magnitudes of the side-band
harmonics are highest. The stator current of motor with three
broken rotor bars under 50% loading is shown in Figure 5.
The side-band harmonics are clearly seen. Under all loading
conditions; as the number of broken rotor bars increases, the
magnitudes of the side-band harmonics also increase. Figure
6 indicates the stator current of motor with three broken rotor
bars under 100% loading.
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Figure 6. Stator current (with three broken rotor bars) under
100% loading

V. EXPERIMENTAL RESULTS

Experimental set-up is shown in Figure 7. Rotor faults were
created by drilling holes on the rotor bars. The motor was
loaded with a three phase synchronous generator (which is
loaded with a resistive load bank). The loading conditions of
the motor were observed from the stator current.
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Figure 8. Stator current under 50% loading with healthy rotor

The stator currents of the motor under all loading conditions
were recorded by a current transformer and A/D converter.
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The data of the stator current was converted into excel file by
using the software tool provided by Labview. Motor speed
data were transfered to another computer by a tachometer.
Induction motor was tested under the same rotor faults and
loading conditions with the same parameters which was used
in the simulation. Broken rotor bars were detected with the
developed of software. This software uses motor speed and
stator current as inputs for the detection. The results are
shown in Figures 8-12. There are no side-band harmonics
under all loading conditions when the rotor is healthy (Figure
8).
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Figure 9. Stator current (with one broken rotor bar) under
50% loading

Under all loading conditions; as the number of broken rotor
bars increases, the magnitudes of the side-band harmonics
also increase. The induction motor with one broken rotor bar
was first tested under 25% loading. The second test was
implemented under 50% loading. The last test was
implemented under 100% loading. It can be seen from Figure
9 that the side-band harmonics are clearly separated from the
fundamental component when the number of rotor bars is one.
The magnitudes of the side-band harmonics are medium.
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Figure 10. Stator current (with one broken rotor bar) under
100% loading

The side-band harmonics can be clearly seen in Figure 10. It
is seen in Figure 11 that side-band harmonics are much far
away from the fundamental component when the number of
broken rotor bars is three. The magnitudes of the side-band
harmonics are highest (Figure 11). The side-band harmonics
are clearly seen in Figure 12 since the load and the number of
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broken rotor bars are increased. At all loading conditions and
broken rotor bar numbers, broken rotor bars are detected and
classified according to broken rotor bar numbers successfully.
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Figure 11. Stator current (with three broken rotor bars) under
50% loading
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Figure 12. Stator current (with three broken rotor bars) under
100% loading

VI. COMPARISON OF SIMULATION AND EXPERIMENTAL
RESULTS

Side-band harmonic frequencies are found by using equation
(12). Side-band harmonic frequencies of the test results of
motor with one broken rotor bar are presented in Table 1.

Table 1. Side-band harmonic frequencies with one broken
rotor bar

Side-band harmonic frequency for one broken rotor bar

Load Left S.B.H.F. (Hz) Right S.B.H.F. (Hz)
m Simulatio | Experimenta | Simulatio | Experimenta
n | n |

25% 49.29 49.38 50.71 50.62
50% 48.8 48.84 51.2 51.16
75% 48.1 48.12 51.9 51.88
100% 47.4 47.38 52.6 52.62

Side-band harmonic frequencies of the test results of motor
with three broken rotor bar are presented in Table 2.

Side-band harmonics’ amplitude versus amplitude of the
fundamental component with one broken rotor bar is
calculated according to (2) and presented in Table 3. ny,,/Ny=

63

ISSN: 2349- 2058, Volume-03, Issue-06, June 2016

1/30 = 0.033; with one broken rotor bar and n.,/N,= 2/30 =
0.067; with two broken rotor bars. Therefore; calculated

0.033<n,, /N, <0.067
0.033<1,,/1<0.067.

values are: and

The amplitude of side-band harmonics’ versus amplitude of
fundamental frequency with three broken rotor bars is
calculated according to (2) and presented in Table 4. ny,,/Ny=
3/30 = 0.1; with three broken rotor bars and ng,/Ny,= 4/30 =
1.134; with four broken rotor bars. Therefore; calculated

0.1<n,, /N, <0.134

values and

0.1<1,,/1<0.134.

are:

Table 2.Side-band harmonic frequencies with three broken
rotor bars

Side-band harmonic frequencies for three broken rotor bar

Load Left S.B.H.F. (Hz) Right S.B.H.F. (Hz)

M Simulatio | Experimenta | Simulatio | Experimenta

n | n |

25% 49.28 49.37 50.72 50.63
50% 48.74 48.78 51.26 51.22
75% 47.93 47.95 52.07 52.05
100% 46.87 47 53.13 53

As it is shown in Tables 1-4, experimental results and
simulation results are in agreement with each other. In both
simulation and experiment results, broken rotor bars are
detected and classified according to the number of broken
rotor bars. Therefore the performance of the developed model
was verified successfully.

Table 3. The amplitude of side-band harmonics e versus the
amplitude of fundamental component with one broken rotor

bar
1, /1
L?_?)d Simulation Experimental
25% 0.19/5.6 = 0.0339 0.21/5.58 = 0.0376
50% 0.33/7.99 = 0.0413 0.38/8 = 0.0475
75% 0.75/11.6 =0.0646 | 0.47/11.5 = 0.0408
100% 0.57/14.4=0.0395 | 0.576/14.6 = 0.0394

Table 4. The amplitude of side-band harmonics versus the
amplitude of fundamental component with three broken rotor
bars

1, /1
L?Ta)d Simulation Experimental
25% 0.59/5.86 =0.1007 | 0.77/5.85=0.131
50% 1.03/8.48=0.121 | 0.935/8.4=0.1116
75% 1.45/12.42 =0.116 | 1.314/12.4 =0.1059
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‘ 100% ‘ 2/15.53=0.1287 | 1.8/15.72=0.1145

CONCLUSION

In this paper, broken rotor bars in a squirrel-cage induction
motor are analyzed, detected and classified. Bu using
Simulink, simulation model is modeled. The model was tested
under four loading conditions (25%, 50%, 75%, 100%) with
one and three broken rotor bars. An induction motor was
tested under the same rotor faults and loading conditions with
the same parameters which was used in the simulation. The
experimental results and simulation results are in agreement
with each other and with those in the literature. In both
simulation and experimental results, the method found and
classified the broken rotor bars according to their numbers at
any load and speed. The model can be successfully used for
educational purposed to detect the broken rotor bars.
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