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Abstract— Electric motors play a very important role in
the safe and efficient running of any industrial plant. Early
detection of abnormalities in the motor will help to avoid costly
breakdowns. Accordingly, this work presents a technique for
the diagnosis of broken rotor bar in induction motor. Stator
voltages and currents in an induction motor were measured
and employed for computation of the input power of one stator
phase. Waveforms of the instantaneous power were subsequently
analysed using the Bartlett periodogram. The latter is calculated
either with a rectangular window or a Hanning’s window. The
evaluation of the global modulation index on the instantaneous
power spectrum is used for fault detection. Several rotor cage
faults of increasing severity were studied with various load effects.
We show some experimental results to prove the efficiency of the
employed method.

I. I NTRODUCTION

The induction motor, especially the asynchronous motor,
play an important part in the field of electromechanical energy
conversion. It is well-known that the interruption of a manufac-
turing process due to a mechanical problem induces a serious
financial loss for the firm. We know a variety of faults which
can occur in induction machines [1] [2], such as rotor faults
(broken bar or end ring) or rotor-stator eccentricity. In fact, if
faults are undetected, they may lead to potentially catastrophic
failures. The consequences of a faulty rotor are excessive
vibrations, poor starting performances, torque fluctuation or
higher thermal stress. The breaking of rotor bars can be
induced by:

• a thermal stress due to thermal overload or unbalance,
• magnetic stresses caused by electromagnetic forces, elec-

tromagnetic noise and vibrations,
• a residual stress due to manufacturing problems,
• a dynamic stress arising from shaft torques, centrifugal

forces and cyclic stresses,
• environmental stresses caused by contamination and abra-

sion of rotor material due to chemicals or moisture.

Various techniques have been proposed to detect a rotor
fault. One of the well-known approaches for the detection of
broken rotor bars in an induction machine is based on the
monitoring of the stator currents to detect sidebands around the
supply frequency [3] - [10]. Another way to detect a rotor fault
is the measurement of torque harmonics, speed or external flux
[11].

In this paper, we put forward a broken rotor bars fault
detection using the power of the sidebands. It is based on
the averaging periodograms. The broken bar detection can be
connected to the analysis of the global modulation index. We
estimate the global modulation index corresponding to the
contribution of all detected sidebands. In order to find the
frequency and the amplitude of each sideband to estimate its
modulation index and, therefore, we apply a non-parametric
power spectrum estimation, called averaging periodograms or
Bartlett method. This method is applied on the instantaneous
power in induction motor. We show that additional information
carried by instantaneous power improves the detection of the
sidebands. In fact, the instantaneous power method can be
interpreted as a modulation operation in the time domain that
translates the spectral components specific to the broken rotor
bar to a 0-100 Hz frequency well-bounded. [12] [13].

II. T HE INSTANTANEOUS POWER SIGNATURE

First of all, we consider an ideal three phase supply voltage.
The instantaneous powerp(t) of a phase is classically given
by:

p(t) = vs(t)is(t) (1)

wherevs(t) is the instantaneous voltage andis(t) is its line
current phase. If those two conditions are expected, the supply
voltage is sinusoidal and the speed is constant (no ripple), the
instantaneous power can be written as follows:



vs(t) =
√

2Vs cos(ωt) (2)

is0(t) =
√

2Is cos(ωt− ϕ) (3)

ps0(t) = VsIs[cos(2ωt− ϕ) + cos ϕ] (4)

where ϕ is the phase angle between the voltage and the
current line. The power spectrum of the current has only one
fundamental component at the frequencyfs = ω/(2π), while
the instantaneous power spectrum has a DC component and its
fundamental component at the frequency2fs = (2ω)/(2π).

When a bar breaks, a rotor asymmetry occurs. The result
is the appearance of a backward rotating field at the slip
frequency with respect to the forward rotating rotor. This
induces in the stator current an additional frequency atfbbls

=
(1 − 2s)fs. This cyclic current variation causes a speed
oscillation and a torque pulsation at the twice slip frequency
(2.s.fs). This speed oscillation induces, in the stator winding,
an upper component atfbbhs

= (1 + 2s)fs. Briefly, broken
rotor bars induce in the stator winding additional components
at the frequencies given by :

fbb = (1± 2ks)fs (5)

wherek = 1, 2, 3, ....
The component atfbb = (1−2ks)fs does not have the same

magnitude as the components atfbb = (1 + 2ks)fs because
the load inertia intervenes on the latter.

Therefore, the current is modulated [13] - [16] and it can
be written:

is(t) = is0(t)[1 +
∑

h

Mh cos(hωf t)] (6)

is(t) = is0(t) +
∑

h

√
2MhIs

2
[cos((ω − hωf )t− ϕ)(7)

+cos((ω + hωf )t− ϕ)]

whereh = 1, 2, 3, ....
As we explained previously, we do not have an amplitude

modulation with a perfectly symmetrical modulation law com-
pared to the carrier frequency : the sidebands magnitude on
the left and on the right are different but their numbers remain
identical. For this reason we have the same index K. The new
mathematical equation of the line current gives us:

is(t) = is0(t) +
∑

k

√
2MkIs

2
cos((ω − kωf )t− ϕ) (8)

+
∑

k

√
2M

′

kIs

2
cos((ω + kωf )t− ϕ)

whereMk denotes the modulation index for the left com-
ponents, M

′

k denotes the modulation index for the right
components andff = wf

2π = 2sfs acts as the modulation
frequency. The value of the modulation indexesMk andM

′

k

depends on the severity of the abnormality. The expression for
the modulated instantaneous power for one phase is obtained
by multiplying (2) by (8), is

ps(t) = ps0(t) +
∑

k

MkVsIs

2
cos((2ω − kωf )t− ϕ)(9)

+
∑

k

M
′

kVsIs

2
cos((2ω + kωf )t− ϕ) +

+
∑

k

VsIs

2
[Mk + M

′

k] cos ϕ cos(kwf t)

+
∑

k

VsIs

2
[M

′

k −Mk] sinϕ sin(kwf t)

In addition to the fundamental frequency and the two
sideband components atf = (2ω− ωf )/(2π) andf = (2ω +
ωf )/(2π) for the case ofk = 1, we have, in the instantaneous
power spectrum, a spectral peak at the modulation frequency
ff = ωf/(2π). The latter, referred to as the characteristic
component, provides an additional indication of diagnosis
information about the motor. Its amplitude depends on phase
angle ϕ and on modulation indexesM1 and M

′

1. In our
case, this component is used for the calculation of the2sfs

frequency.

III. B ROKEN BAR DETECTION BASED ON THE GLOBAL

MODULATION INDEX

In the case of a healthy motor, the equation of the instan-
taneous power contains an amplitude modulation with one
modulation signal around the carrier signal that is the supply
power at100 Hz frequency. In fact, this modulation signal
is created by a natural asymmetry of the rotor (eccentricity
created by the load for example). If a broken rotor bar occurs,
this asymmetry increases and several sidebands appear at the
modulation frequencies2ksfs. According to the amplitude
modulation theory, if several sinusoidal signals modulate the
same carrier wave, the power of this wave does not change
while the modulating signals increase the power contained in
the sidebands. Since the modulation index is proportional to
the amplitude of the modulating signal, different modulation
indexes correspond to different modulating signals. The global
modulation indexMt is defined so that the power of the
sidebands equals the sum of powers of each sideband:

M2
t Pc

2
=

∑
k

M2
kPc

2
+

∑
k

M
′2
k Pc

2
(10)

where the spectral powerPc of the carrier frequency is
Pc = (VsIs)

2 with the signalps(t). The expression ofMt

by supposingKl the number of the sideband components at
the left andKr the number of the sideband components at the
right becomes:

M2
t =

Kl∑
k=1

M2
k +

Kr∑
k=1

M
′2
k (11)

Moreover, for each modulation frequency2fs ± 2ksfs, we
can deduce its modulation indexMx by dividing its estimated
amplitudeAsx

= MxAc/2 by the amplitude of the carrier



Fig. 1. Test-bed and rotor with one broken bar.

Motor 2sfs freq Peaks numberNs M1p Mtp M1c Mtc 2(nsMtp) nsMtp

H-L100 6.89 1 0.0085 0.0128 0.0059 0.0092 0.0256
0.5b-L100 6.95 3 0.0096 0.0149 0.0078 0.0109 0.0447
1b-L100 8.48 3 0.0498 0.0528 0.0361 0.0378 0.1584
H-L50 2.62 1 0.0268 0.0380 0.0154 0.0223 0.0760

0.5b-L50 2.44 2 0.0159 0.0242 0.0062 0.0101 0.0484
1b-L50 2.68 2 0.0258 0.0287 0.0395 0.0484 0.0574

TABLE I

FAULT DETECTION BY GLOBAL MODULATION INDEX WITH A RECTANGULAR WINDOW

Motor 2sfs freq Peaks numberNs M1p Mtp M1c Mtc 2(nsMtp) nsMtp

H-L100 6.89 2 0.0032 0.0034 0.0031 0.0033 0.0136
0.5b-L100 6.95 4 0.0055 0.0068 0.0053 0.0063 0.0272
1b-L100 8.48 3 0.0401 0.0422 0.0356 0.0375 0.1266
H-L50 2.62 1 0.0050 0.0053 0.0041 0.0045 0.0106

0.5b-L50 2.44 2 0.0043 0.0055 0.0019 0.0040 0.0110
1b-L50 2.68 2 0.0253 0.0276 0.0264 0.0300 0.0552

TABLE II

FAULT DETECTION BY GLOBAL MODULATION INDEX WITH A HANNING ’ S WINDOW

frequencyAc = VsIs:

Asx

Ac
=

MxAc

2
1
Ac

=
Mx

2
(12)

Mx =
2Asx

Ac

Thus, the broken bar detection can be connected to the
analysis of the global modulation indexMt. We must find
the frequency and amplitude of each sideband to estimate
their modulation indexesMk and M

′

k. Therefore, we apply
a non-parametric power spectrum estimation, called averaging
periodograms or Bartlett method, instead of the classic peri-
odogram [17]. Indeed, when the record length N increases,
the frequency resolution of the periodogram is better but its
variance is not reduced. The definition of the periodogram is:

P̂ps(f) =
1
N

∣∣∣∣∣
N−1∑
m=0

ps(m)e−j2πfm

∣∣∣∣∣
2

(13)

and it can be calculated from a Discrete Fourier Transform
(DFT) or a Fast Fourier Transform (FFT). The signalps(m)
can be windowed if necessary. For the Bartlett periodogram,

the data sequence of N samples is divided into L non-
overlapping segments of D samples such asD L < N . The
periodograms of each segment are averaged in order to reduce
the variance of the Bartlett periodogram as follows [18]:

P̂B
ps

(f) =
1
L

L−1∑
i=0

P̂ (i)
ps

(f) (14)

where P̂
(i)
ps (f) is the periodogram of theith segment of the

signal ps(m). Overlapped segments can be used to form the
Welch periodogram but it is not necessary in our case because
of the high number of samples.

IV. EXPERIMENTAL RESULTS

The test-bed used in the experimental investigation is com-
posed of a three phase induction motor, 50Hz, 2-poles, 3kW .
In order to test the effectiveness of the suggested method,
we have several identical rotors which can be exchanged
without affecting the electrical and magnetic features. The
single squirrel cage has 28 rotor bars (Fig. 1). The voltage
and the line current measurements were made at the nominal



Fig. 2. Classic periodogram ofps(t) (left), Bartlett periodogram ofps(t) with Rectangular window (center), Bartlett periodogram ofps(t) with Hanning’s
window (right) for the healthy rotor.

rate. For those two variables, the sampling frequency was 2
kHz and each data length was equal to218 = 262144 values.

We can see in Fig. 2, which represents the power spectrum
of the instantaneous power for the healthy rotor (referred to
the 100 Hz fundamental), that the noise level is reduced thanks
to the averaging by using the Bartlett periodogram (the data
length for the average is equal to 32768 values) . In the case
of an allegedly healthy motor with a load (for instance, we
note L50 for a load of 50 % and L100 for a load of 100 %),
only one spectral component with a low power appears at the
frequency6.89 Hz corresponding to the2sfs frequency with
the use of rectangular window (Fig. 2 (center)). We can see
in Fig. 2 (right) that two spectral components appear with the
use of Hanning’s window, they correspond to2sfs and 4sfs

frequencies.

The obtained spectra are slightly smoothed in the2kfs band
of the additional component of equation 9 but more strongly
smoothed around the100Hz due to the contribution of the
supply power in the case of the rectangular window. We keep a
good estimation of the sideband components power translated
from the0Hz by avoiding numerous maxima peaks contained
in each one because of a very slight frequency variation
of the slip. Consequently, we can consider the detection of
maxima peaks in the spectrum. The first frequency that we
want to detect is the2sfs frequency because it corresponds
to the sideband with the highest power that is not disrupted
by the supply power when we remove the mean of the
signal ps(m). Then, we search all maxima from this first
frequency that are at the frequencies2ksfs in the considered
band [0.2Hz − 35Hz] with a greater accuracy (the tolerance
is below 1%) and above a threshold defined as the mean
of the spectrum. This information gives us the number of
components that we must detect around the carrier frequency
and the value ofs. Thereafter, we calculate the frequencies
2fs ± 2ksfs to evaluate their magnitudes. Then, we estimate
the modulation index of each modulation frequency in the
same way as the equation 12. At the end, with the equation
11, we give the global modulation index on the instantaneous
power. The same method is applied to the line current for the
determination of the global modulation index around the 50
Hz frequency. A comparison between these two results could
be made thereafter.

In the case of 1/2 and 1 broken rotor bar, other spectral
components, multiples of the first one, are presented with a
greater power (Fig. 3-6). We can note that the influence of
the 100 Hz component is reduced in the spectral band near
zero and that the lower sidebands detection translated from
the zero can be improved. Table I shows the results obtained
by the proposed method in the previous section with the use
of rectangular window and Table II shows the results obtained
with the use of Hanning’s window.

Ns represents the peaks number found in the band[0.2Hz−
35Hz]. M1p andMtp are respectively the modulation index of
the spectral component2fs(1− s) and the global modulation
index detected of the instantaneous power.M1c and Mtc

represents the modulation index of the spectral component
(1 − 2s)fs and the global modulation index of the current
line. The indexesMtp andMtc give a better estimation than
M1p andM1c in the two Tables.

If we look at the global modulation index, the detection of
1/2 and 1 broken rotor bar is possible when there is 100 %
load with the rectangular window and the Hanning’s window.
But when we have 50 % load, only the results obtained with
the Hanning’s windows allow the broken rotor bar detection.
The 1/2 and 1 broken bar with 50 % load are not detected
with the modulation index but thanks to the peaks number
in the case of the rectangular window. It is not the case
with Hanning’s window where the global modulation index
increases for the two operation (05b-L50 and 1b-L50). We
can note that the use of the Hanning’s windows is preferable
at the rectangular window for the diagnosis of broken rotor
bars. Moreover, the results show that the global modulation
index Mtp increases with more importance than the global
modulation indexMtc for a same defect. It is more judicious
to base the diagnosis of defect on this global modulation index
(Mtp). Therefore,Mtp and the sideband numberNs must be
considered inside a criterion that can be of the form:default if
(Ns Mtp) measured> 2 (Ns Mtp) of the healthy rotor. The
results of this criterion are written in the last two columns of
the Table I and II. The importance of the Hanning’s window
is clearly shown because with it’s use and the criterion quote
previously the 1/2 broken bar with a load of 50 % can be
detected. If we apply this criterion to the global modulation
index Mtc, the 1/2 broken bar with a load of 50 % is not



Fig. 3. Bartlett periodogram ofps(t) with the rectangular window (L50): healthy rotor (left), 1/2 broken bar (center) and one broken bar (right).

Fig. 4. Bartlett periodogram ofps(t) with the rectangular window (L100): healthy rotor (left), 1/2 broken bar (center) and one broken bar (right).

Fig. 5. Bartlett periodogram ofps(t) with the Hanning’s window (L50): healthy rotor (left), 1/2 broken bar (center) and one broken bar (right).

Fig. 6. Bartlett periodogram ofps(t) with the Hanning’s window (L100): healthy rotor (left), 1/2 broken bar (center) and one broken bar (right).



detected. With that last result, we can conclude that the global
modulation index applied to the instantaneous power gives
more precis results than the global modulation index applied to
the line current for the diagnosis of defect in induction motor.

V. CONCLUSION

The instantaneous power spectrum gives additional compo-
nents to the modulation frequencyff = 2ksfs. The latter is
the result of the disturbance to the induction motor. The diag-
nosis based on the global modulation index method applied to
the instantaneous power signal provides relevant results for
the detection of broken rotor bars. We have demonstrated
that a half broken bar with 50 % load can be detected
using the criterion which has been developed previously and
using a Hanning’s window for the computation of the FFT.
The experimental results showed us the effectiveness of the
technique, even if the motor operates under a low load. The
use of the global modulation index on the line current spectrum
was carried out. In comparison with the instantaneous power,
the line current yields inferior results for the diagnosis of
broken rotor bar. We can note that this method can also be used
for the diagnosis of mechanical abnormalities in induction
motors.
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