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An Amplitude Modulation Detector for Fault
Diagnosis in Rolling Element Bearings
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Abstract—The purpose of this research is to identify single-point
defects in rolling element bearings. These defects produce charac-
teristic fault frequencies that appear in the machine vibration and
tend to modulate the machine’s frequencies of mechanical reso-
nance. An amplitude modulation (AM) detector is developed to
identify these interactions and detect the bearing fault while it is
still in an incipient stage of development (i.e., to detect the instances
of AM when the magnitude of the characteristic fault frequency it-
self is not significant). Use of this detector only requires machine
vibration from one sensor and knowledge of the bearing charac-
teristic fault frequencies. Computer simulations as well as machine
vibration data from bearings containing outer race faults are used
to confirm the proficiency of this proposed technique.

Index Terms—Amplitude modulation (AM), bearings (mechan-
ical), bispectrum, condition monitoring, fault diagnosis, vibration.

1. INTRODUCTION

LECTRIC machine failures are divided into stator, rotor,

and bearing faults. Approximately half of all electric ma-
chine failures are due to bearing faults [1]-[4]; therefore, the
ability to predict the onset of a bearing failure is of great prac-
tical importance. The methods of bearing condition monitoring
are diverse but can be categorized by the type of measurement
that is performed. Examples of measured parameters include
current, vibration, temperature, and displacement. The objective
of this research is to identify bearing faults via machine vibra-
tion while the fault is still in an incipient stage.

II. BEARING FAULT SIGNATURES

Single-point defects commonly occur as pits or spalls on a
bearing surface. This type of defect will produce one of the
four characteristic fault frequencies in the machine vibration de-
pending on which bearing surface contains the fault. These fre-
quencies are illustrated in Fig. 1, where

Fr rotor (shaft) frequency;

Fer cage fault frequency;

Firrp  inner raceway fault frequency;
Forr outer raceway fault frequency;
Fpr ball fault frequency;

Dp ball diameter;
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Fig. 1. Dimensions and frequencies related to bearing faults signatures.

Dp pitch diameter;

Np number of rolling elements;

FRE direction of force exerted by the rolling element on the

outer raceway,
0 ball contact angle.
The characteristic fault frequencies can be calculated using
(1)—(4) [5], and a derivation of these equations is presented in

(6]

1 Dpgcos(8
Fop = Fp (1 - BT()) )
N Dpcos(8
Forr = " Fn (1 - B’T()) @)
N Dpcos(8
Fing = "2 Fn (1 + BT()) 3
Dp D% cos?(9)
Fgp =——Fp |1 - —F—2——= .
Br = op IR ( D2 4)

These equations require detailed knowledge of the bearing
geometry; therefore, some researchers [7] have proposed ap-
proximations (5) and (6). However, (5) and (6) approximate the
ratio Dp/Dp and only give accurate characteristic fault fre-
quency predictions for some bearing types (e.g., they are valid
for 6200-series bearings but not for 6300-series bearings).

FORF:0-4*NB*FR (5)
FIRF :O.G*NB *FR. (6)

Single-point defects begin as localized defects on the race-
ways (or rolling elements), and, as the rolling elements pass
over these defect areas, small collisions occur producing
mechanical shockwaves. These shockwaves then excite the
frequencies of natural mechanical resonance in the machine.
This process occurs every time a defect collides with another
part of the bearing, and its rate of occurrence is equal to one
of the previously defined characteristic fault frequencies. Re-
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Fig. 2. Basic amplitude modulation in the frequency domain where F's and
F¢ interact to generate sum and difference components.

stated, inserting familiar terminology, the mechanical resonant
frequencies (carriers) are modulated by the characteristic fault
frequency (baseband signal). A frequency-domain representa-
tion of amplitude modulation (AM) is depicted in Fig. 2 where
Fs is the baseband signal component and F¢ is the carrier
frequency. In this illustration, a component with frequency Fs
and phase ¢g interacts with another component at F¢, ¢¢
to produce two new sideband components at Foys, dcots
and Feo_g, ¢c_s. Because the phases of the two sideband
components are related to the phases of F and F§ (i.e., they
are sum phases and difference phases), this type of interaction
is generally referred to as quadratic phase coupling (QPC).

III. DETECTION OF AM AND QPC

Standard tools for the detection of QPC are the bispectrum
and its normalized form, the squared bicoherence [8]. These es-
timates are defined in (7) and (8), respectively, where X () is the
Fourier transform. E{-} is the statistical expectation operator,
and * denotes complex conjugation. While the definition of the
bispectrum in (7) is standard, the names and definitions of bi-
coherence vary among the literature. A summary of the various
bicoherence estimators can be found in [9]. The definition of
squared bicoherence used in (8) is chosen because it is bounded
between 0-1

B(f1, f2) = E{X(f1))X(fo)X*(f1 + f2)} (7

2 |B(f1. £2)|”

b*(f1, f2) = -(8)
TR IX X (P E{Ix (A + 2P

The bispectrum and bicoherence have been employed in
detecting QPC in a wide variety of applications including
plasma, ocean noise, and bearing faults [10]-[15]. Consider
the following example of QPC detection where only a sum
frequency is present:

x(n) = 0.8sin (27200 + ¢1) + sin (277000 + ¢2)
+0.8sin (279000 + ¢3) + w(n). (9)

In this expression, w(n) is —40 dB white Gaussian noise and
¢3 = ¢1 + 2. It is desired to determine if the 900-Hz compo-
nent is generated by an interaction between the 200- and 700-Hz
components or if it is a result of some unrelated, independent
source. By inspecting the power spectrum estimate in Fig. 3
(computed via Welch’s method) the origin of the 900-Hz com-
ponent cannot be determined. In an effort to understand the
origin of the 900-Hz component, the bispectrum is calculated
and shown in Fig. 4(a).
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Fig.3. The power spectrum estimate indicates the presence of a sum frequency
at 900 Hz, but the origin of this component cannot be determined from this
figure.
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Fig. 4. Detection of QPC. (a) Contour plot of the bispectrum demonstrates
a peak at (200 Hz, 700 Hz). This indicates the sum frequency component is
generated by QPC. Only significant peaks are shown for clarity. (b) Contour
plot of the squared bicoherence. Since the magnitude of this peak is 1.0, all of
the energy at the sum frequency is due to QPC.

The bispectrum is typically displayed as a three-dimensional
plot with frequency on the x and y axes and magnitude on the z
axis. For simplicity and clarity, this paper uses two-dimensional
contour plots to show frequency on the horizontal and vertical
axes with magnitude coming out of the page. In Fig. 4(a), the
presence of the peak at frequency pair (200 Hz, 700 Hz) indi-
cates that these two components are indeed interacting to gen-
erate the 900-Hz component. However, the magnitude of this
peak (2 x 10%) does not reveal how much of the energy at 900 Hz
is due to the interaction of the components at 200 and 700 Hz
versus how much could be due to some additional independent
900-Hz source. Thus, the squared bicoherence is computed in
Fig. 4(b), and, since the magnitude of its peak is equal to 1.0, it
is concluded that all of the energy in the 900 Hz component is
due to the interaction of the 200- and 700-Hz components.

Two details about these plots should be noted. First, the
bispectrum exhibits many symmetries including B(f1, f2) =
B(f2, f1); therefore, it is not necessary to compute every
frequency pair. A good discussion of bispectrum symmetries
and its region of computation is provided in [8], [10], and [12].
Second, the resolution of the squared bicoherence in Fig. 4(b)
may not be sufficient to resolve frequency components in
certain applications. Therefore, many techniques are available
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Fig. 5. Power spectrum estimate indicating the presence of a sum frequency
(900 Hz) and a difference frequency (500 Hz). Again, the origin of these
components cannot be determined from the power spectrum.

to improve the resolution of the estimators in (7) and (8), and
these methods are discussed in [8], [9], and [16].

This example could be continued by considering the case
where ¢3 is uncorrelated with ¢1 + ¢5. This would represent
a situation where it is only coincidental that the 900-Hz com-
ponent occurs at the sum frequency of the other two compo-
nents. The power spectrum for this situation would be iden-
tical to Fig. 3. However, the peak in the bispectrum of Fig. 4(a)
would be significantly reduced, and there would be no peak in
the squared bicoherence of Fig. 4(b).

The bispectrum can also be applied to the detection of AM;
however, incorrect and misleading results are often produced
as the following example illustrates. Fig. 5 shows the power
spectrum estimate for the signal

z(n) = 0.8sin (2r200n + ¢1) + sin (2r700n + ¢2)
+ 0.8sin (279000 + ¢2 + ¢1)

+ 0.8sin(27500n + 2 — ¢1) + w(n). (10)

This signal represents a typical example of AM where two
frequencies (200 and 700 Hz) interact to produce a sum-fre-
quency component (900 Hz) and difference-frequency compo-
nent (500 Hz). From the expression for the bispectrum in (7), it
is observed that this estimator searches only for the presence of
a sum frequency. Consequently, it not only correctly recognizes
that the 900-Hz component is produced by the 200- and 700-Hz
components, but it also incorrectly suggests that the 200-Hz
component and the 500-Hz component are interacting to gen-
erate the 700-Hz component (i.e., 700 Hz = 200 Hz+500 Hz) in
Fig. 6. This makes the interpretation of the bispectrum difficult
and confusing when used in the presence of AM. While the au-
thors in [17] have proposed modifying the bispectrum to detect
instances of AM, their modifications do not solve the problem
of multiple peaks per instance of AM illustrated in this example.

While this example illustrates one disadvantage of using the
bispectrum in the presence of AM, this research considers yet
another disadvantage, which is specific to bearing fault diag-
nosis. In AM due to bearing faults, the carrier frequency and
its sideband components occur in regions of natural mechanical
resonance; therefore, these frequency components are salient in
machine vibration. However, the characteristic fault frequencies
are determined by bearing geometry, and they typically occur at
low frequencies where significant mechanical damping may be
present. Therefore, by the time the energy at these characteristic
fault frequencies propagates from the bearing to the vibration
sensor, they can be significantly attenuated. This phenomenon
is especially noticeable in incipient bearing faults where the en-
ergy at the characteristic fault frequencies is low. This produces
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Fig. 6. Incorrect detection of AM. (a) The bispectrum shows one correct peak
at (200 Hz, 700 Hz) and an additional incorrect peak at (200 Hz, 500 Hz). (b)
The squared bicoherence shows the same incorrect peaks.
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Fig. 7. Power spectrum estimate of AM generated by a bearing fault where
the characteristic fault frequency (200 Hz) is significantly attenuated.

the type of AM depicted in Fig. 7 where the carrier (700 Hz)
and its sidebands are significant but the magnitude of the char-
acteristic fault frequency (200 Hz) is severely attenuated.

The damping of the characteristic fault frequency illustrated
in Fig. 7 combined with the bispectrum’s tendency to produce
false peaks depicted in Fig. 6 suggest the need for a new AM
detector. An AM detector that accounts for both of these limi-
tations is proposed in (11) and its normalized form is defined in
(12)

D(f1, f2)

= E{X(f2 + [1)X(f2 = f1) X" (f2) X" (f2)} (11)
d(f1. 12)
_ |D(f1. f2)I? .
B{IX(f)X(£)P} E{IX(f2 + A)X(f2 =PI
(12)

From (11), it is seen that this AM detector searches for the
carrier, sum, and difference frequencies, but does not require the
presence of the baseband signal (characteristic fault frequency).
To illustrate the operation of this detector the right-hand side of
(11) can be expanded as follows:

E {|X(f2 + f1)|ejL\'(fz+f1)|X(f2 _ f1)|ejZX(f2_f1)

X (f)le TSP X (ST XL 13)
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Collecting like terms yields

E{|X(fa + fOIX(f2 = fOlX(f2)]IX(f2)]
_ej[éX(fz+f1)+ZX(fz—f1)—L\’(fz)—ZX(fz)]}. (14)

If there is phase coupling between the sideband components
f1 and fo, then

(X (f2+ f1) =LX(f2) + LX(f1)
LX(f2 = f1) = LX(f2) = LX(f1)-

By substituting (15a) and (15b) into (14), it can be seen that
the phase of (14) will equal zero, and (14) will equal the ex-
pected value of the product of the magnitudes. Therefore, if sig-
nificant frequency components exist at fo_1, foy1, and fs, the
detector will exhibit a peak at D( f1, f2) indicating that frequen-
cies fi and f, are interacting to produce sideband components.

On the other hand, if there is no phase coupling between any
of the components, (15) is not valid, and the phase of (14) will
vary randomly from sample to sample. The expectation operator
will then cause the value of D(f1, f2) to approach zero after a
sufficient number of samples are averaged together. Therefore,
the AM detector will not exhibit a peak at D( f1, fo) if no phase
coupling is present.

This estimator will also correctly produce only one peak per
occurrence of AM. The normalized version of the detector in
(12) is bounded between 01, which can be shown by applica-
tion of Cauchy’s inequality.

To illustrate the effectiveness of the proposed AM detector on
a simple signal consider the following:

(15a)
(15b)

(n) =0.01sin (2r200n + ¢1) + sin (207000 + ¢2)
+ 0.8sin (279007 + ¢2 + ¢1)

+ 0.8sin (270500n + ¢ — ¢1) + w(n). (16)

This example is indicative of AM in faulty bearing vibration
data where the characteristic fault frequency (200 Hz) is se-
verely attenuated (e.g., an incipient bearing fault) and the addi-
tive white Gaussian noise w(n) is approximately equal in mag-
nitude to the other components. The power spectrum estimate
for this signal is illustrated in Fig. 7. If the squared bicoher-
ence were applied to this signal, it would not exhibit any peaks,
thereby failing to identify the presence of any QPC or AM. The
AM detector correctly identifies the frequency pair at (200 Hz,
700 Hz) as generating the AM in Fig. 8(a). The normalized AM
detector of Fig. 8(b) confirms all of the energy at the sidebands
is due to the interaction of the 200- and 700-Hz components.

IV. BEARING VIBRATION ANALYSIS

While Section III illustrates the effectiveness of the proposed
AM detector with simple computer examples, this section uses
the AM detector to identify bearing faults in actual machine
vibration data. Two new type-6207 bearings are seeded with
outer race faults. A point on the outer raceway of one bearing
is slightly scratched while a point of the outer raceway of the
second bearing is heavily scratched. The third new bearing is left
unaltered. From (2) the expected outer raceway fault frequency
is calculated as 212 Hz.
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Fig. 8. Successful detection of AM. (a) The proposed AM detector correctly

identifies the source components at (200 Hz, 700 Hz) despite the characteristic
fault frequency being significantly attenuated. (b) The normalized form of the
proposed AM detector correctly suggests all energy at the sidebands originates
from the interaction of the 200- and 700-Hz components.

The output shaft bearing of a 10-hp NEMA type-215T three-
phase 440-V induction motor is replaced by each of the three
test bearings in turn. An accelerometer is placed on the stator
housing directly above and in the radial direction of the bearing
under test. Vibration data are sampled at 10 kHz and divided into
60 records, which are 51.2 ms in length (512 samples each). A
Hanning window is then applied to each record. The normalized
form of the AM detector from (12) is calculated for each set of
bearing data. To perform this calculation, the expressions inside
the expectation operators of (12) are applied to each record of
data. Next, the results from each record are averaged together
as dictated by the expectation operators, and then the remaining
expression is evaluated.

When vibration data from the new, undamaged bearing are
analyzed, there are no peaks exhibited by the AM detector or
the bispectrum. Additionally, there is no energy at any of the
characteristic fault frequencies in the power spectrum. There-
fore, all three of these tools correctly indicate that there is no
fault in the new bearing. Fig. 9 illustrates the results from the
bearing whose outer raceway was slightly scratched. The top
plot in this figure is the power spectrum estimate. As is common
with incipient bearing faults, there is no energy at the character-
istic fault frequency, Forrp = 212 Hz, or its multiples. This
illustrates the difficulty in detecting incipient bearing faults by
directly searching for the characteristic fault frequencies in the
power spectrum. The bottom plot in this figure shows the results
from the AM detector.

By careful examination of Fig. 9(b) it is seen that there are
many peaks occurring at various frequency pairs. However, the
vertical axis shows the first row of significant peaks occurs at ap-
proximately 212 Hz (the outer raceway fault frequency) and the
subsequent row occurs at its next multiple (424 Hz). Also, the
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Fig. 9. Detection of an incipient bearing fault. (a) Power spectrum estimate
does not exhibit any energy at 212 Hz thereby failing to recognize the fault.
(b) The normalized AM detector exhibits several peaks all spaced by Forr =
212 Hz. This indicates the presence of AM and correctly identifies the presence
of an outer raceway defect.
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Fig. 10. Squared bicoherence applied to the same bearing vibration data.
While a minor amount of QPC is indicated, the arbitrary spacing makes it
impossible to determine if this is the result of a bearing fault or some other
nonfault source.

spacing of the peaks along the horizontal axis is approximately
212 Hz. The presence of these significant peaks at the charac-
teristic fault frequency in the normalized AM detector correctly
indicates the presence of the incipient outer race fault.

To understand how the bispectrum performs when applied to
the same vibration data, consider Fig. 10. From this figure, it is
evident that the bispectrum is beginning to indicate a minimal
amount of QPC; however, the spacing of the peaks is arbitrary.
Therefore, it is impossible to determine if these peaks are due
to a bearing fault or a result of some other nonfault source. This
example illustrates the significantly improved performance of
the AM detector over the power spectrum as well as the bispec-
trum for detecting incipient bearing faults.
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Fig. 11. Detection of an advanced stage bearing fault. (a) Power spectrum

estimate exhibits a significant peak near Forr = 212 Hz. (b) AM detector
exhibits a considerable amount of AM. All significant peaks are separated by
approximately 212 Hz on the horizontal and vertical axes clearly indicating the
presence of a significant outer raceway defect.

Next, consider the application of the AM detector to the
bearing with the heavily scratched outer raceway. The severity
of this defect is intended to represent a more advanced stage
fault. These results are illustrated in Fig. 11. Due to the ad-
vanced nature of this defect, a peak near the outer raceway fault
frequency is clearly evident in the power spectrum estimate of
Fig. 11(a). Because (1)—(4) are functions of 8, it is common for
slight amounts of mechanical misalignment (or similar sources)
to cause the characteristic fault frequencies to deviate slightly
from their exact predicted values. The application of the AM
detector to this data is illustrated in Fig. 11(b). In this plot,
there is a substantial amount of AM indicated. All significant
peaks (above 500 Hz on the horizontal axis) are separated by
approximately 212 Hz in the horizontal and vertical directions.
This suggests the presence of a significant fault on the outer
raceway.

V. CONCLUSION

This paper has presented a tool for detecting the presence
of single-point defect bearing faults. This tool is designed to
detect incipient defects before their characteristic fault frequen-
cies become significant in a power spectrum estimate. This is
accomplished by searching for instances where the machine’s
frequencies of mechanical resonance are modulated by the
characteristic fault frequencies of the bearing. The AM detector
is computed from the machine vibration and its interpretation
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only requires knowledge of the bearings characteristic fault
frequencies. This method does not require training from var-
ious faulted bearings nor does it require baseline data from
the machine being monitored. Its proficiency was verified by
simulation and experimental results from bearings containing
outer race defects.
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