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Abstract: In order to address the issues of traditional
resampling algorithms involving computational accuracy and
efficiency in rolling element bearing fault diagnosis, an equal
division impulse-based ( EDI-based) resampling algorithm is
proposed. First, the time marks of every rising edge of the
rotating speed pulse and the corresponding amplitudes of faulty
bearing vibration signal are determined. Then, every adjacent
the rotating pulse is divided equally, and the time marks in
every adjacent rotating speed pulses and the corresponding
amplitudes of vibration signal are obtained by the interpolation
algorithm. Finally, all the time marks and the corresponding
amplitudes of vibration signal are arranged and the time marks
are transformed into the angle domain to obtain the resampling
signal. Speed-up and speed-down faulty bearing signals are
employed to verify the validity of the proposed method, and
experimental results show that the proposed method is effective
for diagnosing faulty bearings. Furthermore, the traditional
order tracking techniques are applied to the experimental
bearing signals, and the results show that the proposed method
produces higher accurate outcomes in less computation time.
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olling element bearings are one of the most prevalent
Rcomponents in rotating machines, and their failure
may lead to fatal machine breakdown''™ . Identifying the
bearings’ health condition timely and effectively by vibra-
tion analysis is increasingly crucial to reduce maintenance
costs and ensure high productivity'”. According to the
tireless efforts of scholars, many powerful techniques
have been developed for rolling element bearing fault di-
agnosis under constant rotational speed conditions. How-
ever, if the rotating speed is variable, the traditional di-
agnostic techniques are no longer applicable, such as the
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fast Fourier transform (FFT), and the frequency-smear
phenomenon will occur in the frequency spectrum. Non-
stationary operating conditions of rolling element bearings
are very common in the industry, such as wind turbines,
petrochemical engineering, mining industries, and other
fields'®”". Therefore, it is necessary to develop new algo-
rithms for diagnosing faulty rolling element bearings when
operating at variable rotating speeds.

The order tracking technique'®"” has become one of the
most effective frequency analysis algorithms and it can be
used to remove the influences of time-varying rotational
speed. It can be divided into three types: hardware-based
order tracking, computed order tracking™ and order
tracking based on frequency estima-
tion'"™ . The essence of order tracking is resampling the
original vibration signal at a constant angle increment to
convert the non-stationary signal (in time domain) into a
stationary one (in angular domain). In this way, we can

obtain an order spectrum by the envelope demodulation
13-14]

instantaneous

algorithm'
pling is the key step of order tracking analysis'™'", which
will directly influence the accuracy of the calculated re-
sults. Saavedra et al. "' pointed out that there are two de-
fects in the process of signal resampling, i.e. error and
efficiency. The main causes of error in the order tracking
algorithm are the process of resample times at constant
angle intervals, and an interpolation procedure used to es-
timate the amplitude of the bearing signal at the resample
times. On the other hand, the ordering track method is
time consuming, since a large number of equations need
to be solved in the process of estimating the shaft angular
position. Furthermore, in many cases, the equations have
no solutions.

For the above reasons, a state-of-the-art interpolation
algorithm was proposed by Bossley et al. "'”'. A high pre-
cision pulse counter and the interpolation method are used
to improve the accuracy of the order tracking. In addi-
tion, Wang et al. "' proposed the IFCF-based resampling
algorithm. The essence of this algorithm is to reset the
sampling data based on instantaneous fault characteristic
frequency (IFCF) obtained from the time-frequency spec-
trum of the envelope signal and then obtaining the resam-
pled signal by the interpolation method. These studies are
important contributions to improving the order tracking

to diagnose faulty bearings. Signal resam-
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technique. However, these methods have some shortcom-
ings. On the one hand, Bossley et al. did not give con-
sideration to the efficiency of the proposed signal, and fi-
nancial costs of the high precision equipment also cannot
be ignored. On the other hand, even though the method
proposed by Wang et al. need not calculate a large num-
ber of equations, the accuracy of the results cannot be
guaranteed.

Aimed at the shortcomings of the aforementioned algo-
rithms, a novel resampling algorithm is proposed for roll-
ing element bearing fault diagnosis under variable rota-
tional speed conditions in this paper, which is named the
equal division impulse-based ( EDI-based) resampling al-
gorithm. The speed-up and speed-down bearing vibration
signals are measured on a test rig to test the improved per-
formance of the proposed method. For the purpose of
comparison, the computed order tracking and IFCF-based
resampling algorithm are also investigated. The contras-
ting results show that the amplitude of the fault character-
istic order ( FCO) in envelope order spectrum is further
improved. Also, the computational efficiency of the EDI-
based resampling algorithm increases obviously. Hence,
we can conclude that the proposed method is more suit-
able for diagnosing faulty bearings than the computed or-
der tracking and the IFCF-based resampling algorithm un-
der variable rotational speed conditions.

1 Traditional Order Tracking Techniques Used
for Bearing Fault Diagnosis and Their Defects

1.1 Computed order tracking

Order is defined as the frequency normalized by the ro-
tational speed and it represents the number of cycles per

revolution'"". It can be calculated by
0= @ (1)
n

where O represents the order; f is the cycle frequency of
vibration signal, Hz; n is the rotational speed of the ref-
erence shaft, revolution/min.

The formulas of fault characteristic frequency can be
obtained in Ref. [17], based on these formulas and Eq.
(1), the fault characteristic orders of the outer race, inner
race and ball of the rolling element bearing can be calcu-
lated, respectively.

Fault characteristic order of the outer race:

Z d
o, —7(1 - Dcosa) (2)
Fault characteristic order of the inner race:
Z d
0. _7( 1+ Dcosa) (3)

Fault characteristic order of the ball:

0, =%(1 - (%)zcosza) (4)

where Z is the number of the rolling elements; d is the di-
ameter of the rolling element; D represents the pitch di-
ameter; « is the contact angle.

The main steps of the computed order tracking are
shown as follows:

1) Sample the vibration signal and rotating speed im-
pulses signal of the reference shaft by the traditional syn-
chronous sampling approach.

2) Obtain the speed curve of the reference shaft based
on the impulses signal, then calculate the resample time
marks of the even-angle sampling based on the speed
curve.

3) Based on the resample time marks, an interpolation
algorithm is applied to process the vibration signal for ob-
taining the resampled signal.

4) The envelope demodulation method is applied to the
resampled signal for extracting the features of the faulty
bearing.

According to the above steps, we can conclude that the
key technique of the computed order tracking is signal re-
sampling, and the main steps of signal resampling are lis-
ted as follows:

1) Speed curve fitting. A series of instantaneous speeds
is obtained based on the impulse signal of the reference
shaft. The impulse signal is measured by the encoder.
The high degree curve is applied to fit the instantaneous
rotational frequency for obtaining the speed curve. Fig. 1
is the comparison of the instantaneous rotating frequency
(blue dot) and rotating frequency curve (red solid line).
As a general rule, the angular acceleration of the refer-
ence shaft is assumed to be a constant. With this assump-
tion, the shaft angle 6 can be described by a quadratic
equation:

0(t) =a, +a,t+a,t (5)

where the unknown coefficients a,, a, and a, are calculat-
ed by the impulse signal. Let the three continual impulses
occur at times ¢, t, and t,, respectively, and the corre-
sponding angles are 0, A¢ and 2A¢. Substituting these
angular values into Eq. (5), we can calculate the matrix
formula as

701 :
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frequency
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[E Rotational frequency curve
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Time/s
Fig.1 Instantaneous rotating frequency and rotating frequency
curve
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a, 1 87" o
a |=|1 t, [ Ad (6)
a, 1 1, 2A¢

2) The even-angle sampling-time marks are obtained.
Once the values of a,, a, and a, are calculated, the func-
tion relationship between any given constant shaft angular
increment and its corresponding arrival times f, can be
given as

1 2 :
=5 Ja, +4a,(iAd - a,) —a,) (7

3) Even-angle resampling. Once the even-angle sam-
pling-time marks for constant angle increments are calcu-
lated, the corresponding amplitudes at these times can be
calculated by the interpolation method, such as the linear
interpolation, cubic spline interpolation, Lagrange linear
interpolation, etc. According to Ref. [8], the higher-or-
der polynomials provide more accurate results. The La-
grange linear interpolation is employed in this paper and
its formula is given as

(n,‘+1) —X(I”li)

x(T,) =x(n;) + *

Lig—t (T,,_”i) (8)

n<T,<n,,
where x(7,) is the resampled signal; x(n) represents the

original signal; n, and n,,, represent two adjacent sam-
pling-time marks in the constant-time interval sampling

i+1

scheme.

Fig. 2(a) is the diagram of the bearing signals meas-
ured by the constant-time interval sampling scheme. As is
evident in Fig.2(a), compared with the pulse interval at
a larger rotate speed R,, the pulse interval at a smaller ro-
tate speed R, is larger. Fig. 2(b) is the diagram of bearing
signals which is processed by the signal resampling meth-
od. We find that the pulse intervals at different rotate
speeds are identical.

According to the above analysis, the computed order
tracking is an effective tool to eliminate the speed fluctua-
tion effect, however, it also has some defects. The
sources of defects can be classified into two types:

1) Error caused by rotate speed curve fitting. On the
one hand, a,, a, and a, are determined by the assumption
of constant angular acceleration. However, angular accel-
eration of the reference shaft is changed over time. On
the other hand, there is error in the process of calculating
the speed curve based on instantaneous speed. It is clear
in Fig. 1 that, at some points, there are two or even more
instantaneous speeds, and we only choose one to fit the
speed curve.

namely, the fault characteristic orders will be easily bur-

These errors will cause spectral noise,

ied by noise, and they cannot even be found in the enve-
lope order spectrum.
2) Defect of computational efficiency. We need to cal-
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Fig.2 Pulse signals measured by different sampling schemes.
(a) Constant-time interval; (b) Constant-angle interval

Time/s

culate a large number of quadratic equations for obtaining
the even-angle sampling-time marks, and the computa-
tional efficiency is very low. On the other hand, the
equations have no solutions in many cases.

1.2 IFCF-based resampling algorithm

The IFCF-based resampling algorithm is proposed by
Wang et al''” .
quency (IFCF) is extracted from the time-frequency rep-
resentation of the envelope signal, which can be used to
substitute the bearing rotating frequency ( RF). Detailed
information of IFCF is referred to in Ref. [16]. The es-
sence of the resampling algorithm is choosing the proper
sampling rate in accordance with the rotational speed;
namely, the original signal is divided into a number of
parts, larger speed parts with a faster sampling rate and

The instantaneous fault characteristic fre-

lower speed parts with a lower one. The ratio of the sam-
pling rates of two different time segments is equal to the
ratio of the rotational frequency. It should be noted that
we use the bearing rotating frequency (RF) to resample
the signal in this paper. The steps of the IFCF-based resa-
mpling algorithm are given as follows:

1) Divide the original signal into n parts, named x,,
X,, ..., X,, and every part of the signal has a rotational
frequency RF,, RF,, ...,RF,.

2) Define the baseline sample rate, namely,

‘fs.base = Fs (9)
where F'_ is the sampling rate of the original signal.
The initial RF is calculated as
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RF,,. =min(RF,,RF,,...,RF,) (10)

base

3) Based on the ratios of the rotational frequency of
x,, the sampling rate of x, is determined as

_f;,baseRFi

base

4) Signal resampling is based on the computed sam-
pling rates f, ;. First, the new sampling point is deter-
mined based on the new sampling rate f,,. Secondly,
based on the original signal x,, the resampled signal x/ is
determined by polynomial interpolation. Finally, x| is ar-
ranged by the value of i, and the resampled signal is
shown as x, ,x,,-*-,x,.

The IFCF-based resampling algorithm is effective in
rolling element bearing fault diagnosis under variable ro-
tational speed conditions. It does not need to solve many
equations, and the computational efficiency can be im-
proved clearly. However, it has errors in the process of
calculating the reset sampling rate, which can influence
the results.

2 Proposed Resampling Algorithm

According to the above analysis, a novel resampling
algorithm is proposed to resolve these difficulties in the
field of rolling element bearing fault diagnosis. In many
mechanical applications, rotating speed pulse signal is
usually collected by the encoder. One of the most impor-
tant parameters of the encoder is resolution ratio, which
can be described by the number of pulses per rotational
period. If the type of the encoder is determined, the
number of pulses per revolution of the shaft is constant,
and angle intervals of every adjacent pulse are also con-
stant. Based on the above principle, the rotating speed
pulse signal measured by the encoder can be used to cal-
culate the even-angle sampling-time marks without fitting
the speed curve. The main steps of the EDI-based resam-
pling are given as follows, and the schematic diagram is
presented in Fig. 3.

The time marks ¢,(i =1,2,---,k) of every rising edge
of rotating speed pulses and the corresponding amplitudes
of vibration signal x,(i=1,2,--- k) are determined. ¢, is
the intersection between red dash line and timeline as
shown in Fig.3(b). x, is the intersection between the red
dash line and the vibration signal, as shown in Fig.3(a).

The time intervals of the adjacent rotate speed pulses
are calculated and the largest one is selected, named
At,... The minimum angle increment, namely, the sam-
pling rate in the angle domain F_, is calculated by

FU
A==2

max ? N ( 12)

Fos F.A

—=F At

N s
where N is the number of rotate speed pulses per revolu-
tion of the reference shaft, and it is constantly determined
by the type of the encoder; F| is the sampling rate of the
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Fig.3 Schematic diagram of the EDI-based resampling algo-
rithm. (a) Original signal; (b) Pulse signal; (c) Resampled signal

original signal; A is the presupposed equal division num-
ber. As shown in Fig. 3 (a), the adjacent rotate speed
pulses are divided by green dash lines, and A =4.

The time marks in every adjacent rotate speed pulses
L(t 6, 1) by, o, = 1), -, 1) are determined, and
their corresponding amplitudes of vibration signal x/ (x,,
X, X}, Xy, X5, -+, X}, +++,x} ) are obtained based on the
Lagrange linear interpolation, where i =1,2,--- k;j=1,
2,--+,A. 2 and ] are arranged according to the order of i
and j, and a set [ 7, ,x, ]is obtained. ¢ is transformed into
its corresponding angle and[ 6, ,x, ] is the resampled sig-

nal.

1

ERLOVY

(13)

Based on the above schematic diagram, we can con-
clude that the proposed method does not need to fit the
rotational frequency curve, or compute a large number of
quadratic equations, hence it is free of errors in curve fit-
ting and variable angular acceleration, and also has satis-
factory computational efficiency. As a result, the pro-
posed method has theoretical advantages compared with
other resampling methods.

3 Experimental Tests

The effectiveness of the EDI-based resampling algo-
rithm is verified using experimental bearing vibration sig-
nals in this section. Experimental data is measured on the
rolling element bearing test rig as shown in Fig.4. Fig.5
(a) displays the tested bearing with an outer race fault,
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and Fig. 5(b) is the tested bearing with an inner race
fault. The faulty bearing 6000 is driven by a motor,
whose geometry parameters, fault characteristic coeffi-
cients (FCC) of the outer race and inner race are listed in
Tab. 1, respectively. The driver motor is controlled by
the speed controller. The signal is collected by an acceler-
ation sensor, YE6321 acquisition card and its correspond-
ing software. The pulse signal is collected by the encoder
which is fixed on the bearing shaft, and the resolution ra-
tio of the encoder is 30. The sampling rate is 24 kHz.

Acquisition software

j.
— -
- — A

47

§ L
r v \ \
md controller  Acquisition card ‘

Fig.4 Layout of test rig

Motor

Sensor  Encoder

Faulty bearing Load

(a) (b)
Fig.5 Tested bearing. (a) Outer race fault; (b) Inner race fault

Tab. 1  Experimental bearing details and fault characteristic
coefficients
Parameters Value

Number of balls n 7

Ball diameter d/mm 4.8

Pitch diameter D/mm 17.65

Contact angle « 0

FCC, 2.548

FCC; 4.452

3.1 Speed-up signal of rolling element bearing with

an outer race fault

In this subsection, the performance of the proposed
method is investigated by the speed-up signal of the roll-
ing element bearing with an outer fault measured on the
test rig. The rotating speed increases from 1 500 to 3 720
r/min following a nearly linear variation. The original vi-
bration signal and its associated shaft rotational speed pul-
ses are collected for 1 s, which are shown in Figs. 6(a)
and (b), respectively. Fig. 6(a) shows that the ampli-

tude of the vibration signal increases when the rotational
speed increases.

150
100 -
501
0
=50
-100 -

20 0.2 0.4 0.6 0.8 1.0

Amplitude

n o
[NV ,]
.

LR R
o n

Amplitude
w W
o

(RN
o n

—_
(%

0.10 0.11
Time/s
(b)
Fig. 6 Measured signal under acceleration. (a) Bearing vibration
signal; (b) Enlarged drawing of rotating speed pulses

0.12 0.13 0.14

0.09

First, the time marks 7,(i=1,2,---,k) of every rising
edge of rotating speed pluses, and their corresponding
amplitudes of vibration signal x,(i=1,2,---,k) are ob-
tained. The second step is to calculate the time intervals
of the adjacent rotate speed pulses and sampling rate in
Then, we can determine the time
marks 7, in every adjacent rotate speed pulses and their

the angle domain.
corresponding amplitudes of vibration signal x/. Finally,
an arranged and transformed set[ 6, , x, | is obtained,
which is the resample signal as presented in Fig.7(a).

The envelope demodulation method is applied to the re-
sampled signal for obtaining the envelope order spectrum,
as shown in Fig.7(b). As displayed in the envelope or-
der spectrum, the fault characteristic order (FCO) and its
harmonics are easily identified. The rotational frequency
order (RFO) of the bearing is also easily found. The val-
ues of the FCO and the RFO are 2. 563 and 1, respective-
ly. Hence, the fault characteristic coefficient is 2. 563,
and the actual value is 2.548. As a result, we can deter-
mine that the rolling element bearing has an outer race
fault.

To further examine the advantages of the method in as-
pect of computational accuracy and efficiency, the origi-
nal signal is processed by the competed order tracking and
the IFCF-based resampling method, and the envelope or-
der spectrums are shown in Figs. 8(a) and (b), respec-
tively. Compared with Fig. 8, the peak values in Fig. 7
(b) are higher. The amplitude of each harmonic and the
computation time obtained by different methods are listed
in Tab. 2. In order to make the changes easier to observe,



An improved resampling algorithm for rolling element bearing fault diagnosis under variable rotational speeds

155

we draw column graphs as shown in Fig.9 and Fig. 10.
150
100 |

50+

Amplitude

6/rad

1FCO

Amplitude
O = N W A L O
T

(b)
Fig.7 Analysis results using the proposed method. (a) Resam-

pled signal; (b) Envelope order spectrum
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Order

(b)
Fig.8 Envelope order spectrums under acceleration obtained
by different algorithms. (a) Computed order tracking; (b) IFCF-
based resampling algorithm

As shown in Fig.9(a), the amplitude of the RFO in
the envelope order spectrum obtained by the proposed
method is much higher than those obtained by the compu-
ted order tracking and the IFCF-based resampling meth-
od, and the increase rates are 1.58% and 31.7% , resp-

Tab.2 Order amplitude and computation time under acceleration

Amplitude
Comparative
items Computed IFCF-based EDI-based
order tracking resampling resampling
RFO 1.268 0.978 1.288
FCO 5.490 4.897 5.940
2FCO 4.277 3.419 5.376
3FCO 3.840 3.110 5.146
Time/s 8.241 1.138 0.951
1. 4 - DIncreasing rate
1.2 1.58%
£ 1.0 31.7%
£
£ 0.8
5 0.6
0.4
0.2
0
Computed order EDI-based  IFCF-based
tracking resampling  resampling
(a)
7 @ Increasing rate
6 8.2%
© 5 ° 21.3%
<
£ 4
=3
22
1
0C0mputed order EDI-based  IFCF-based
tracking resampling  resampling

(b)

Fig.9 Amplitude comparison under acceleration. (a) RFOs;
(b) FCOs
Reduction rate
,/
/
/
/
8.46%
- 43
g Computed order ~ EDI-based IFCF-based
tracking resampling resampling

Fig.10 Comparison of computation time under acceleration

ectively. Fig.9(b) is the comparison of the amplitude of
the FCOs obtained by the above three methods, and the
increase rates of the FCO obtained by the proposed meth-
od are 8.2% and 21.3% , respectively.

To verify the computational efficiency of the proposed
method, the changes of computation time among the three
methods are presented in Fig. 10. The proposed method
requires less computation time than the computed order
tracking, and the reduction ratio is 88.46% . In addition,
compared with the IFCF-based resampling method, the
computation time of the proposed algorithm decreases by
16.43% .

Based on the above experimental studies,
clude that the proposed algorithm has obvious advantages
in not only the computational accuracy, but also in the

W€ can con-
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computational efficiency. Therefore, it is more suitable
for bearing fault diagnosis under time-varying rotational
speed conditions than other methods.

3.2 Experimental speed-down signal of rolling ele-
ment bearings with an inner race fault

In this subsection, the speed-down signal of the rolling
element bearing with an inner race fault is measured for
verifying the effectiveness of the proposed method. The
rotating speed goes down from 1 260 to 900 r/min fol-
lowing a nearly linear variation. The bearing signal is
shown in Fig. 11 and its corresponding rotational speed
pulses are collected for 3 s.

80r
60
400
20} N

Amplitude

2.0 2.5 3.0

0 0.5 1.0 1.5
Time/s

Fig.11 Bearing vibration signal under deceleration

Based on the bearing signal and its corresponding rota-
ting speed pulses signal, the resampling signal is obtained
using the EDI-based resampling algorithm. Fig. 12 is the
envelope order spectrum of the resampled signal obtained
by the envelope demodulation method. From this dia-
gram, the RFO and its 2nd harmonic, the FCO and its
2nd, 3rd harmonics are clearly revealed. The values of
the RFO and the FCO are 1 and 4.431, respectively, and
the measured FCC is 4.431, which is practically identical
to 4.452; i.e., the FCC, is listed in Tab. 1. Hence, we
can conclude that the rolling element bearing has an inner

race fault.
ST 2RFO pco
4l
RFO

2 L
g’ / 2FCO 3FCO
<

1

12 14 16

Order

Fig.12 Envelope order spectrum under deceleration obtained

by the proposed method

In order to verify the advantages of the proposed meth-
od in aspect of computational accuracy and efficiency,
the target bearing signal is also analyzed by computed or-
der tracking and IFCF-based resampling algorithms. The
envelope order spectrums are presented in Figs. 13 (a)

and (b), respectively. The amplitude of RFOs, FCOs
and computation time obtained by the above three meth-
ods are listed in Tab. 3. Column graphs are drawn based
on Tab. 3 for clearly showing the changes, as shown in
Fig. 14 and Fig. 15.

4

Amplitude

2FCO 3FCO

Amplitude

B PG T VAP RURIN N TN Y e R
0 2 4 6 8 10 12 14 16
Order

(b)
Fig.13 Envelope order spectrums under deceleration obtained
by different algorithms. (a) Computed order tracking; (b) IFCF-
based resampling algorithm
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2.5
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% 1.5 151%
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Computed order EDI-based  IFCF-based
tracking resampling  resampling
(a)
5 - B Increasing rate
4 6.83
=3 146%
£
a2
1
0
Computed order EDI-based  IFCF-based
tracking resampling  resampling

(b)
Fig.14 Amplitude comparison under deceleration. (a) RFOs;
(b) FCOs

As shown in Fig. 14 (a), the amplitude of the RFO in
the envelope order spectrum obtained by the proposed
method is higher than those obtained by the computed or-
der tracking and the IFCF-based resampling method, and
the increase rates are 54.49% and 151% , respectively.
Fig. 14 (b) are the comparisons of the amplitude of
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FCOs, and the increase rates are 36.83% and 146% , re-
spectively. The comparative results of computation time
among different methods are presented in Fig. 15. The
computed order tracking and the IFCF-based resampling
are time-consuming. Compared with the above two meth-
ods, the computation time of the proposed method is re-
duced by 92.77% and 36.75% , respectively.

Reduction rate
92.77%

Time/'s

EDI-based

resampling

IFCF-based

resampling

0
Computed order
tracking

Fig.15 Comparison of computation time under deceleration

The above analysis results further verify that the pro-
posed method has better performance in computational ac-
curacy and efficiency, which can be effectively used to
diagnose rolling element bearings operating under variable
rotating speeds.

Tab.3 Order amplitude and computation time under decelera-

tion
Amplitude
Comparative

items Computed IFCF-based EDI-based
order tracking resampling resampling

RFO 1.615 0.994 2.495

2RFO 2.251 1.521 3.293

FCO 3.282 1.826 4.491

2FCO 1.769 0.925 2.505

Time/s 13.16 1.66 1.05

4 Conclusion

Due to the shortcomings of the traditional order track-
ing methods, an improved resampling algorithm for roll-
ing element bearing fault diagnosis under variable rota-
tional speeds is developed. The main innovative features
of the proposed algorithm are summarized as follows: 1)
The proposed method is free of rotational frequency fit-
ting, and it hence eliminates errors in the calculation of
the frequency curve and errors caused by variable angular
acceleration; 2) It is free of a large number of quadratic
equations calculation, and hence it has higher computa-
tional efficiency. Experimental data of the faulty rolling
element bearing is analyzed by the computed order track-
ing, the FCF-based resampling and the proposed algo-
rithm for comparison.
demonstrate that the proposed method can produce higher

The contrasting results clearly

accurate results in less computation time. As a result, it
can be conveniently applied in engineering application due
to its computational accuracy and efficiency.
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