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Bearing faults account for a large majority of the faults in a three-phase induction motor. Recently, many research
activities were focused on the diagnosis of bearing faults by motor current signature analysis. However, the effective
frequency band is not fully understood in terms of the diagnosis of the bearing fault. Moreover, the temporal change
in motor stator current spectrum with faulty bearing has not been sufficiently investigated. The purpose of this paper is
to clarify the characteristic frequency band and to evaluate the temporal change in the power spectral density of stator
current by using powder contaminated bearing before complete halt of the motor. Experiments were performed with
normal and powder contaminated bearings in the induction motor. The diagnosis technique for the powder contami-
nated bearing is discussed based on the experimental results.
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1. Introduction

Motors are key components in production plants, playing
an important role in powering production line facilities and
mechanical equipment. At steel-making and petrochemical
plants, motors play a part in many pieces of equipment, in
processes all the way from unloading raw materials to ship-
ping products. Motors must be capable of running continu-
ously in normal and stable operations. However, not all mo-
tors run in normal environments, and in many cases they are
operating under high-stress conditions, such as high temper-
atures, heavy loads, corrosion and abrasion. In some produc-
tion plant facilities, equipment runs continuously 24 hours a
day, and their motors operate under heavy loads. Sudden mo-
tor malfunctions lead directly to production line shutdowns
and worsening of product yields, causing business losses.
In order to avoid this type of sudden breakdown stoppage,
plants at all companies keep maintenance staff permanently
allocated. However, in recent years, because of the need for
business efficiency, there has been a trend toward reducing
equipment maintenance costs and labor-saving maintenance.
Furthermore, with generational change there has been a de-
crease in inspection skills and a trend towards amateuriza-
tion. Increasingly, situations exist where continuous stable
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operation of motors cannot be expected. Therefore, there is
now a strong need for motor degradation diagnosis technol-
ogy that does not rely on the skill level of maintenance per-
sonnel.

The results of a survey of types of motor degradation show
that bearing faults at 41–44% are the most frequent (1). There-
fore, multiple bearing fault diagnosis technologies have been
established. They are classified into four major categories
below (2).

( 1 ) Inspection using the five senses: temperature mea-
surement by touch and electronic listening stick
method

( 2 ) Mechanical signal analysis method: Oscillation ac-
celeration method and ultrasonic vibration method

( 3 ) Electrical signal method: Current interlinkage
method

( 4 ) Lubricant analysis method: Analysis of abrasive
particles in lubricant

Of these, the method with the highest practicality and highest
level of maturity is the mechanical signal analysis method.
The mechanical signal analysis method enables the identifi-
cation of bearing faults by focusing on natural frequencies
with minute vibrations that cannot be heard by the human
ear.

Recently research is being done on MCSA (Motor Current
Signature Analysis), which is a sophisticated version of the
electrical signal method (3)–(13). It is based on the effect that
the changes in the air gap between the stator and the rotor
have on the spatial magnetic field lines. The congruency of
vibrational harmonics and current harmonic caused by abnor-
mal bearings was reported in 1995 (3). In addition to enabling
the detection of bearing abnormalities, it has been discovered
theoretically that it is possible to detect current harmonics
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due to uneven gaps, rotor damage and loads (14).
Furthermore, bearing fault detection was attempted by ap-

plying a low pass filter and Root-MUSIC algorithm to electri-
cal signals, and performing instantaneous frequency Fourier
transformation (15). The purpose was to use signal process-
ing analysis for early detection of bearing faults, but there
was weak signal strength in the frequency analysis results,
and early detection was not possible. In 2008, Park’s Vec-
tor Approach, which converted three-phase to two-axis for
analysis, was used to study bearing fault detection (16) (17). In
2011, a diagnostic technology was reported that focused on
the low frequency range of near power line frequencies with
load currents (18). A relationship between current frequency
analysis waveform disturbance and the state of bearings was
demonstrated.

These studies show that it is possible to detect bearing
faults by analysis of motor current frequency. However, this
technology does not have practical application for detecting
bearing faults while a machine is running, in real time. There
are two reasons for this. First is that there is no clear signal
frequency band that is effective for observing bearing faults.
Second, the temporal characteristics of signal strengths as the
deterioration progresses are not clear, and whether detection
is possible has not been validated.

The purpose of this study is to identify the current signal
frequency band that is effective for bearing degradation diag-
nosis, and to validate a proposed diagnostic method. For our
experiment, we manufactured contaminated bearings. Then
we measured the stator current power spectral density when a
motor that had contaminated bearings installed was operated.
Then, we identified the signal frequency band effective for
observation of bearing faults, and proposed a bearing fault
diagnosis method. Finally, using a motor with accelerated
degradation, we validated the utility of this method.

2. Contaminated Bearings

2.1 Motor and Bearing Specifications The specifi-
cations for bearings installed in motors differ according to
the motor rating type. Table 1 shows motor ratings and nom-
inal bearing numbers. When the rated output of a motor is
0.75 kW and rated voltage is 200/220 V, the number of poles
is 2, 4 and 6. In general bearings can be used until rolling
fatigue life if they are handled properly, but bearing life is
shortened by damage resulting from faulty selection, han-
dling, lubrication and sealing, etc.

Because it is not possible to retrieve aging deteriorated

Table 1. Specification of induction motor and ball bearing

bearings on site at production plants, for our experiment we
simulated bearing faults by artificially contaminating bear-
ings with foreign matter. The contamination with foreign
matter caused abrasion on the rolling surface of the bear-
ings, intensifying bearing damage. Furthermore, this damage
generated jamming and touched off plastic deformation. The
progress of deterioration accelerated because localized stress
concentration was induced by the formation of pits.
2.2 Contaminated Bearings We selected WHITE

MORUNDUM (Showa Denko) as the substance for contam-
inating bearings. WHITE MORUNDUM is a high-purity
white electrofused-alumina abrasive material. According to
Yamashita (19), the main chemical composition of the dust that
blows around roadways is SiO2, Al2O3, Fe2O3, CaO, MgO,
TiO2. Therefore, we selected WHITE MORUNDUM, which
contains Al2O3, the hardest component of dust, for acceler-
ated aging. We used #100 granules with an average gran-
ule diameter of 106–125 μm. First, we measured 20 mg of
WHITE MORUNDUM using a digital scale, and poured it
on the outer ring rolling surface of the bearings. When we
rolled the contaminated bearings manually immediately af-
ter contamination, we could feel that they were catching with
each rotation. After manually rolling the bearings from 20 to
30 times, we installed them in the motor.

3. Experimental Setup

Figure 1 shows the experimental setup for measuring mo-
tor (standard three-phase induction motor) current. We mea-
sured the phase current in the three phases using a cur-
rent probe (HIOKI3274), and recorded it in a MEMORY
HiCORDER (YOKOGAWA DL750). The A/D resolution
of the measuring device is 12 bit, and the frequency band is
DC 10 MHz (−3 dB). We analyzed the measured current, and
calculated the stator current power spectral density. We ap-
plied the Hanning window function when there were changes
in frequency, and performed averaging processing multiple
times in order to improve the S/N ratio further.

We obtained the normal data for this experiment using a
brand new motor shipped from the motor manufacturer as
the normal motor. Also, we obtained abnormal data from a
motor with contaminated bearings installed as the abnormal
motor.

Fig. 1. Experimental setup
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Fig. 2. Stator current spectrum of unloaded induction
motor with a healthy bearing

4. Experimental Results

4.1 Stator Current Power Spectral Density Charac-
teristics of Normal Motors Figure 2 shows the stator
current power spectral density of a normal motor that is run-
ning without a load. Figure 2 shows the sideband wave ( fs

± fr: 60 ± 30 Hz) caused by power frequency fs: 60 Hz, and
its harmonics (2 fs: 120 Hz, 3 fs: 180 Hz) and rotational fre-
quency fr: 30 Hz. Rotational frequency fr is calculated using
the following formula.

fr = fs · 2 (1 − s)
p

· · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (1)

Here, s indicates slippage, and p is the number of poles.
When there are four poles, it is approximately 30 Hz when
there is no load. Since the motor was driven at a commercial
power frequency of 60 Hz, the sidebands appeared on either
side equally with the power frequency of 60 Hz at the cen-
ter, since the current receives amplitude modulation. Current
amplitude modulation is generated because every revolution
of the motor axis affects the spatial magnetic field lines in the
air gap between the stator and the rotor. Therefore, abnor-
malities are easier to detect in motors structured with small
air gaps than in motors with large air gaps, since the effect
on spatial magnetic field lines is relatively larger. Normal
motors have stable stator current power spectral density that
does not change during approximately three hours of opera-
tion. Furthermore, the stator current power spectral density
results of phases U, V and W match.
4.2 Stator Current Power Spectral Density Charac-

teristics of Abnormal Motors We installed contami-
nated bearings in a motor and performed measurements using
the same methods described in the previous section. As soon
as the motor started running, it emitted a loud noise. Approx-
imately 10 minutes after it started running, the noise changed
to the shrill, high-pitched sound of metal friction. Normally
an oil film forms between a rolling element and the inner and
outer rings. The rolling element rotates while rolling over
the surface of an oil film with low friction. The contamina-
tion, however, causes abrasion to occur and triggers metal-to-
metal contact.

Next, Fig. 3 shows the results of calculation of U-phase
stator current power spectral density. Figure 3 shows wave
forms 230 minutes after the motor started running. Un-
like the normal motor, sidebands of 60 ± 11.7 Hz and 60 ±
18.0 Hz can be observed on either side, with the 60 Hz power

Fig. 3. Stator current spectrum of unloaded induction
motor with a powder contaminated bearing

Fig. 4. Ball bearing dimension

frequency in the center.
The sidebands are only near 60 Hz. Sidebands near 120 Hz

or 180 Hz could not be observed. This is because the signal
strength gets weaker the closer it gets to the harmonic area.

When bearing damage occurs, load ripples that are equiv-
alent to the vibrational frequency of the bearings are trig-
gered, causing current amplitude modulation, and sidebands
described in Formulas (2) to (6) appear with the 60 Hz power
frequency at the center (2) (20).

fc/o =
fr
2

(
1 − d

D
cosα

)
≈ 0.4 fr · · · · · · · · · · · · · · · · · (2)

fc/i =
fr
2

(
1 +

d
D

cosα

)
≈ 0.6 fr · · · · · · · · · · · · · · · · · · (3)

fo =
N · fr

2

(
1 − d

D
cosα

)
≈ 0.4 · N · fr · · · · · · · · · · (4)

fi =
N · fr

2

(
1 +

d
D

cosα

)
≈ 0.6 · N · fr · · · · · · · · · · (5)

fb =
fr · D

d

(
1 − d2

D2
cos2 α

)
· · · · · · · · · · · · · · · · · · · · · (6)

Here, fc/o: cage defect frequency relative to outer ring; fc/i:
cage defect frequency relative to inner ring; fo: outer ring de-
fect frequency; fi: inner ring defect frequency; fb: rolling el-
ement defect frequency; D: bearing pitch diameter; d: rolling
element diameter, α contact angle and N: number of rolling
elements. These parameters are determined by the bearing
structure in Fig. 4. Also, rotational frequency fr is deter-
mined by Formula (1). The sidebands that were observed (60
± 11.7 Hz and 60 ± 18.0 Hz) match (19) with the damaged
cage frequency band, Formulas (2) and (3), calculated based
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Fig. 5. Degradation process of powder contaminated
bearing

on the bearing specifications. Also, observing the sidebands
( fs ± fr) of the rotational frequency band of power frequency
fs shown in Fig. 3, compared to their normal state, when the
bearings were contaminated, the signal strength in the 30 Hz
band increased 6.1 dB, and the signal strength in the 90 Hz
band increased 13.4 dB.

The reason for the increases in signal strength in the natu-
ral frequency band and rotational frequency band of the bear-
ings is explained in Fig. 5. Figure 5 shows the degradation
process of the contaminated bearings. If bearings are con-
taminated with foreign matter, load rippling is generated by
foreign substances jammed between the cage and the bearing
inner ring or between the cage and the bearing outer ring. The
vibrational frequency of load ripples is equivalent to the fre-
quency of the cage damage. This increases the signal strength
in the natural frequency band of the bearings.

When the rolling element passes over the inner bearing ring
and the rolling surface of the outer ring over and over, the for-
eign matter accelerates the wear. This increases the amount
of wear on the rolling surface, and the gaps inside the bear-
ings are enlarged by the flaking that is triggered. When the
gaps inside the bearings are enlarged, the axis of the motor’s
rotor touches off dynamic eccentricity, and causes fluctua-
tions in the air gaps between the stator and the rotor. This
variable cycle is determined by the cycle of the motor axis
making a single revolution, so it matches the rotational fre-
quency of the motor. Therefore, the increase in the dynamic
eccentricity associated with the enlargement of the gap in-
side the bearings causes the increase in signal strength in the
rotational frequency band.

From the above, and the results of our observation of the
process of bearing degradation, an effective method for de-
tecting bearing faults is to monitor the signal strength in
the natural frequency band and rotational frequency band of
bearings.
4.3 Effect of the Number of Poles in the Motor
Since the number of poles in motors differs according to the

mechanical equipment in which they are used, bearing faults
must be detected independently of the number of poles. Here,
we installed contaminated bearings in three types of motors
with different numbers of poles, and validated bearing fault
detection performance. Since there is an inverse proportion
between the number of poles in a motor and the rotational

Table 2. Bandwidth region of stator current spectrum

Fig. 6. Experimental setup for variable load conditions

frequency, Formula (1) was used to calculate the rotational
frequency of the motors with each of the different number of
poles. In unloaded state, two pole was approximately 60 Hz,
four pole was approximately 30 Hz and 6 pole was approxi-
mately 20 Hz.

Table 2 shows the bandwidth region of stator current spec-
trum results. For each of the 2 pole, 4 pole and 6 pole con-
taminated bearings, both fc/o and fc/i and in either or includ-
ing one frequency band the signal strength of stator current
power spectral density increased.

From this, the cage damage frequency band shown Formu-
las 2 and 3 appeared, regardless of number of poles. There-
fore, it is possible to detect bearing faults by identifying the
number of poles in the motor.

However, an issue exists in the case of two poles, since
in unloaded state, the rotational frequency band occurs in
the 120 Hz band, so it overlaps with the secondary higher
harmonic of the power frequency. Therefore, the rotational
frequency band cannot be used as the monitoring frequency
for two poles. Under actual loading slipping is generated, so
there is a tiny amount of shift in the rotational frequency band
from 120 Hz, which is the amount of the slipping. Therefore,
it is possible to detect bearing faults in two pole motors, but
only in loaded state.
4.4 Effect of Variable Loads We created the exper-

imental setup shown in Fig. 6 to evaluate the effect of load
variation on stator current power spectral density. It has been
reported (18) that frequency variations of under 6–7 Hz occur
when mixers, which are examples of motors with large load
variations, are running.

Here, we investigated the stator current power spectral den-
sity when a load variation of under 10 Hz was applied while
the motor was running. In order to apply load variation, we
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Fig. 7. Stator current spectrum of induction motor at the
variable load conditions

controlled the current to an electromagnetic particle brake
(MITSUBISHI ELECTRIC ZKB-1.2XN). In order to sim-
ulate random load variations, we generated noise wave forms
from a function generator (Agilent 33120A), and used a
low pass filter (NF Electronic FV-628B) to create noise
waveforms that included only low frequency components.
Then we amplified the signal using a power amp (NF Elec-
tronic4025), input a random current signal in the order of sev-
eral Hz into the electromagnetic particle brake, and varied the
load.

Figure 7 shows the stator current power spectral density
during load variations. The following formula was used for
the load torque during load variation.

Tload(t) = T0 + Tosc cos (2π frdmt) · · · · · · · · · · · · · · · · · (7)

Tload(t): load torque; T0: average torque; Tosc: vibra-
tion component of load torque; frdm: load torque frequency.
When random load variations occur, driving current equiva-
lent to the load torque in the right side of Formula 7 varies, so
a broad spectra equivalent to load torque frequency frdm near
power frequency fs is superimposed. The spectral width is
determined by the load variation frequency. In any case, for
random load variations, sharp peaks are not observed in the
region of the bearings’ natural frequency band, as shown in
(2) and (3).

Next, observing the rotational frequency band, the signal
strength increases when the load variation increases. This is
because the increase in load variation increases the current,
and as a result the spatial magnetic field lines in the air gap
between the stator and the rotor expand. Also, slipping oc-
curs due to the load variation, and this varies the position of
the rotational frequency band.

From the above, it is possible to avoid the effect of load
variation characteristics and detect bearing faults by detecting
only the line spectral peak in the bearing natural frequency
band region, and monitoring the signal strength of the rota-
tional frequency band from a fixed load standard.

5. Validation of Diagnostic Method

5.1 Sideband Peak Detection Detect the spectral
peak by performing a differential operation on the spectral
data. In order not to misdetect spectral peaks caused by noise,
it is possible to detect spectral peaks using as a condition that
the result of the differential operation must be a value within
a specified range. After detecting the spectral peak, eval-
uate the sidebands in order to identify abnormal frequency

Fig. 8. Detection of sideband caused by faulty bearing

bands. When bearing faults occur, sidebands are always gen-
erated by current modulation, with the power frequency at the
center. Evaluation of the sidebands improves the accuracy
of judgment of abnormal frequency bands. For example, in
Fig. 8 the waveforms marked with ● are sideband waves, and
the ones marked with � are not sideband waves.

Spectral peaks are detected in the 66.9 Hz band, but on the
bottom side where the power frequency 60 Hz is the center,
53.1 Hz, which is equivalent to a sideband of 66.9 Hz, is not
generated. Spectra are generated with bearing faults due to
amplitude modulation of power frequencies, so a pair of side-
bands will always be generated. Here, sidebands are evalu-
ated from the center of the peak point, using the following
formula (8). The frequency band of the sideband wave on
the bottom side is fbl, and the frequency band of the sideband
wave on the top side is fbh. FFT is performed at N point in
relation to sampling speed S v S/s, so the minimum frequency
resolution is S v/N Hz. Sample the frequency band fbl and fbh

that satisfy the following formula.

|( fbl + fbh) /2 − fs| ≤ S v

N
· · · · · · · · · · · · · · · · · · · · · · · · · (8)

5.2 Diagnostic Method Based on the results so far,
the bearing fault diagnostic method is shown in Fig. 9. First,
use a current sensor as a data acquisition part, and acquire
current from any of the three phases.

A good time to acquire the current is when there is constant
load.

Also, it is preferable to use a current sensor for measure-
ment that has only a small margin of error for noise, since it
will be detecting minute signal strengths. The data acquisi-
tion time is determined by the sampling speed and the min-
imum frequency resolution. A resolution that enables obser-
vation of line spectra is preferable. Data processing is per-
formed by FFT analysis and sideband peak detection. De-
tect only the sideband peaks. Spectral peaks caused by noise
must not be detected by mistake. In order to avoid misde-
tection, judge by whether or not the sideband peak matches
the theoretical peak of the bearings’ natural frequency band
or rotational frequency band. When matching the theoreti-
cal peak, monitor the relevant signal strength. Then, judge
the threshold value of the monitoring frequency band signal
strength. Since there is individual variability in each motor, it
is not possible to determine a threshold value uniquely. Here,
to determine the threshold value, use the standard deviation
of normal data σ. This experimental setup uses the standard
deviation of the power spectral density of a normal motor.
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Fig. 9. Algorithm for bearing fault detection

Fig. 10. Transient fault severity of bearing fault fre-
quency and rotational frequency bands of unloaded in-
duction motor with a powder contaminated bearing

Analysis after running for three hours resulted in an σ of
1.25 dB. Here, a discrepancy of 3σ (3.75 dB) from the nor-
mal value is set as severity level 1 (Ps1). Therefore, a signal
strength of 99.73% of a normal motor indicates severity level
1. Because the signal strength of a heavily loaded motor will
increase even under normal conditions, the threshold value
must be set so that there is no risk of detection mistakes.
5.3 Validation Results We poured 20 mg of WHITE

MORUNDUM on the outer ring rolling surface of the bear-
ings, and installed the bearings in the motor. Then we ran
the motor continuously for approximately 6 hours, retrieving
data in one-minute intervals. Since the motor was run without
a load, load variations did not occur.

Figure 10 shows the results of calculation of the severity
level of the signal strength of the bearings’ natural frequency
band and rotational frequency band in the motor. The severity
level of the bearings’ natural frequency band was 1.5 at the
stage when the motor started rotation. It increased to a max-
imum of 3.8 after 51 minutes had elapsed. We believe that it

will be possible to detect bearing faults at the stage when the
bearings are contaminated.

Meanwhile, observing the signal strength of the rotational
frequency band, after 35 minutes elapsed the severity level in-
creased with time. This indicates that if bearings are abraded
by foreign matter, the damage becomes severe and the vi-
bration in the bearings becomes stronger, and the air gap
fluctuates widely, affecting the current value. Therefore, the
signal strength of the rotational frequency band becomes an
evaluation criteria equivalent to the axis eccentricity due to
faulty bearings. Because of the fact that bearing eccentric-
ity increases over time due to abrasion on the rolling surface,
by monitoring the signal strength of the rotational frequency
band it is possible to detect changes in eccentricity associ-
ated with faulty bearings. From the fact that a signal strength
of 99.73% of a normal motor indicates severity level 1 it is
possible to judge faults greater than severity level 1.

In this experiment, the severity level increased to over 4
(12σ) in the bearings’ natural frequency band 370 minutes af-
ter the motor started running, and the severity level increased
to over 8 (24σ) in the rotational frequency band. When the
bearings were contaminated with foreign matter, the radial
gaps in the bearings widened due to the friction with this
foreign matter. As a result of the axis eccentricity that oc-
curred, the rotors caused axial runout and the rotors and sta-
tors started colliding. Collision deformation sites were also
confirmed on the stators and rotors.

Based on the above, as a result of validating the suitability
of the proposed method, which used a motor with accelerated
degradation using contaminated bearings, we were able to de-
tect faults at the contamination stage and to detect changes in
eccentricity that are associated with bearing faults by mon-
itoring both the bearings’ own natural frequency band and
their rotational frequency band.

6. Summary

The purpose of this study was to identify the current sig-
nal frequency band that is effective for bearing deterioration
diagnosis and to validate a proposed diagnostic method. Con-
taminated bearings were manufactured and installed in a mo-
tor, and the stator current power spectral density was exam-
ined when the motor was running. The results confirmed that
when there was damage to the cage near the power frequency
fs, there were increases in the signal strength of the sideband
waves that matched the vibrational frequency band and there
was an increase in the signal strength of the rotational fre-
quency band. Furthermore, we performed a similar test on
motors with a different number of poles, and demonstrated
that it was possible to detect signals from the desired fre-
quency band. Also, from the load variation characteristics
we demonstrated that the adverse effects of load variations
can be avoided by detecting sharp spectral peaks and mon-
itoring steady load standards. Based on these experimental
results, we devised a diagnostic method and validated it us-
ing a motor with accelerated wear. The results showed that
by monitoring both the bearing’s own natural frequency and
its rotational frequency, it is possible to detect abnormalities
at the contamination stage and to detect the changes in eccen-
tricity that are associated with bearing faults, thereby demon-
strating the utility of this method.
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