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Abstract—The diagnosis of induction motors through the spec-
tral analysis of the stator current allows for the online identifica-
tion of different types of faults. One of the major difficulties of this
method is the strong influence of the mains component of the cur-
rent, whose leakage can hide fault harmonics, especially when the
machine is working at very low slip. In this paper, a new method
for demodulating the stator current prior to its spectral analysis is
proposed, using the Teager—Kaiser energy operator. This method
is able to remove the mains component of the current with an ex-
tremely low usage of computer resources, because it operates just
on three consecutive samples of the current. Besides, this operator is
also capable of increasing the signal-to-noise ratio of the spectrum,
sharpening the spectral peaks that reveal the presence of the faults.
The proposed method has been deployed to a PC-based offline di-
agnosis system and tested on commercial induction motors with
broken bars, mixed eccentricity, and single-point bearing faults.
The diagnostic results are compared with those obtained through
the conventional motor current signature analysis method.

Index Terms—Bearing faults, broken-bar rotor faults, demod-
ulation, eccentricity faults, fault diagnosis, induction motor, mo-
tor current signature analysis, signal analysis, Teager—Kaiser
algorithm.

I. INTRODUCTION

OTOR current signature analysis (MCSA) is the refer-
M ence method for industrial diagnosis of electrical mo-
tors [1]-[4]. It relies on the detection of the spectral compo-
nents that each type of fault generates in the stator current.
The harmonic components produced by different types of mo-
tor faults have been obtained analytically, so MCSA diagnostic
systems are based on sampling the stator current, obtaining
its spectrum, and identifying fault related spectral lines. This
method has been applied successfully to the diagnosis of ro-
tor bar breakages [5]-[8], [10], eccentricity [11]-[13], bearing
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damages [14]-[17], interturn short circuits [18]-[21] gearbox
and load faults [22], [23], and power supply asymmetries [24].

One of the main reasons of MCSA success is its simplicity:
just a single current probe in the motor’s supply line is needed to
implement an MCSA diagnostic system, and only a fast Fourier
transform (FFT) is needed to obtain the fault-generated spec-
tral lines from the current signal. However, in order to improve
the reliability of MCSA diagnosis, this signal must be properly
conditioned. Regarding to the hardware, before the sampling
process, an antialiasing low-pass filter [25], [26] and high-
frequency sampling rates [9] have been used to avoid aliasing
artifacts [25], especially if high-order harmonics or a wideband
spectrum are to be used to perform the diagnosis [27], [28].
Special current probes [2] have also been proposed as hard-
ware improvement. But this effort of signal conditioning must
be additionally carried out by the software. One of the major
difficulties for detecting fault-related harmonics in MCSA is
the 50/60-Hz main supply component. Due to spectral leakage,
this harmonic can disguise the presence of the much smaller
fault harmonics, especially if their frequency is close to the
supply one, as in the case of broken bars in a motor operating
at low slip [9], [29]. Different approaches have been used to
tackle this difficulty. In [8], [26], [30], and [31], a smoothing
window is applied to the signal before performing the spectral
analysis. Although window functions reduce side lobe leakage,
their application results in a decrease of the spectral resolu-
tion, due to the broadening of the spectral characteristics. Notch
filters [29]-[33], bandpass filters [34], or Wiener adaptive fil-
ters [35] have been implemented to filter out the main supply har-
monic, which is considered as “noise” from the point of view of
fault detection. However, notch filtering introduces phase shifts
in the current components [36], and analog filter component val-
ues are affected by noise, temperature, and wearing away [37];
besides, sharp notch filters cannot be used since its transient
response may be longer than the sampling window [31]. Ana-
Iytical designs of FIR notch filters yield results having a wide
attenuation band around the rejected frequency, for the case of
a flat bandpass, or lengths above one hundred coefficients if the
equiripple filter design procedure is followed [32].

Therefore, another proposed approach to solve the leakage
problem has been to analyze the current’s envelope instead of
the current signal. The envelope retains all the necessary diag-
nostic information, and transforms the supply harmonic into a
dc component which can be easily removed [1], [9], [38], [39],
but it requires either a sampling or computing intensive process,
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departing from the simplicity that has made MCSA an industrial
choice.

In this paper, a new and simple way to eliminate the influence
of the main supply harmonic before performing the spectral
analysis of the current is presented. The proposed method is
based on an extremely short nonlinear filter, the Teager—Kaiser
Energy Operator (TKEO) [40], [41]. TKEO operates on just
three consecutive samples of the current, which makes it vir-
tually instantaneous. This operator transforms the main supply
harmonic into a constant component, which can be easily elim-
inated and, in addition, compared to [9], [38], and [39], the
computational cost and hardware requirements are substantially
reduced. Besides, it displays the fault harmonics right at their
characteristic frequencies, instead of bands around the supply
frequency, as in classical MCSA, which improves the fault de-
tection capabilities of the diagnosis system.

This paper is structured as follows. In Section II, the TKEO
is introduced, and it is applied analytically to the detection of
motor faults. In Section III, the proposed method is validated ex-
perimentally, using commercial motors with broken bars, mixed
eccentricity, and a bearing fault. Section IV presents other use of
the TKEO, as a postprocessing tool for spectral enhancement,
and finally, Section V exposes the conclusions.

II. TEAGER-KAISER ENERGY OPERATOR

The development of the TKEO, originally derived to track the
energy of a linear undamped oscillator, is linked to the studies on
speech [42]-[44], in which modulation plays an important role
[45]. It has been applied mainly in communications [40], [46],
for estimation of the instantaneous frequency of transient signals
[41], [47], [48], for detection of power supply oscillations [49],
and also, in the field of electrical machines diagnostic, for the
diagnosis of bearing faults [50], [51].

A. Mathematical Definition
The continuous form of the TKEO, applied to a continuous
time signal (), is
U(a(t) = @(t)® — x(t) - &(t) (D

where &(t) = dx/dt.
In the case of a discrete signal (such as the sampled motor
current), which is obtained by sampling a continuous one with

a frequency fs,
z[n] = z(nAt) withAt=1/f;, n=0,1,2,.... (2

And, using backward approximation of the time derivatives,
(1) becomes

st = (I

zn]—2-z[n — 1]+ z[n — 2]
(At)?

— a0 (zln—1° —z[n—2]-z[n]). Q)
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Equation (3) is normally scaled and centered, yielding
W(2[n]) = 2[n]* — afn — 1] - afn +1]. @)

Since only three samples are required in (4), the response
of the TKEO is nearly instantaneous. Besides, it can be easily
implemented in DSP processors, because of its extremely low
requirements of memory storage.

B. Effect of the TKEO on the Current of a Healthy
and Faulty Machine

The phase current in an ideal, healthy machine is purely
sinusoidal

iHealthy (t) = Im cos(wt) = I, cos(2m f t) 5)

where f is the supply frequency (50/60 Hz). Direct application
of the TKEO (1) to (5) gives

w(iHealthy (t)) = I;WQ (6)

which is a constant value, corresponding to the current signal’s
envelope.

In the case of periodic disturbances, like the one produced
by a broken bar, mixed eccentricity, or cyclic faults in the bear-
ings, the amplitude of the phase current is modulated by the
principal frequency fj characteristic of the fault; thus, the phase
current of an ideal machine suffering one of these faults can be
characterized, using (5), by

iFaulty (t) = iHealtny (t) - [1 + B cos(wot)]
1111/8
2
X [cos ((w+wp)t) + cos ((w—wp)t)] (7)

= I, cos(wt) +

where 3 denotes the modulation depth (modulation index) and
wy = 27 fy. The amplitude of the fault harmonic is usually very
low compared to the amplitude of the main current component,
so 3 << 1 in (7). For example, the harmonic corresponding to a
bar breakage is around 35-45 dB lower than the fundamental.

Equation (7) shows the fault harmonics appearing as charac-
teristic sideband spectral lines around the main supply harmonic.
Their separation depends on the value of f, which has been es-
tablished theoretically for different types of faults, as given in
Table L.

The application of the TKEO (1) to the current in the faulty
machine (7), neglecting the terms that are multiplied by /32
(taking into account that § << 1), gives

; 1
P (ZFaulty (t)) = I?n“‘)z + 2

51m (4w® + wi) B cos(wot)

1
+ ilewgﬂ (cos((2w + wp)t)

+ cos((2w — wp)t)) (12)

In (12), three components appear:

1) a constant term, due to the main supply harmonic;

2) aterm oscillating at the fault frequency;

3) and two sideband terms around twice the supply
frequency.
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TABLE 1
VALUES OF THE FAULT FREQUENCY f( FOR DIFFERENT TYPES OF FAULTS
Fault J, Reference
Bar breakages 2sf (8) [3]

Mixed eccentricity

1-s
Tf 9) (31

L 1-s
Bearing, inner race 06N, 3 S (10) (4]

Bearing, outer race

04N, an| 4]

fis the current mains component frequency, s is the slip, p is
the number of pole pairs of the machine, and N, is the number
of rolling elements in the bearing. Equations (10) and (11) are
only valid for bearings with N, between 6 and 12 [4].

C. Application of the TKEO to the Diagnosis of Motor Faults

The dominant term in the TKEO demodulated current (12)
is the constant term that corresponds to the supply harmonic.
However, it can be suppressed very easily, simply subtracting
from (12) its mean value. Therefore, the proposed diagnostic
methodology relays on the analysis of a new signal, ik (t),
derived from the original signal i(¢) through the TKEO as

P(i(t) — D))
P(i(t))

where i1k (t) is the ac component of the function ¢ (i(¢)), nor-
malized dividing it by its dc component.

In the case of a healthy machine (6), itk healthy (£) = O,
whereas in the case of a faulty machine, replacing (12) in (13),
the proposed diagnostic signal becomes:

ITK Faulty (t) = (4 + (Wo)2> gcos(wot)

w

13)

itk (t) =

+ (ﬂ)Q 5 (cos((2w + wp)t)

w 2

+cos((2w — wo)t)) (14)

As it is shown in (14), the diagnostic signal i1 () corre-
sponding to a faulty machine contains:

1) A component at the characteristic frequency of the fault
wp, which is not perturbed by the spectral leakage of the
main harmonic, and whose amplitude is proportional to
the amplitude of the original fault component in the stator
current, so it can be used to characterize the presence and
the severity of the fault.

2) Two symmetric sideband components around a frequency
that is twice that of the supply, which can be used to further
assess the diagnosis of the fault.

As the fundamental component has been suppressed in the
diagnostic function itk (¢), the fault related harmonics can be
detected with the spectrum of it (£) more easily than using the
spectrum of the original signal 4(¢). This fact also contributes to
improve the reliability of automated diagnostic systems, which
rely on the detection of peaks close to the theoretical frequencies
of the fault.
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itk(t) itx(f)
i(t) Spectrum
—1 TKEO = FFT evaluation —

Fig. 1. Proposed approach: demodulation of the phase current by TKEO,
followed by the FFT computation and spectrum evaluation.

Finally, based on the previous reasoning, an improved MCSA
approach using the TKEO is proposed. The approach consists
of three steps (see Fig. 1).

1) The TKEO algorithm (4) is applied to the tested signal
i(t), and then, the diagnostic signal irx (¢) is calculated
through (13).

2) The spectrum of itk (¢) is calculated through the conven-
tional FFT.

3) In the last step, the spectrum of it (¢) is evaluated, look-
ing for the characteristic fault components given in Table I,
which are present in (12) and (13) with frequencies f; and
Q2f £ fo).

From a practical point of view, the spectrum evaluation is

performed with the spectral line in (14) that corresponds to the
fault frequency

2
ITK Faulty,main (t) = (4 + (%) ) gcos(wot) (15)

This spectral component, at frequency fj, presents a higher
amplitude than the other components, with frequencies (2f +
fo), soithas abetter signal-to-noise ratio (SNR). The component
(15) has also a better SNR than the fault harmonic obtained
in classical MCSA without using the TKEO, relative to the
mains component (7), with an increase factor of 4 + (wy /w)? =
4+ (fo/ )?.

After the detection of a relevant spectral component with the
characteristic frequency of the fault f; (see Table I), the value
of the modulation index [ can be obtained just by scaling the
harmonic’s amplitude using this factor, in order to assess the
severity of the fault.

D. Comparison of the Proposed Approach With Other
Envelope-Based Diagnosis Techniques

The transformation of the main supply harmonic into a dc
component that can be easily removed prior to the spectral anal-
ysis has also been used in diverse methods based on the analysis
of the current’s envelope. One of them is the Extended Park’s
Vector Approach [39], [52], but this method needs the capture
of two motor currents, instead of a single one, as in the proposed
method. The current’s envelope can also be obtained as the mod-
ulus of the complex analytical signal, generated by suppression
of the negative frequencies of the sampled current. This is done
through the Hilbert transform [1], [9], [53], [54], but this trans-
form is highly nonlocal, and all the signal’s samples are needed
to compute the Hilbert transform at each single sampling point.
The computation of the Hilbert transform of a sampled cur-
rent needs the processing of one direct FFT and one inverse
FFT, with a computational cost O(NN logN), where N is the
number of samples. On the contrary, the proposed method (see
Fig. 1) is able to demodulate the current operating just on three
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consecutive samples centered at each single sample point, which
makes it extremely efficient in terms of the need of computa-
tional resources, with a cost O(N).

It has to be pointed out that, even in the case of a healthy
machine, the current can have spectral components with fre-
quencies close to those described in Table I. For example, a
load whose torque depends on the rotor position generate in the
stator current a series of harmonic components with frequencies
fp=h £ fip, where fi, is the frequency of the torque pulsation
related to the rotor speed. In some cases, this harmonics can
be erroneously considered as produced by a mixed eccentricity
fault. Two different cases can arise, depending on the rotation
frequency of the rotor (f, ):

1) fi,7#f-. This case arises, for example, when the torque
pulsation undergoes a number of cycles per turn of the
shaft different than one. So this type of perturbation can
be easily distinguished from a mixed eccentricity fault.

2) fip=f-. In this particular case, the frequency of the har-
monics generated by the load matches exactly those gen-
erated by a mixed eccentricity fault; in this case, it is not
possible to distinguish a faulty machine from a healthy
machine loaded with such a cyclic torque.

III. EXPERIMENTAL RESULTS

The proposed method has been validated experimentally in a
PC-based diagnosis system on four commercial motors with the
same characteristics (given in the Appendix). One of the motors
is a healthy one, and other three exhibit different faults: rotor
asymmetry, mixed eccentricity, and single-point bearing defect.

For the first three cases, the test has been performed at abso-
lute no-load conditions, keeping the motor shaft free, to test the
feasibility of the proposed method at very low slips. Additional
tests have been performed with the faulty machine under three
different loads (low, medium, and rated). This enables to assess
the performance of the proposed method for the detection of
motor faults over the full range of operation of the machine, in-
cluding the worst case from the point of view of fault diagnosis
(slip = 0).

The test equipment consists of a current probe, a Yokogawa
DL750 oscilloscope, and a personal computer connected via an
intranet network. The induction motor is mechanically coupled
to a dc machine, which feeds an external resistor to provide the
required load (see Fig. 2).

In every case, 100 s of a phase current have been sampled at
10 kHz.

A. Detection of Broken Bars

In this case, the rotor asymmetry was obtained by drilling a
rotor bar in its junction with the short circuit ring. After sampling
the current of a stator phase, it has been analysed applying the
traditional MCSA, using the FFT.

Table II summarizes the load conditions of the five experi-
mental tests for the validation of the proposed method including
the measured speeds, and the frequencies of the theoretical side-
band components associated with the fault.
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Fig. 2.

Experimental test bench.

TABLE II
EXPERIMENTAL TESTS OF HEALTHY AND FAULTY MOTOR (WITH BROKEN
BARS), AND THEORETICAL FAULT SIDEBANDS

Motor Load | Speed | Slip | fo=2sf Sid.F:E:nds
condition (rpm) (%) (Hz) 2sf (Hz)
Healthy |a) No 1494 0.4 0.4 -
b) No 1494 04 04 | 49.6 504
Faulty  [yTow 1482 12 12 488 512
a 2‘;‘;')‘6“ d)Medium | 1449 34 34 46.6 53.4
¢) High 1395 7 7 43 57

Fig. 3 shows the spectrum of the phase current in the vicinity
of the mains component. As the level of load increases, so does
the amplitude of the characteristic sidebands, as well as the
distance between the sidebands and the fundamental component.

A Blackman window has been applied to the current wave-
form presented in Fig. 3, in order to reduce the leakage of the
mains component. Despite this, for the case of the unloaded ma-
chine (s = 0.4%), the sideband component characteristics of the
broken bar condition are completely buried under the spectral
leakage of the mains frequency component. In this last case, the
classical MCS A method is unable to correctly diagnose the fault.

The same tested phase currents of the motor, which have been
analysed using the traditional MCSA, have been processed by
the TKEO as indicated in (13), prior to performing the FFT.
Fig. 4 shows the low frequency spectra of the proposed signal
itk (t) (13) for the case of a healthy machine [see Fig. 4(a)], and
for the case of the motor with a broken bar in the different load
conditions shown in Table II. Due to the absence of the mains
supply harmonic, a linear scale instead of a logarithmic one can
be used for the vertical axis, greatly improving the legibility of
the graph.

As expected, the method clearly identifies the frequency asso-
ciated with the broken bar fault, covering the full range of load
conditions, from absolute no-load to rated load. The leakage
from the mains frequency component has been removed from
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Fig. 3. Spectrum of the sampled phase current in five laboratory tests.

(a) Unloaded healthy machine, and machine with broken bar under four dif-
ferent load conditions: (b) unloaded, (c) low load, (d) medium load, and (e) high
load.

this spectrum. Furthermore, the target frequency is detected in
the spectrum of the proposed signal itk (t) precisely at its
expected value f, instead of sidebands of the fundamental cur-
rent component, as in classical MCSA.

B. Detection of Mixed Eccentricity

A mixed eccentricity fault has been generated by replacing
the original ball bearings of the motor [see Fig. 5(a)] with roller
bearings [see Fig. 5(d)] with greater inner diameter and smaller
outer diameter. Two precision eccentric machined steel sockets
(cylindrical pieces) [see Fig. 5(b) and (c)] are used for adjusting
the new bearings to the bearing housing [see Fig. 5(b)] and to
the shaft [see Fig. 5(c)], respectively. The cylindrical surfaces
of both sockets [see Fig. 5(b) and (c)] are eccentric, 0.15 mm in
the case of the outer ring b, and 0.25 mm in the case of the inner
ring c. Fig. 4(e) shows the new assembly mounted on the shaft,
obtaining in this way a rotor having a 30% of static eccentricity
and a 50% of dynamic eccentricity. For the detection of mixed
eccentricity, tests have been performed with the faulty machine
under the entire load range: from shaft free to rated load in the
same conditions as for the broken bar fault.
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Fig. 4. Spectrum of the proposed signal it (¢), based on the TKEO, in five
experimental tests. (a) Unloaded healthy machine, and machine with a broken
bar under four different load conditions: (b) unloaded, (c) low load, (d) medium
load, and (e) high load.

(d)

Fig. 5. Rotor of the eccentric motor unit. (Top) From left to right: (a) original
bearing, (b) external and (c) internal eccentric rings, and (d) new bearing.
(Bottom) (¢) Mounted unit on the shaft.

Table III presents the load conditions, the measured speeds,
and the theoretical components associated with mixed eccen-
tricity for the five experimental tests performed.

The spectra of the phase current are shown in Fig. 6,
where they are compared with an unloaded healthy machine
[see Fig. 6(a)]. The characteristic components of the mixed
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TABLE III
EXPERIMENTAL TESTS OF HEALTHY AND MOTOR SUFFERING MIXED
ECCENTRICITY AND THEORETICAL FAULT SIDEBANDS

Fault Side-
Motor Load Speed | Slip | fo=f(1-s)/p bands freq.
condition (rpm) | (%) (Hz) (£(1-syp)f
(Hz)
Healthy |a) No 1494 | 04 24.9 25.1 749
Faulty b) No 1496 | 0.3 24.93 25.07 74.93
(30% static, |c) Low 1474 | 1.7 24.57 2543 74.57
50% d)Medium | 1449 | 34 24.15 25.85 74.15
dynamic)  |e) High 1425 5 23.75 26.25 73.75
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Fig. 6. Spectrum of the sampled phase current in five laboratory tests.

(a) Low-load healthy machine, and machine with mixed eccentricity under
four different load conditions: (b) unloaded, (c) low load, (d) medium load, and
(e) high load.

eccentricity fault, for this type of motor (p = 2), are close to
25 and 75 Hz, approaching the supply frequency as the load
increases.

Fig. 7 presents the spectra of the proposed signal (13) itk (¢)
for the case of a healthy machine [see Fig. 7(a)] and a machine
suffering mixed eccentricity, with the load conditions shown in
Table III. In this case, the demodulation procedure has shifted
the eccentricity component to the fault characteristic frequency,
fo =f (1 = s)/p. Furthermore, comparing Fig. 7(a) and (b), the
effect of the forced eccentricity is clearly detected by the TKEO,
as this harmonic increases its amplitude one order of magnitude
compared to the healthy state.
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Fig. 7. Spectrum of the proposed signal itk (), based on the TKEO, in five

experimental tests. (a) Unloaded healthy machine, and machine with forced
mixed eccentricity under four different load conditions: (b) unloaded, (c) low
load, (d) medium load, and (e) high load.

TABLE IV
EXPERIMENTAL TEST OF A MOTOR SUFFERING A SINGLE-POINT
OUTER RACE DEFECT

Motor Speed | Slip | fi=3.6% hamf)";‘i‘g freq
state (rpm) | (%) (Hz) F,(Hz) ’
Outerrace 1 1,60 | 27 | 876 137.6
bearing fault

C. Bearing Fault Detection

Finally, the proposed diagnosis method has been tested on
a motor suffering a single-point bearing defect, produced by
drilling a hole in the outer race of one of the bearings (model
SKF 6205). In this case, an approximation to the theoretical
fault harmonic is given by (16), derived from (11) for nine
rolling elements (N}, = 9)
fo=04Ny %f =3.6f. (16)
According to [4], this fault component modulates the mains
component, yielding a harmonic with a frequency of 137.6 Hz
under the test conditions shown in Table IV.
Although this harmonic is easily detected comparing the spec-
trum of the phase current of the healthy machine [see Fig. 8(a)]
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Fig. 8. (a) Spectrum of the tested phase current of a healthy machine.
(b) Spectrum of the same machine suffering a single-point outer race bearing
defect. (¢) Spectrum of the signal it (t), derived from TKEO.

with the spectrum of the faulty machine [see Fig. 8(b)], the
application of the proposed procedure results in reduced noise,
with the fault component detected at its true frequency of f; =
87 Hz [see Fig. 8(¢)].

In Fig. 8, other harmonics can be seen in the spectrum, which
are not directly related to the fault. They can be produced by
mechanical resonances, supply harmonics, etc. Anyway, they do
not interfere with the diagnostic process, since the frequency of
the faulty component is known, and the diagnosis is performed
by detecting a relevant peak at this particular frequency.

IV. SPECTRUM ENHANCEMENT BY THE
TEAGER-KAISER ALGORITHM

In the previous sections, the TKEO has been used as a pre-
treatment of the current signal, with the objective of demod-
ulating it, suppressing the fundamental component before ap-
plying the FFT, with a very low computational cost. In this
way, the fault components can be easily detected in the resultant
spectrum, even in critical conditions in which the conventional
MCSA method may fail. However, in this section, another use-
ful characteristic of TKEO, which is linked to its behavior when
processing impulsive data, is introduced. The TKEO can also be
used as a posttreatment of the spectra used for fault diagnosis,
which results in improved legibility of these spectra. In this case,
it acts as a nonlinear, signal-dependent, filter and amplifier. Im-
pulses existing in the spectrum are preserved with no smearing,
increasing their SNR, hence easing the detection and quantifi-
cation of the fault. So, in the proposed method, the TKEO is
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Fig. 9. Proposed full signal treatment approach.
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Fig. 10. Peak enhancement obtained with the TKEO, in the case of the motor

type I, with a broken bar, tested at 1455 r/min. Spectrum of the line current
(top, SNR = 11 dB). Spectrum of the signal iTk (¢) (middle, SNR = 20 dB),
enhanced after been postprocessed with the TKEO (bottom, SNR = 33 dB).

applied not only as a preprocessor for demodulating the fault
signal prior to its spectral analysis, but also as a postprocessor
for enhancing the SNR of the obtained spectrum. The complete
signal treatment process is shown in Fig. 9.

Fig. 10 shows graphically the improvement of the fault signal
obtained with the method depicted in Fig. 9, in the case of a
broken bar fault. The upper plot shows the traditional method
(FFT of the line current), showing the presence of the charac-
teristics fault harmonics, with an SNR of 11 dB. The middle
plot shows the FFT of itk (¢) (SNR = 14.5 dB). And, finally,
the lower plot shows the enhancement of this spectrum after
postprocessing it with the TKEO filter (SNR = 33 dB). As it
can be seen graphically in Fig. 10, the application of the TKEO
to the spectrum increases significantly its SNR, with no peak
smearing.

V. CONCLUSION

The TKEO is a very simple and fast algorithm for demod-
ulating the phase current, prior to its spectral analysis in the
search of characteristic fault spectral lines. Using the proposed
method, the mains harmonic is eliminated from this spectrum,
thereby reducing the adverse effect of its spectral leakage in
the detection of the fault harmonics, thus improving MCSA’s
performance. The proposed approach has been justified math-
ematically and it has been validated in a PC-based diagnostic
system. Commercial induction motors with broken bars, mixed
eccentricity, and cyclic bearing fault have been used to perform
the experimental validation of the proposed method. In addition,
the TKEO is further introduced as a posttreatment of the spectra
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used to identify the fault, which results in an improved legibility
of these spectra.

Although the TKEO has been applied in this paper to the
diagnosis of motors working in steady state, it can be extended
to the diagnosis of the motor under transient conditions. This
is currently a work in progress, and the initial results seem to
validate this approach.

APPENDIX

The characteristics of the motors tested are: Star connected,
rated voltage (U,,) 400 V, rated power (P,) 1.1 kW, two pole
pairs, stator rated current (I,,) 2.7 A, and rated speed (n,,)
1410 r/min.
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