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ABSTRACT The rolling bearing is an important part of rotary machineries and the health state monitoring
is currently a hot research topic. There are four typical failure modes of a rolling bearing: the inner race
failure, the outer race failure, the rolling element failure and the support frame failure. Based on the
principle of the coherent demodulation, a new method for rolling bearing fault diagnosis is proposed in
this work. This method establishes a coherent demodulator simulation model which is usually adopted
in the field of radio communications. The proposed method first demodulates the vibration signal with
coherent demodulation principle. Then, the characteristic frequencies related the different failures modes
are extracted to obtain the fault characteristic amplitudes, to diagnose the ongoing failure mode. The bearing
fault data from the Case Western Reserve University Bearing Test Center is taken as an example to verify and
analyze the effectiveness of the proposed method. The results show that this method can accurately diagnose
the corresponding failure mode with different locations and sizes.

INDEX TERMS Bearing fault diagnosis, bearing characteristic frequencies, fault characteristic amplitudes,

coherent demodulator simulation model.

I. INTRODUCTION

The rolling bearing is basic component of rotary machineries,
causing about 30% of their failures, especially in gear and
shaft drive equipment [1]. After working for a period of
time, various minor defects may emerge which can expand
gradually in the subsequent operations until the bearing fail-
ures. The damage of the bearing can cause economic and
social losses, or even threaten the safety of the personnel.
Therefore, the monitoring of its status and diagnosis of any
incipient faults can promptly favor in detecting the incipient
faults of the rolling bearing, and, thus, carry out timely proper
maintenance actions to prevent further damage to rotary
machineries.

The rolling bearing failure is mainly influenced by the
following three factors: the structure damage, including the
assembly error and material defect; the over load resulting in
accelerated degradation; working environment factors, such
as exterior intrusion, moisture intrusion, chemical corrosion
etc. [2]. The common failure modes include fatigue spalling,
wear, plastic deformation, corrosion, fracture, gluing, and
cage damage [3]. With respect to the defect location, rolling
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bearings have four typical failure modes: inner race failure,
outer race failure, rolling elements failure and support frame
failure [4].

Considering different information sources, the methods
for rolling bearings fault diagnosis can be categorized into
vibration signal-based [5], acoustic emission-based [6], lubri-
cating oil physical and chemical characteristics-based [7],
metal debris-based methods [8], etc. However, the latter three
methods have relatively some limitations. For example, lubri-
cating oil analysis can only be used for oil-lubricated bearing
analysis; metal debris analysis is susceptible to other metal
debris in the same environment, such as debris generated
by gear running-in and corrosion; acoustic emission test has
relatively high demands on the environment and equipment.
In practice, vibration signal-based methods are commonly
considered for bearing fault diagnosis.

Rolling bearing fault diagnosis process based on vibration
signals can be divided into two steps: feature extraction and
fault identification. There are in general three directions for
feature extraction: time-domain analysis, frequency-domain
analysis and time frequency-domain analysis. Due to the
computational simplicities, the time-domain analysis has
been applied in many simple diagnostic fields of machinery.
Three time-domain indexes are compared in [9] for condition
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monitoring of rolling element bearings. Time-domain statis-
tics is divided into two categories, the first category is dimen-
sional parameters, mainly including peak-peak value, root
mean square value, etc.; the other category is dimensionless
parameters, mainly including kurtosis index, peak index, etc.
Entropy has also been adopted extraction of rolling bearing
fault features, such as approximate entropy [10], permutation
entropy [11], sample entropy [12], etc. Frequency-domain
analysis means that when the rolling bearing fails, the trans-
formed frequency components of the collected vibration sig-
nals change accordingly [13]. Therefore, in order to obtain
the characteristics that can represent the fault information
in the frequency domain, the Fourier transform is often
used to transform the collected vibration signal into the
frequency spectrum. The other popular frequency-domain
analysis methods are power spectrum analysis [14], kur-
tosis spectrum analysis [15], order cestrum analysis [16],
envelope spectrum analysis [17]. Because of the complex
environment in which the machinery is operated, its vibra-
tion signal is often nonlinear and non-stationary. And the
diagnostic results may be unsatisfactory using solely time-
domain or frequency-domain analysis methods. Thus, the
time-frequency domain analysis methods based on both time
and frequency are proposed. With time-frequency domain
analysis methods, the evolvement of the local frequency
components can be obtained [18], [19]. There are many
time-frequency domain analysis methods, such as wavelet
analysis [20]-[22], empirical mode decomposition [23], [24],
ReliefF algorithm [25] and other methods. Fault identifica-
tion is also called fault pattern recognition. The fault char-
acteristic frequency method is commonly used [26], [27].
Other methods, such as hidden Markov models [28], rough
set method [29], and neural networks [30] [31], Support Vec-
tor Machine [32]-[34] and other artificial intelligence algo-
rithms are also applied to the classification of rolling bearing
fault features. Considering the computational complexity and
diagnostic accuracy, the envelope spectrum analysis method
is widely used in engineering practice. The Hilbert transform
method is used to obtain the signal envelope first, and then
the Fourier transform is used to decompose the vibration
signal. But this method requires more preprocessing actions
before it can be used in practical applications such as the
use of wavelet transform to reduce noise of the vibration
signal collected form the low-speed bearings [35]. Four pack-
ages of envelope spectrum analysis algorithm are compared
in [36], and it is found that envelope algorithms have differ-
ent performances in different frequency ranges. In general,
the method based on envelope analysis requires a higher
sampling rate when processing high-frequency signals, which
limits the practical application of this method to a certain
extent [36].

In order to solve the limitation of envelope spectrum anal-
ysis method, this paper presents a method for rolling bearings
fault diagnosis based on the coherent demodulation principle.
Following this principle widely used in radio communica-
tion technology [37]-[40], a simulation model of a coherent
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demodulator is established to directly demodulate the vibra-
tion signal, collect the vibration signal data of specific fre-
quency bands, extract the fault features, and then diagnose the
fault type of the rolling bearing. Three major contributions
are made by the method based on coherent demodulation.
First, the method can greatly reduce the demand on the sam-
pling frequency of the vibration signal. In order to obtain a
valuable envelope spectrum to analyze the fault characteristic
frequency response, the collected vibration signal needs to
have a higher sampling frequency, which puts forward higher
requirements on the sampling equipment and increases the
cost of vibration signal analysis. The method based on the
principle of coherent demodulation draws on the physical
principles of radio communication, and directly demodulates
and filters the signal. It does not need to perform mathe-
matical processing on the vibration signal that needs to be
analyzed, and does not need to obtain the envelope spectrum,
so the sampling frequency of the vibration signal does not
need to be that high, which greatly reduces the requirements
for sampling equipment. Second, the method proposed in
this paper can also greatly reduce the subsequent calcula-
tion burden. The envelope spectrum analysis method needs
to carry out Hilbert and Fourier transform on the collected
vibration signals, and a lot of mathematical calculations. The
method based on the principle of coherent demodulation is
to establish a simulation model from the physical principle
of coherent demodulation of the vibration signal to directly
demodulate the collected vibration signal, and calculate the
response value at the characteristic frequency of the fault.
There is no need to perform mathematical transformation
on the vibration signal, the calculation amount is small, and
it is easy to popularize and apply in engineering practice.
Third, the proposed method reveals the vibration mechanism
when the rolling bearing fails and does not rely on experi-
ence of data analysts for fault diagnosis. It is easy to under-
stand in principle and can provide information for subsequent
operation and maintenance. However, other vibration signal
analysis methods such as envelope analysis can only extract
the fault characteristics of rolling bearings mathematically
and rely highly on the expert knowledge for identifying the
characteristic frequencies. It is shown in the case study that
it can be applied to the fault diagnosis of various rolling
bearings faults.

The remainder of the manuscript is structured as below.
Section II introduces the vibration of rolling bearings, includ-
ing its structure, natural vibration frequency and bearing
characteristic frequencies. Then the principle and process of
rolling bearing fault diagnosis based on coherent demodula-
tion is given in Section III, and the validity of the coherent
demodulation is analyzed by comparison with the common
envelope spectrum analysis method. After that, a case study
is carried out to verify the effectiveness of the method and
analyze the influence of factors on the diagnosis result of
the method in Section IV. And last, a conclusion is made to
evaluate the applicability and improvement direction of the
method.
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FIGURE 1. Typical structure of a rolling bearing.
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FIGURE 2. Typical structure diagram of rolling bearing.

Il. VIBRATION OF ROLLING BEARINGS

A. VIBRATION MECHANISM OF ROLLING BEARINGS
Rolling bearings are generally composed of an inner race,
an outer race, rolling elements (i.e. ball), and a support frame,
as shown in FIGURE 1.

During the operation of a mechanical equipment, there are
many sources causing the vibration of the rolling bearings,
such as partial that degradations, malfunctions, roller rough-
ness, assembly error, inner raceway, outer raceway, surface
problems, etc. [41] The vibration mechanism is shown in
FIGURE 2. Vibration signal acquisition is relatively easy and
sensitive to early faults. In the diagnosis process, the signal
from the acceleration sensor placed on the bearing support is
the joint excitation of all the above factors. However, if the
structure and environment factors are avoided, the vibra-
tion signal is mainly affected by the bearing faults during
operation.

If the rolling bearing surface has a defect or damage,
the remaining part collides with the defective part to pro-
duce a low-frequency impact vibration. The frequency of this
impact vibration is called Bearing Characteristic Frequen-
cies (BCFs) [42]. When the bearing is working normally,
its own vibration has also a natural high-frequency vibration
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frequency [43]. The vibration signal of a faulty bearing mea-
sured by an acceleration sensor is a signal generated by
modulating both the characteristic frequency of the fault and
the natural vibration frequency of the bearing.

B. NATURAL VIBRATION FREQUENCY OF ROLLING
BEARING

During operation, each element in the rolling bearing will
vibrate at its natural frequency due to local defects and irreg-
ular structure impact. The natural frequency of the bearing
element is mostly in the high frequency band of several kHz
to tens of kHz. The frequency depends on the material, shape
and quality of the bearing components, and is affected by
the bearing assembly conditions, regardless of the operating
speed. The equations for calculating the natural frequencies
of the bearing inner and outer raceways and rolling elements
are given below.

1) NATURAL VIBRATION FREQUENCY OF INNER AND OUTER
RACEWAYS

The natural frequency of the inner and outer raceways
is divided into the natural frequencies of the pure radial
direction, the torsional direction and the bending direction.
The following Equation (1) gives the natural frequency of the
inner and outer raceways of the bearing in the plane of the
ring, that is, the radial bending natural vibration frequency.

_ nn® —1) g
C2n(D22E + 1V M

In Equation (1), £ means the elastic modulus of the
material; / means moment of inertia of the longitudinal
section of the bearing ring; M means quality within unit
length of bearing ring; D means the diameter of the neutral
shaft of the bearing ring; n means order of natural frequency.

Jor ey

2) NATURAL VIBRATION FREQUENCY OF ROLLING ELEMENT
Due to its elastic properties, the rolling elements of the bear-
ing will also elastically deform like a spring, but its rigidity
is high and it has nonlinear characteristics. If the lubrication
is poor, nonlinear vibration is prone to occur. When the
bearing is subjected to radial load or is running at low speed,
the rolling element enters the non-load area from the load
area and becomes free movement. Due to the gravity of the
rolling element, the position of the rolling element advances
or lags, which will collide with the cage or the collar. The
imperfection of the component produces free vibration. The
natural vibration frequency of the rolling element can be
calculated by Equation (2):

_ 0848 [E )
fnh = _d 2,0

In Equation (2), d means diameter of rolling element;
E means the elastic modulus of the material; p means the
density of the material.

It can be seen from Equation (1) and (2) that the natural
vibration frequency of the elements of rolling bearings is
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only related to the inherent material properties and geometric
characteristics of rolling bearings. In practice, it may also
be affected by assembly conditions. The initial vibration
frequency of the flawless rolling bearing system measured by
the accelerometer is taken as the natural vibration frequency
of the rolling bearing.

C. BEARING CHARACTERISTIC FREQUENCIES OF
ROLLING BEARING

During the operation of the rolling bearing, when the rolling
element encounters a local defect at the raceway of the inner
raceway or the outer raceway, an impact signal is generated
through contact collision. At a certain speed, while the defect
is on different bearing components, the frequency of the
contact point passing through the defect is also different.
These frequencies are called the BCFs, which reflects the
location of bearing defects. Thus bearing fault diagnosis can
be realized by analyzing BCFs.

The calculation model of BCFs is based on the following
assumptions: the angular velocity of the inner and outer
raceways of the bearing and the rolling elements is constant
during the observation time; There is no slippage between
the rolling body and the inner and outer raceways; And the
pressure angle is unchanged [35].

If the operating contact angle is ¢, the rolling element
(spherical) diameter is d, the rolling pitch circle diameter is D,
the inner raceway angular frequency is f;, the outer raceway
angular frequency is f,, the number of rolling elements is N,
and the characteristic vibration frequency of each part of the
bearing can be calculated as follows [35]:

Ball pass frequency of inner race (BPFI),

N d
ferFI = ) (fi = fo) (1 + D X o8 ¢) 3)

Ball pass frequency of outer race (BPFO),

N d
fepro = > (fi —fo) (1 — 3 60S ¢) 4

Ball spin frequency (BSF),

~ P - (4 ’ 5
fBsF = 2 fi—fo|1- (B cos ¢) 5)

Fundamental train frequency (FTF),

Sfrrr = % (fi = fo) <1 - %COS¢> (6)

The above four vibration frequencies are collectively
referred to as BCFs, which correspond to four types of fail-
ures: inner raceway failure, outer raceway failure, rolling
element failure and support frame failure. In this article,
we will use the characteristics of these four fault vibration
frequencies to carry out fault diagnosis of rolling bearings.

D. WORKING VIBRATION FREQUENCY OF ROLLING
BEARING

In the actual working process, rolling bearings have both
their own natural vibration frequency and the characteristic
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vibration frequency of the bearing due to defects. Therefore,
the working vibration frequency of the rolling bearing is the
vibration frequency generated by modulating the character-
istic vibration frequency to the natural vibration frequency.
If only single-point failures are considered, the impact vibra-
tion frequency BCFs due to bearing defects or damage can be
expressed as:

JBcFs = cos (wt + @) @)

The natural vibration frequency (NF) of the bearing can be
expressed as:

fvr =Y sin (it + @) ®)

i=1

Then the working vibration frequency of the rolling bear-
ing modulated by BCFs and NF, which can be measured by
the acceleration sensor can be expressed as:

fin = fBCFs - fnF

n
= cos (wt + ) - Z sin (w;t + @;)
i=1

1 n
= EZCOS[(a)—wi)t-i-((D—%)]

i=1

Low frequency

1 n
+5 i;cos[(w )t + (9 + @] )

High frequency

It can be seen from Equation (9) that the actual measured
vibration signal is actually the result of the modulation of the
natural vibration signal and the impact vibration signal gen-
erated by the fault, which is the working vibration frequency.
If we can separate the characteristic vibration frequency from
the measured signal, and then it can be used to diagnose
the failure mode of the rolling bearing in the actual working
process.

Ill. ROLLING BEARING FAULT DIAGNOSIS BASED ON
COHERENT DEMODULATION

A. COHERENT DEMODULATION

The commonly fault diagnosis method based on the vibra-
tion signal of the rolling bearing combines the envelope
analysis method and the Fourier Transform method. That is,
after removing the noise, the envelope spectrum analysis is
carried out. The frequency spectrum of the vibration signal
is obtained through the Fourier Transform, and then the
response at the characteristic frequency of the fault (BCFs)
is analyzed to determine its failure mode. This method often
requires over-sampling of the collected signal and a higher
sampling frequency to obtain a complete signal waveform,
which may reduce the versatility of the system and increase
the cost [44]. This paper presents a method for processing
the measured vibration signal of the rolling bearing using
coherent demodulation technology. Based on the principle of
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FIGURE 3. The signal processing analogy of radio communication process and rolling bearing fault diagnosis process.

coherent demodulation similar to the traditional superhetero-
dyne radio [45], the measured signal data is first demodulated
by frequency reduction and, then, the fault characteristic data
is extracted and, at the end, the fault type of the rolling bearing
is identified.

The concept of coherent demodulation comes from
radio communication. At the transmitting end of radio
communication signals, low-frequency information-containing
signals, such as audio signals, cannot usually be directly
transmitted. It is needed to use these signals to modulate
a higher-frequency carrier signal and then transmit. This
process is called modulation. At the receiving end of radio
communication signals, the received signal is demodulated.
Demodulation is the inverse of the modulation process. It is
used to divide the received signal into two parts, the signal
carrier with a higher frequency and the signal containing
information with a lower frequency. So the signal containing
information can be used to carry out analysis.

Demodulation methods can be divided into two categories:
coherent demodulation and non-coherent demodulation.
Coherent demodulation [46], [47] is also called synchronous
detection, which is applicable to the demodulation of all
linear modulation signals. The key to realizing coherent
demodulation is that the receiver needs to recover a coher-
ent carrier that is strictly synchronized with the modu-
lated carrier. Non-coherent demodulation [48], [49] is also
called envelope detection. Envelope detection is to directly
recover the original modulated signal from the amplitude
of the modulated wave without a coherent carrier. Com-
pared with non-coherent demodulation, the coherent demod-
ulation method has a wider application range and higher
demodulation accuracy.

After the analogy with the radio communication signal
processing process, the rolling bearing fault diagnosis signal
processing process is illustrated in FIGURE 3. When the
rolling bearing is working normally, there will be a natural
vibration signal. Then when a fault occurs, the signal col-
lected by vibration sensors is the modulated signal of the
natural vibration signal and the fault vibration signal. In order
to get the fault vibration signal, the demodulation is carried
out to decompose the vibration signal into two parts: the
inherent vibration signal and the fault vibration signal. The
fault vibration signal can, then, be used for fault diagnosis
purpose.
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The feature extraction method of rolling bearing vibration
signal based on coherent demodulation technology proposed
in this paper works as follows: the input signal is mixed
with the signal of the specified frequency, that is, the signal
generated by the local oscillator, and then passed through
a low-pass or band-pass filter to obtain the required signal
to realize the extraction of the specified frequency signal.
The block diagram of the coherent demodulator based on
MATLAB Simulink simulation used in this paper is shown
in FIGURE 4, and its process is shown in FIGURE 5.

As shown in FIGUREs 4 and 5, it is assumed that the
collected vibration signal is composed of several sine waves
with different frequencies, and its frequency can be expressed
as:

n
fnlt) =) cos Q@nfit + ) (10)
i=1

The phase-locked loop (PLL) [46] in FIGURE 4 is com-
posed of a voltage-controlled oscillator (VCO), a mixer, and
aloop filter. Its function is to generate a signal with a specified
frequency f; and the same phase as the input signal to be diag-
nosed. Therefore, by inputting the natural vibration frequency
of the rolling bearing, the frequency of the natural vibration
signal /, generated by the local oscillator PLL in phase with
the vibration signal to be diagnosed can be expressed as:

fo (1) = cos (27'rfjt + ¢j) (11D

In Equation (11), f; can be set and adjusted by the users,
and ¢; is synchronized using PLL. Next, mix /;; and [, in
the multiplier. This process is coherent. The frequency of the
signal obtained after coherence can be expressed as:

fx = fo(t) 'fin(t)
cos (27fit + ¢j) - Z cos 2rfit + ¢;)

i=1
1
3 Zcos [27‘( (]3 —fi) t+ (4’1 - ¢i)]
i=1

Low frequency

1 n
+§ZCOS 27 (i +£)t+ (¢ + )] (12)
i=1

High frequency
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Then, the gain of 1/2 produced by mixing is compensated.
The frequency of the signal /> obtained after gain compen-
sation can be expressed as:

o= jcos 2 (fi —fi) 1 + (&) — ¢)]
i=1

Low frequency

+> cos[2 (fi+£)t+ (e + )] (13)

i=1

High frequency

Assuming that for a certain frequency i, f; is close to
or equal to f;, ¢; equal to ¢;, obviously at this time,
a low-frequency part will appear as a direct-current (DC)
component, which can be extracted with a low-pass fil-
ter. The low-pass filter can then be used to remove high-
frequency components, leaving low-frequency components.
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FIGURE 6. Technical process of rolling bearing fault diagnosis based on
coherent demodulation principle.

The low frequency component obtained after demodulation
is the vibration signal containing the rolling bearing fault
information.

B. FAULT DIAGNOSIS USING COHERENT DEMODULATION
The technical process of rolling bearing fault diagnosis based
on coherent demodulation principle consists of the following
six steps, as shown in FIGURE 6.

The first step is to calculate the natural vibration fre-
quency. According to the parameters of the rolling bearing,
Equation (1) or (2) are used to calculate the natural vibra-
tion frequency of the bearing during operation; or the nat-
ural vibration frequency can be obtained by analyzing the
vibration signal of the bearing working without failure.

The second step is the first coherent demodulation. The
natural vibration frequency of the bearing obtained in the
first step serves as input of a coherent demodulator and is
mixed with the collected vibration signal of the bearing to be
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FIGURE 7. Comparison of frequency response between the envelope spectrum analysis method and the coherent demodulation proposed in this work.

diagnosed. The mixed signal is separated by a low-pass filter
to obtain a low-frequency vibration signal containing bearing
fault information. The frequency bandwidth of the low-pass
filter in the first coherent demodulation should at least include
both the natural vibration frequency and the BCFs.

The third step is to calculate the BCFs. By entering the size
and speed of the target rolling bearing, the fault characteristic
frequency are obtained according to the Equation (3) (4)
() (6).

The fourth step is the second coherent demodulation. The
BCFs of the bearing fault obtained in the third step is fed into
the coherent demodulator and mixed with the low-frequency
vibration signal obtained by the first coherent demodulation
in the second step. Separated by a band-pass filter, the bearing
discrete low-frequency vibration signal of fault information is
obtained. The frequency bandwidth of the band-pass filter in
the second coherent demodulation is generally about 10Hz.
According to the test results, when the bandwidth is larger
than 10Hz, the calculation of the fault characteristic ampli-
tude will increase the amount of calculation; when the band-
width is less than 10Hz, the accuracy of calculating the fault
characteristic amplitude for fault diagnosis will decrease.
Therefore, in this paper, the optimal bandwidth of the filter
in the PLL is 10Hz.

The fifth step is to calculate Fault Characteristic
Amplitudes(FCAs). According to the fourth step, sev-
eral discrete vibration signals corresponding to the BCFs
are obtained, and their amplitudes are taken as the fault
characteristic amplitude corresponding to the BCFs.

The sixth step is to determine the fault type. The fault type
corresponding to the BCFs with the larger FCAs in the fifth
step is the main cause of the rolling bearing fault.
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C. METHOD VALIDITY ANALYSIS BY COMPARISON

In order to verify the effectiveness of the coherent demod-
ulation method, comparisons with the envelope spectrum
analysis method are considered, and the effectiveness of both
methods is verified by the frequency response method [50]
usually used in spectrum analysis. The fault diagnosis results
are also compared and analyzed.

Envelope spectrum analysis [51] is commonly used to ana-
lyze vibration signals. First, the vibration signal is subjected
to Hilbert Transform to extract the envelope spectrum of
the vibration signal, and then the Fourier Transform is used
to obtain the frequency domain characteristic map of the
vibration signal. After coherent demodulation of the vibration
signal, the method proposed in this paper obtains a very
narrow (generally 10Hz bandwidth) vibration signal at each
frequency point. The absolute value of this signal is integrated
in the time domain, and the outcome is regarded as the ampli-
tude value at the frequency point, and then we plot it to get the
frequency domain characteristic map. The data concerns the
single-point fault in ball spin with a diameter of 14 mils in
the bearing fault data published by the Case Western Reserve
University Bearing Data Center [52]. The spectrum obtained
by this method is shown in FIGURE 7, where the red curve
(FFT) is the spectrum obtained by the benchmark method,
and the blue curve (coherent demodulation) is the spectrum
obtained by the proposed method.

In FIGURE 7, the abscissa is the frequency; the ordinate
is the relative amplitude. It can be seen from the spectrum
diagram that for the same vibration signal, the frequency
responses of the spectrum diagram obtained by the enve-
lope spectrum analysis method and the coherent demod-
ulation method are generally consistent, showing that the
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TABLE 1. Fault characteristic amplitude of 14 mil single point fault of
rolling bearing.

True fault

Number . BPFI BPFO BSF
location
rolling
1 element 567.56 46291 892.04
failure

coherent demodulation method proposed in this paper for
analyzing the vibration signal in the frequency domain is
effective.

Following equation (3) (4) (5), the BCFs can be calculated
in TABLE 1. Usually, the low frequency part (0-200Hz) in
the FIGURE 7 contains the fault characteristic information,
as shown in FIGURE 8. Through the envelope spectrum
analysis method, we can directly observe the response value
of the fault characteristic frequency in the spectrogram to
obtain the bearing fault diagnosis result. It can be seen
from FIGURE 8 that the frequency value at the maximum
response of the spectrogram frequency obtained by mathe-
matical transformation of the bearing vibration signal is not
completely consistent with the fault characteristic frequency
of the bearing, and there are multiple peaks, such as 161.7Hz,
191.7Hz, 147.7Hz, 120.1Hz etc., which cannot easily be used
to carry out fault diagnosis especially under the influence
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of environmental factors. Through the coherent demodula-
tion method, we can calculate the FCAs at BCFs as shown
in TABLE 1 based on FIGURE 9. The fault characteristic
amplitude at the BSF is the largest, whose value is 892.04.
So the fault diagnosis result is a rolling element fault, which
is consistent with the selected vibration signal data. This fully
demonstrates the effectiveness of the proposed method based
on coherent demodulation.

IV. CASE STUDIES

In this part, case studies are considered to elaborate on the
application of the proposed method for rolling bearings fault
diagnosis considering different fault sizes and locations.

A. DATA DESCRIPTION

The bearing failure data published by the Case Western
Reserve University Bearing Data Center is considered in
the case studies [53]. As shown in FIGURE 10, the West-
ern Reserve University Bearing Test Bench consists of a
2 horse-power motor (left), torque sensor / encoder (center),
dynamometer (right), and control circuit. The test bearing
supports the motor shaft. The drive end bearing is SKF6205,
whose sampling frequency is 12KHz and 48KHz; The fan end
bearing is SKF6203, whose sampling frequency is 12Khz.
A single point failure is introduced into the test bearing
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FIGURE 10. Apparatus & Procedures.

using electrical discharge machining. The diameter of the
failure is divided into 7mil, 14mil, 21mil, and 28mil (1mil
= 0.001 inch). There are three types of failure location: inner
raceway, outer raceway, and rolling element. The data is the
SKF6205-2RSJEM bearing single-point fault vibration data
measured by the bearing drive end acceleration sensor, and
the speed is 1797 rpm. The sampling rate is 12KHz. The
details of the bearing: the number of balls n = 9; the rolling
element diameter d 7.938mm; bearing pitch diameter
D = 39mmi; rolling element contact angle ¢ = 0.

In this section, the rolling bearing fault diagnosis technol-
ogy based on coherent demodulation technology will be used
to process the bearing fault vibration data and carry out fault
diagnosis. The accuracy and effectiveness of the proposed
method are verified in the case studies.

B. ANALYSIS OF THE EXPERIMENTAL RESULTS

1) THE NATURAL VIBRATION FREQUENCY CALCULATION
This section analyzes the natural vibration frequency of the
bearing at a speed of 1797 RPM [49]. When the bearing
is working normally, the vibration data measured by the
accelerometer is transformed with Fourier transform, and
the frequency values with significant vibration amplitude
are obtained. The specific rules are: the frequency with
an amplitude greater than 4000 is considered as a signif-
icant frequency; the frequency with the largest amplitude
within 100Hz around the significant frequency is consid-
ered as the fundamental frequency; the rest are the beat
frequencies generated by the fundamental frequency and
other low-frequency signals. Therefore, the beat frequency
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FIGURE 12. Time domain characteristics of the signal after the first
coherent demodulation.
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FIGURE 13. Frequency domain characteristics of the signal after the first
coherent demodulation.

is ignored during processing, and only the significant
fundamental frequency is retained as shown in FIGURE 11.

According to FIGURE 11, the series of fundamental fre-
quency points are 172 Hz, 359 Hz, 1036 Hz, and 2102 Hz,
respectively. We select the fundamental frequency point
of 1036 Hz with the largest vibration amplitude as the natural
vibration frequency of the rolling bearing.

2) THE FIRST COHERENT DEMODULATION

The bearing natural vibration frequency of 1036 Hz is fed into
the coherent demodulator to obtain the demodulated signal,
which is mixed with the collected bearing vibration signal.
In order to keep the complete information of BCFs to the
greatest extent and reduce the amount of data processed,
the first coherent demodulation uses a low-pass filter, the fil-
ter bandwidth is set to 0-600Hz, that is, after the first coherent
demodulation, the frequency of the signal is reduced to below
600 Hz. Taking the data of 7 mil single-point fault data of the
rolling element [53] as an example, the results are shown in
FIGURE 12 and FIGURE 13.

e
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FIGURE 11. Rolling bearing natural vibration spectrum.
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FIGURE 14. Frequency domain characteristic diagram of the signal after the second coherent demodulation.

TABLE 2. BCFs calculated results.

Number BCFs Frequency(Hz)
1 BPFI 162.2
2 BPFO 107.3
3 BSF 70.5

TABLE 3. Fault characteristic amplitude at 7 mil inner raceway single
point fault Bcfs of rolling bearing.

Value of characteristic

Number BCFs Value of BCFs(Hz) .
amplitude
1 BPFI 162.2 1213.62
2 BPFO 170.3 784.80
3 BSF 70.5 634.40

3) THE BCFs CALCULATION

By analyzing the generation mechanism of BCFs, and
substituting bearing size and speed information into
Equation (3) (4) (5), the BCFs are calculated and shown in
TABLE 2.

4) THE SECOND COHERENT DEMODULATION

Bearing characteristic frequency BPFI, BPFO and BSF
obtained in the third step are fed respectively into the coherent
demodulator as the natural vibration frequency of the bear-
ing, and are mixed with the low-frequency vibration signal
obtained by the first coherent demodulation in the second
step. The discrete low frequencies containing bearing fault
information corresponding to the three fault characteristic
frequencies are separated through a band-pass filter with
a bandwidth of 10 Hz (that is, the band-pass range is
[fi — 5, f; + 51,).The vibration signal is shown in FIGURE 14,
and the band frequencies marked as purple, yellow and
read correspond to the rolling element fault characteristic
frequency, the outer loop fault characteristic frequency and
the inner loop fault characteristic frequency, respectively.

5) FCAs CALCULATION
By summing separately the amplitudes of the three low

frequency vibration signals corresponding to BPFI, BPFO
and BSF, the FCAs are obtained and shown in TABLE 3.

6) THE FAULT TYPE IDENTIFICATION
It can be seen from TABLE 3 that the inner-loop fault FCA
reaches a maximum value of 1213.62. Therefore, the vibra-
tion data corresponds to the inner-loop fault which is consis-
tent to the fact of a 7 mil inner raceway single-point failure
data, proving the effectiveness of the method.

In order to further verify the effectiveness the rolling
bearing fault diagnosis method proposed in this paper, var-
ious data of the Case Western Reserve University Bearing
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TABLE 4. Fault characteristic amplitude of 21mil single point fault of
rolling bearing.

True fault

. BPFI
location

Number BPFO BSF

inner

1 raceway
failure
outer

2 raceway
failure
rolling

3 element
failure

1323.08 659.55 874.52

306.31 330.97 261.14

354.32 207.80 558.97

TABLE 5. Fault characteristic amplitude of single-point failure of bearing
inner raceway.

Number Fault size BPFI BPFO BSF
1 7mil 1213.62 784.80 634.40
2 14mil 303.81 180.43 95.02
3 21mil 283.68 216.80 55.34
4 28mil 418.26 190.92 154.37

Data Center [53] is considered following the process of
FIGURE 6.

The influence of the fault location of rolling bearings on
the diagnosis results is analyzed in this section. Single-point
failure data with bearing speed of 1797RPM and bear-
ing defect diameter of 21mil were used to analyze three
single-point failure data of inner raceway failure, outer race-
way failure and rolling element failure, respectively. With
the coherent demodulation method proposed in this paper,
the FCAs for the fault characteristic frequency correspond-
ing to three possible fault locations are obtained and shown
in TABLE 4.

From TABLE 4, the identified faults are marked bold and
are consistent with true fault locations in the second line of
the table. This shows that the coherent demodulation method
is suitable for diagnosing faults at different fault locations.

Then the influence of the fault size on the diagnosis results
is analyzed. Single-point fault data with a bearing speed of
1797RPM is used to check the defect location for the inner
raceway fault. The fault data of the bearing defect diameters
of 7mil, 14mil, 21mil and 28mil are considered. It can be seen
from the TABLE 5 that the proposed method identified cor-
rectly the corresponding fault location, i.e. the inner raceway.
It shows that the proposed method is suitable for carrying out
fault diagnosis for fault of different sizes.

In summary, the rolling bearing fault diagnosis method
based on the principle of coherent demodulation proposed in
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this paper is applicable to the diagnosis of different fault loca-
tions and different fault sizes. Moreover, the above conversion
process can be realized by a simple simulation hardware cir-
cuit. Compared with the traditional method of envelope spec-
trum analysis, it has lower calculation complexity and higher
calculation speed. Therefore, the application of the principle
of coherent demodulation in the field of fault diagnosis of
rolling bearings is practical and efficient.

V. CONCLUSION

This paper proposes a new method for rolling bearings fault
diagnosis using the principle of coherent demodulation in
radio communication. The proposed method demodulates the
collected vibration data and extract fault features to obtain the
FCAs of the BCFs. This method is simple to implement on
a printed circuit board, and has low calculation complexity
and high diagnosis efficiency. This method has a wide range
of application value in fault diagnosis of rotating equip-
ment including rolling bearings, such as wind turbines and
centrifugal pumps.

This paper shows, in the case studies, two typical appli-
cations of the proposed method in rolling bearing fault diag-
nosis, showing that the method taken from the field of radio
signal processing is feasible in the field of rolling bearing
fault diagnosis. It gives certain enlightenment to the research
of fault diagnosis theory and practice.

At present, this method is only verified for diagnosing the
single rolling bearing fault. The vibration of rolling bear-
ings caused by multiple faults needs to be further studied in
conjunction with experiments.

APPENDIX

ABBREVIATION
BCFs  Bearing characteristic frequencies
FCAs  Fault Characteristic Amplitudes
NF Natural vibration frequency

BPFI  Ball pass frequency of inner race
BPFO Ball pass frequency of outer race
BSF Ball spin frequency

FTF Fundamental train frequency
PLL Phase locked loop

DC Direct current

FFT Fast Fourier Transform

VCO  Voltage-controlled

oscillator
A. NOTATION

Jor The natural frequency of the inner and outer
raceways of the bearing

Jub The natural vibration frequency of the
rolling element

fi The inner raceway angular frequency

fo The outer raceway angular frequency

feprr  Ball pass frequency of inner race

fepro  Ball pass frequency of outer race

fesr Ball spin frequency
frTF Fundamental train frequency

VOLUME 8, 2020

fecrs  Bearing characteristic frequencies

fvr The natural vibration frequency

lin The collected vibration signal to be
diagnosed

Iy The natural vibration signal generated by the
local oscillator PLL

fin #)  The frequency of the collected vibration sig-
nal to be diagnosed

fo (1)  The frequency of the natural vibration signal
generated by the local oscillator PLL

Iy The signal obtained after coherence

fx The frequency of signal obtained after
coherence

) The signal obtained after gain compensation

fe2 The frequency of the signal obtained after
gain compensation.
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