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Abstract— Broken bars detection on induction motors has been
a topic of interest in recent years. Its detection is important due to
the fact that the failure is silent and the consequences it produces
as power consumption increasing, vibration, introduction of
spurious frequencies in the electric line, among others, can be
catastrophic. In this paper, the use of motor current signature
analysis and mathematical morphology to detect broken bars on
induction motors under different mechanical load condition is
analyzed. The proposed algorithm first identifies the motor load
and then the motor condition. The statistical analysis of several
tests under different motor loads (100%, 75%, 50%, and 25%)
and motor condition (healthy, one broken bar, and two broken
bars) is presented. The proposed method has been implemented
in a field programmable gate array, to be used in real-time online
applications. The algorithm obtained in average a 95% accuracy
of failure detection.

Index Terms— Broken bars, fault diagnosis, field program-
mable gate array (FPGA), mathematical morphology, MCSA.

I. INTRODUCTION

ONLINE monitoring systems for early failure detection
are a current demand in many industrial areas.

In the vast field of rotating machines, induction motors
are extensively used for a variety of industrial applications,
representing around 85% of worldwide power consumption.
Owing to that extensive use, induction motor failure detection
has attracted attention from several research groups around
the world. Among several faults that can occur in induction
machines, broken bars may cause excessive vibrations and
higher thermal stress with catastrophic consequences if the
situation is not corrected in early stages. In consequence,
broken bars detection must be carried out in early stages
and under different load conditions [1]. Induction motor
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analysis can be performed on and offline, resulting in higher
interest online analysis because it avoids the shutdown of
production lines. Several methodologies for online induction
motor broken rotor bars detection have been proposed.
Among the most common technique are the analysis of
current [1]–[15], vibrations [16]–[20], combinations of
current and vibrations [21], [22], voltage [23], [24], and
magnetic flux [25]. Motor current signature analysis (MCSA)
is one of the most effective techniques for induction motor
failure detection [22]. Several methodologies for broken bar
detection using MCSA have been proposed. For example,
Garcia-Perez et al. [6] developed an experimental study for
partially broken rotor bar detection using high-resolution
spectral analysis. Rangel-Magdaleno et al. [8] proposed
the use of mathematical morphology (MM) to improve
MCSA, where the advantages of using this transformation
are presented. Their methodology was applied to a healthy
motor and a motor with two broken bars under full-load
conditions [8]. Puche-Panadero et al. [2] proposed a
methodology related to MCSA improvement, where they
developed an advanced signal-and-data-processing algorithm
based on Hilbert transform of the MCSA for resolution
improvement. Toscani et al. [1] presented a new fault
indicator which is fairly less sensitive to mechanical load
based on current and voltage analysis than other techniques.
Cusido et al. [3] analyzed the motor current using a new
specific wavelet-based Agnesi’s function to identify the
fault frequency component in induction motors. Their
technique was verified in stationary and nonstationary motor
conditions. Jawadekar et al. [4] presented an application
based on discrete wavelet transform and artificial neural
network for fault detection on induction motors. In their
study, the superiority of Db4 wavelet over other standard
wavelets for accurate fault classification on induction motors
is demonstrated. Pineda-Sanchez et al. [5] proposed the
use of fractional Fourier transform to perform MCSA
during the transient regime. Hu et al. [15] developed a
novel transform demodulation algorithm that transforms the
three-phase currents into a magnetic torque,and the authors
demonstrated that using the new transform is possible to
extract more detailed fault signature frequency components.
Cristaldi et al. [11] developed a virtual instrument for
monitoring and diagnostic technique of induction motor based
on the current peak modulation. Riera-Guasp et al. [12]
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proposed a time–frequency analysis of the transient
current based on Gabor analysis, Gaussian window and a
detection lattice. Ebrahimi et al. [13] proposed a new
analytical method for Ohmic and core losses calculation in
faulty induction motors; new coefficients were proposed to
consider nonsinusoidal distribution effects of flux density due
to broken bars. According to cited works, the development
of new processing algorithms using MCSA is currently a
continuous topic of interest.

Broken rotor bar induction motor failure produces spurious
frequencies around the supply frequency (60 Hz in Mexico).
MCSA allows the observation of those spurious spectral
components with amplitude proportional to the severity the
failure. However, for early stage and low-load condition, the
detection by an automatic system is difficult.

In this paper, a field programmable gate array (FPGA)-
based methodology for broken rotor bar detection under
different load condition using MCSA and MM is presented.
The proposed methodology is an extension of the algorithm
presented in [8], with an improvement on detectability through
the addition of a load condition detection module based
on a segmentation of the analysis area. To demonstrate the
efficiency of the proposed methodology, several tests were
performed. Our experiment includes samples with 25%, 50%,
75%, and 100% of load level, and three motor conditions:
healthy motors, motors with one broken bar, and motors with
two broken bars.

The rest of this paper is organized as follows. Section II
presents the theoretical background of MM and an MCSA
analysis; the proposed methodology is described in Section III;
Section IV shows analysis and, the results on several cases of
study. A summary is presented in Section V and Section VI
presents the conclusion.

II. MM AND MCSA ANALYSIS

Mathematical morphology is a theory and technique origi-
nally developed to be used in binary image processing. Further,
it was extended to grayscale images and functions. MM has
provided an approach to the development of nonlinear signal-
processing techniques, where the shape information of a given
signal is modified through its interaction with another function
called a structuring element (SE). Dilation (δ) and erosion (ε)
are the basic morphological operations of MM. The erosion of
f (n) by μE(n) is represented by εμE [ f (n)] = f (n)�μE(n),
and it is defined as

f (n)�μE(n) = min
m=0..M−1

{ f (n + m) − μE(m)} (1)

where f (n) denotes a discrete signal of length N , and μE(n)
denotes a symmetric function of length M representing the SE
of size μ, with M = 2μ + 1 and typical sizes N � M. In a
similar way, the dilation of f (n) by μE(n), which corresponds
to the dual operator of erosion, is represented by δμE [ f (n)] =
f (n) ⊕ μE(n), and it is defined as

f (n) ⊕ μE(n) = max
m=0..M−1

{ f (n + m) + μE(m)} . (2)

Fig. 1 shows an example of the operations involved in
a morphological transformation of time signal f (n) dilated

Fig. 1. Time signal (a) original and (b) processed by mathematical
morphology operator (dilation) size five.

through the use of a SE of size μ = 2. When the SE is located
in the n position, the values of the original function f (n)
inside a window of size M = 5 are analyzed, looking for the
maximum value among the positions n − 2, n − 1, n, n + 1,
n + 2. In that example, the maximum value at that point is
located in n + 2, so the dilated signal assumes at the n time the
value of the function at n + 2. Next, the SE is shifted to locate
its center at the position n + 1 and the process is repeated. It
can be noticed that erosion and dilation are transformations
that allow to eliminate or to remark specific components in the
signal according to the size of the transformation [26], [27].

There are some works using MM for signal processing
applied to power systems, recently reported. Radil et al. [28]
used the MM closing operator for a power quality monitoring
system. Jing et al. [29] proposed the use of MM as a failure
classification on power transformers. In this paper, the use of
dilation transformation in current signal allows to remark the
broken bars effect in time signal, meanwhile, in frequency
domain some low frequencies are remarkable.

As demonstrated in [23], spurious frequencies around the
main frequency can be observed in a failure motor, and also
in its harmonic frequencies. These frequencies are given by

fbb = [h/p(1 − s) ± s] fs (3)

where fbb is the spurious frequency, p is the pair of poles, s is
the asynchronous slip between the mechanical speed and the
rotating speed, fs is the supply frequency, and h is an index
which indicates the number of harmonics.
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Fig. 2. Power spectral density for (a) healthy motor, (b) motor with one
broken bar, and (c) motor with two broken bars.

Fig. 2 shows the power spectral density obtained from three
motor conditions: healthy, one broken bar, and two broken bar.
Although it is possible to distinguish visually the amplitude of
fbb in the case of two broken bars, a statistical analysis based
on the amplitude of the spurious frequencies reveals that the
frequency of the spectral component has a value very close to
the fundamental frequency, which makes its detection difficult
through an automatic algorithm. For this reason, the analysis
of some new frequency regions have been recently proposed
[8], [21], [23].

Fig. 3. Proposed methodology.

III. METHODOLOGY

The proposed methodology is based on MCSA and MM.
This methodology was implemented into a low-cost FPGA
from Altera (DE0 nano-development kit) with an opera-
tion frequency of 50 MHz. The use of the FPGA allows
a real-time low-cost implementation with the advantage of
low-power consumption and rapid prototyping. The FPGA
implementation reconfigurability provides constant updating to
accomplish new requirements, an open architecture for future
module integration or improvements in the methodology, and a
parallel structure for a fast and efficient processing that permits
continuous online monitoring.

Fig. 3 shows the proposed methodology, where the FPGA
implementation is bounded by a dotted line. The current signal
of one motor phase is obtained using a standard AC current
clamp i200s Fluke. The analog signal from clamp is amplified
and then converted into a digital signal using a 16-bit analog
to digital converter (ADS7809) with sampling rate of 100 kHz
configured to work at 1500 Hz. The data acquisition system is
controlled by an FPGA, which receives and stores the digital
signal to be processed. Next is a description of each step.

1) Acquisition and storage of the current signal.
2) Calculation of the absolute of the signal (|i|). This is

recommended by [28], to apply a MM operation.
3) A dilation transformation is applied to the absolute value

of the signal using a structural element equal to five; in
this process the dilation of the current δi is obtained.

4) The power spectral density called imss of the signal is
obtained using a 1024-point FFT.

5) The absolute of the power spectral signal imss is calcu-
lated by the block FFT.

Fig. 4 shows the power spectral density of the signal
imss for three different motor conditions: healthy [Fig. 4(a)],
one broken bar [Fig. 4(b)], and two broken bars [Fig. 4(c)].
In this figure, the analysis area is marked by a red rectangle;
the broken bar frequency is named fb. In Fig. 4, it can
be seen how the amplitude of the frequency ( fb) increases
with the damage. A comparison with typical area of analysis,
specifically frequency ( fb) with frequency ( fbb), shows bigger
amplitude of fb allowing better detection by an automatic
system. For an automatic analysis of the motor condition just
the new area (marked by a red rectangle) is processed.

6) Area selection unit selects the low frequencies from
analysis area (1–10 Hz), then divides the selection in
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Fig. 4. Power spectral density for current signal under different conditions.
(a) Healthy motor. (b) One broken bar. (c) Two broken bars.

four areas, A1, A2, A3, and A4 whose amplitudes are
calculates as

A1 =
5∑

j=3

imss(k) A2 =
7∑

j=5

imss(k)

A3 =
8∑

j=7

imss(k) A4 =
10∑

j=8

imss(k) (4)

where imss is the power spectral density of the current
and k is an index which indicates the points of the power

Fig. 5. Decision-making unit.

Fig. 6. Frequencies amplitude for healthy motor, motor with one broken bar,
and motor with two broken bars. (a) MCSA and (b) proposed methodology.

spectral density vector imss to be analyzed within each
area.

7) To determine a load condition, a comparison of the
resultant magnitude of the sum of components of these
four areas is carried out. The selected segment As is
obtained as

As = max(A1, A2, A3, A4). (5)
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Fig. 7. Statistical analysis for a mechanical load of 100%. (a) Proposed methodology, fb and (b) analysis in fbb.

Fig. 8. Statistical analysis for a mechanical load of 75%. (a) Proposed methodology, fb and (b) analysis in fbb.

This process is taken into consideration the slip of the motor.
The selection is done as follows: if region A4 has the biggest
amplitude then motor has full load, ifA3 has the biggest
amplitude then the motor has 75% and so on. This process
is carried out in the load condition unit.

8) Once the load condition is determined, the resultant
amplitude of the corresponding area is sent to the
decision-making unit for threshold comparison as pro-
posed in [21]. The decision-making unit is composed
of a decision tree in which the thresholds obtained
for each condition motor are compared with the resul-
tant amplitude As to determine the motor condition.
Fig. 5 shows the implementation of the decision-making
unit, the threshold blocks contains the lower and upper
limits for each condition, these limits are: hL is a

lower limit and hH is an upper limit for healthy
motor, 1bL and 2bH are the lower and upper limits
for one broken bar, respectively, and 2bL and 2bH
are the lower and upper limits for two broken bars,
respectively.

The decision-making unit states the motor condition by
indicating whether the motor is in good condition or in a
broken bars condition.

IV. TESTING RESULTS AND ANALYSIS

To assess the detection improvement of the proposed
methodology a statistical analysis was performed. Two sets
of three 1-HP induction motors at different load condition
were used for the tests. Each motor was tested under four
different load conditions: 25%, 50%, 75%, and 100%. 50 runs
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Fig. 9. Statistical analysis for a mechanical load of 50%. (a) Proposed methodology, fb and (b) analysis in fbb.

in each load condition were analyzed. The bar breakage
was done by externally drilling the rotor. The motors are
classified into healthy, one broken bar, and two broken
bars, respectively. In each case, several tests using different
structural element sizes were carried out; the best result was
obtained using a structural element size equal to five points.
Fig. 4 shows an example of the spectra of dilation signals
for a healthy motor (a), a motor with one broken bar (b),
and a motor with two broken bars (b). A comparison among
Fig. 4(a), (b), and (c) shows that different spectral components
may be used for fault condition monitoring. It is clear that
frequency fb presents greater frequency amplitude than
frequency fbb, improving detectability.

Fig. 6 shows the representation of the area value for each
condition using two different signal-processing methodologies.
Fig. 6(a) shows power spectral densities of a healthy motor,
a motor with one broken bar, and a motor with two broken
bars, obtained using MCSA and the proposed methodology.
The amplitude for frequency fb , frequency fbb and supply
frequency fs are presented. Although two broken bar failure
is scarce detectable, one broken bar failure is difficult to
detect. The spurious frequency increases its value in both
frequencies fb and fbb. Fig. 5(b) shows the spectra of a
healthy motor, a motor with one broken bar, and a motor
with two broken bars using the proposed methodology. Faulty
condition can be detected in both frequencies fb and fbb;
however, frequency fb shows greater amplitude improving the
detectability. A comparison between Fig. 6(a) and (b) shows
how the proposed methodology improves the detectability of
a broken bar.

The results of the statistical analysis for a mechani-
cal load of 100%, 75%, 50%, and 25%, are shown in
Figs. 7–10 respectively, where μ( fb) is the mean of fb, σ( fb)
the standard deviation, μ( fbb) is then mean of the fbb and
σ( fbb) the standard deviation. Fig. 7(a) shows a plot of the
Gaussian distribution of the 50 runs for each motor condition:
healthy motor (blue), one broken bar (red), and two broken
bars (green), considering the area A4. The three Gaussian
distributions are separated by almost three standard deviations

allowing detectability of 98%. Fig. 7(b) shows the Gaussian
distributions for the same conditions, but using MCSA and
fbb. In this case, healthy motor, and one broken bar condition
are overlapped impeding the detection. It means that for
full load, the application of dilation transform increases the
detectability in 95% between healthy motor and one broken
bar.

Fig. 8(a) shows the statistical analysis for data with 75%
mechanical load. 50 runs for each motor condition were made,
area A3 was used. The figure shows a good detectability,
with at least two standard deviations separation among each
Gaussian distribution. One broken bar and two broken bar
conditions show statistical distributions close to each other;
however, the separation is enough to provide a 95% of
detectability. Fig. 8(b) shows the results using fbb as a
detection frequency; notice that one broken bar and two broken
bars condition are overlapped. For this load condition, the
proposed methodology increases the detectability between one
broken bar and two broken bar from 50% to 95%.

The statistical analysis for data with 50% mechanical load
is shown in Fig. 9. The results of the proposed methodology
for this condition are similar to the case previously described.
Gaussian distributions are separated by more of two standard
deviations with an accuracy of 95%. For this condition area A2
was used. Fig. 9(b) shows an overlapping on each condition
inhibiting the detection.

The last analyzed condition corresponds to the case of 25%
mechanical load. The statistical analysis for this condition is
shown in Fig. 10. In this case, there is an overlap between one
broken bar and two broken bars distributions. In consequence,
the detection between these two conditions is 60%; yet, in the
case of healthy motor the detection is more than 95% due to
the separation of two standard deviations. Fig. 10(b) shows an
overlap among each condition inhibiting the detectability. The
proposed methodology allows a detectability of 95% between
healthy motor and motor with one broken bar.

Tables I and II present the broken bar criteria in deci-
bels for the first and second set of motors, respectively.
Tables I and II show the conditions described in this paper:
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Fig. 10. Statistical analysis for a mechanical load of 25%. (a) Proposed methodology, f b and (b) analysis in f bb.

TABLE I

BROKEN BAR CRITERIA IN DECIBELS FOR THE FIRST SET OF MOTORS

healthy motor, one broken bar motor, and two broken bars
motor under different mechanical load, showing the statistical
values mean μ( fb) and standard deviation σ( fb) for each
case. The corresponding values of μ( fbb) and σ( fbb) are
also presented in Tables I and II. The median and standard
deviation values show the detection condition of the proposed
methodology for several mechanical load and motor condi-
tions, where MCSA has low detection accuracy and, therefore,
it is not possible to detect the motor condition.

V. CONCLUSION

Mathematical morphology was used to improved MCSA
analysis to detect broken rotor bars in early stages.
Spurious frequencies associated with broken bar conditions
are emphasized through a morphologic dilation transform,
which improves the detection with an automatic system.
Figs. 7–10 show comparative statistics obtained with typical
MCSA analysis and the proposed method. Gaussian distrib-
ution corresponding to both cases shows how the conditions
separability is increased when the proposed method is applied.

TABLE II

BROKEN BAR CRITERIA IN DECIBELS FOR THE SECOND SET OF MOTORS

The statistical analysis summarized in Tables I and II demon-
strated the detection accuracy of the proposed methodology.

An FPGA-based methodology to enhance detectability for
broken bar detection under different load condition using
MCSA and MM was presented. The current signal was
obtained from a single phase by a standard clamp. The
implementation was made into an FPGA from Altera to
achieve online operation. Selected frequency fb for analysis
shows better detection than frequency fbb when the signal
is preprocessed by dilation transformation. In addition with
the preprocessing stage, the load detection can be made.
Load detection consist of a comparison among four analysis
areas; these areas increase their amplitude when the failure is
presented, if no failure is presented the healthy area has the
biggest amplitude. Efficiency of the proposed methodology
was verified through extensive experimentation with 400 runs
for each motor condition: healthy, one broken bar, and two
broken bar. These 400 runs were divided in eight sets of
100 runs for 25%, 50%, 75%, and 100% mechanical load.
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Tables I and II show similar values demonstrating the detection
accuracy of the proposed methodology. The proposed method-
ology has an accuracy of 95% for all conditions, remarking
that in the case of 25% load the methodology was able to
separate two conditions: healthy motor and failure motor.
Different motor faults will be considered in a future work.
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