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Rolling element bearing is a very important part of mechanical equipment and widely used in rotating machinery. Rolling element
bearings could appear localized defects during the working condition, which would cause the complex vibration response of
bearings. Considering the shaft and bearing pedestal, a 4 degree-of-freedom (DOF) dynamic model of rolling bearing with
compound localized fault is established based on time-varying displacement, and the vibration characteristics of rolling bearing
with localized faults under different conditions are investigated. *e established model is verified by the experimental vibration
signals in time domain and frequency domain. *e results show that the vibration response of compound fault is the result of the
coupling action of a single fault of rolling element and outer race.*e influences of compound fault on the vibration signals of the
bearing were analyzed under three conditions. With the increasing of radial load, defect size, and rotation speed, the vibration
amplitude of bearing would increase correspondently, which would accelerate the failure rate of bearing and reduce the service life
of bearing. *is model is helpful to analyze the vibration response of the rolling element bearing with single or compound fault.

1. Introduction

As a basic mechanical component, rolling element bearings
are widely used in precision machine tools, vehicles, and
aerospace equipment. Rolling element bearings are prone to
failure, such as pitting, cracking, spalling, and wear during
long-term work. Vibration and noise will be generated when
local defects appear on the raceway or rolling element
surface of bearing. *e defects would adversely affect the
operation of the machine and the reliability of the rotating
equipment. *erefore, it is urgent to build a dynamic model
for bearing with local defect, which can speed up the study of
characteristics of bearing failure.

Many efforts have been made in dynamic models for
rolling bearings with local defects on the inner or outer
raceway surface. McFadden and Smith [1] established the
pulse sequence model for analyzing the vibration charac-
teristics of a rolling bearing with single-point defect. A
periodic impulse force model with Dirac function was
constructed, and the variation rule of vibration character-
istics of single-point defective rolling bearing was revealed

under constant radial load. Su and Lin [2] extended this
pulse sequence model and analyzed the vibration charac-
teristics of deep groove ball bearings with single-point fault
on the surface under time-varying load. In consideration of
time-varying stiffness effects and load distribution on the
bending vibration frequency of bearing rings, a 2-DOF
dynamic model of rolling bearing was developed by Petersen
et al. [3]. Singh et al. [4] described the process of the ball
rolling over the defect zone of outer race in detail. It was
found that several continuous short impulse forces are ex-
cited as the rolling element exiting out from the defective
edge of raceway. Shaharohit and Kulkarni [5] established the
finite element model with local defects of bearing on inner
race and explored the bearing vibration characteristics under
different working conditions. Considering the time-varying
deflection excitation, the contact force between the rollers
and the inner or outer raceway, and the influence of inertia
force, sliding, and other factors, Wang et al. [6] established a
multibody dynamic model of cylindrical bearing to explore
the vibration response of a localized defect. Taking the
centrifugal force, gyroscopic moment, kinetic characteristic
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of cage, and other factors into account, Niu et al. [7, 8]
established a 6-DOF dynamic model of defect bearing to
describe the vibration characteristics of the system under
high speed. Considering the lubricating oil film, radial
clearance, time-varying displacement, and stiffness, Yan
et al. [9] presented a 5-DOF dynamic model for bearing with
local defect based on isothermal elastohydrodynamic lu-
brication (EHL). Considering the sliding force of the rolling
element and the interaction force between the cage and the
raceway, Kang et al. [10] established an EHL model.

A model was proposed to calculate the deformation at
sharp edges by Liu et al. [11], which can be used to study
time-varying contact stiffness coefficients and time-varying
displacement excitation between the rolling element and the
edge of the defect as the roll passes through the defect area.
In their further work, the improved model of raceway
contact analysis for lubricating rolling elements was
established on the basis of a model of time-varying impact
force of local defects with different edge shapes [12]. A
vibration response model of local defect in ball bearings was
presented by Kong et al. [13], employing the Hertz contact
stress distribution.

In addition, the vibration signals of rolling bearings with
faulty rolling element have been paid more attention in the
last two decades. Niu et al. [14] developed a dynamic model
of localized defect on rolling element of angular contact ball
bearing to discuss the influence of ball defect on the vi-
bration of the bearing. Mishra et al. [15] built a dynamic
model, considering the influence of bearing pedestal and
rolling element defects based on the bond graph method.
Choudhury and Tandon [16] introduced a discrete 3-DOF
spring-mass-damper system to simplify the rolling bearing
and constructed a defect excitation force using a rectangular
pulse sequence. Arslan and Aktürk [17] established a mass-
spring model to investigate the influence of defective and
nondefective surfaces of rolling elements on bearing vi-
bration by considering additional clearance. A 3-DOF
spring-mass system was presented by Sassi et al. [18] to
identify the pulse impact force by using kinematic energy
method and researched the influences of ball defect on the
vibration response of the ball bearing. By taking the contact
between the raceway and ball as a spring-damping system
into consideration, Cheng et al. [19] built a nonlinear dy-
namic model to investigate the vibration signals of the
bearing under different faults. Yang et al. [20] presented a
rotor-bearing-housing model which combined the finite
element method with the lumped mass method. Subse-
quently, the effects of rolling element failure on the rotor-
bearing system were simulated. Combined with the non-
linear spring model at the contact point of the element and
raceway, Yuan et al. [21] constructed a multibody dynamic
model to explore the influence of a single defect and
composite defect (including ball defect) in the presence of
different bearing components.

In order to study the characteristics of vibration ex-
cited by single or multiple faults (compound faults) si-
multaneously in bearings, different dynamic models have
been established to simulate and analyze further. Patel
et al. [22, 23] constructed a 6-DOF dynamic model to

analyze the vibration characteristics of single-point fault
and complex fault on inner and outer ring surface of deep
groove ball bearing. Yaqub et al. [24] built a multiple-
point defect dynamic model of composite fault bearing
with considering the influence of location distribution of
the defects on the vibration characteristics of the bearing.
Considering the coupling excitation, time-varying dis-
placement, and sliding of rollers, Wang et al. [25] built a 4-
DOF bearing-pedestal system model to investigate the
response mechanism of complex fault-induced force and
displacement excitation. In order to study the charac-
teristics of vibration signals excited by a bearing with
multipoint fault, Igarashi [26] established the models of
two-point fault on the inner and outer raceway of bearing,
respectively. *e finite element model of a bearing with
multipoint fault was simulated to analyze the character-
istic frequency of the vibration signal caused by each fault
point in detail [27]. Liu et al. [28, 29] proposed a per-
sonalized fault diagnosis method based on finite element
simulation and extreme learning machine. *is method
could make the fault detection results more accurate and
identify the faults more effectively.

Although there have been many research achievements
on the vibration response characteristics caused by the
compound fault bearing, especially the compound fault on
inner and outer raceway surface, a few works focused on
compound fault on surface of the rolling element and outer
raceway. In this paper, considering the influences of cou-
pling excitation and time-varying displacement excitation, a
4-DOF dynamic model of deep groove ball bearing with
compound fault is built. *e model is verified by experi-
mental results. *e mechanism of vibration response in-
duced by the compound fault is explored under different
conditions.

*e rest of this paper is arranged as follows: In Section 2,
a 4-DOF dynamic model of deep groove ball bearing with
compound fault is established. In Section 3, the dynamic
equation is introduced. In Section 4, the simulated signals of
the model are analyzed and compared with the experimental
results. In Section 5, the vibration response of single and
compound fault is researched under different conditions.
*e last section shows the conclusions.

2. Establishment of the Dynamic Model

*e following reasonable assumptions are given in this
model to simplify the shaft-bearing-pedestal system shown
in Figure 1(a):

(i) *e rolling elements contact with the raceway is
Hertz contact and the plastic deformation of the
contact interface material can be neglected

(ii) *e rolling elements are evenly distributed
(iii) Both the inertia effect of the rolling element and the

gyroscope moment are neglected under the mediun
and low speed conditions

(iv) For the early defect of bearing, the size of defect
depth and width is much smaller than the diameter
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of ball; the curvature radius of the defect edge is
much smaller and can be ignored

*e contact between the rolling element and the inner
and outer raceway is simplified as a mass-spring-damper
system. A simplified 4-DOF model for the bearing system is
shown in Figure 1(b). Ks and Cs are the contact stiffness and
damping between inner race and shaft, respectively; the
contact stiffness between outer race and bearing pedestal is
Kp and damping is Cp.

2.1. Ball Defect. *e rolling element defect would contact
with the inner or outer raceway during the rolling bearing
rotating. Due to the unpredictability of the rotation path of
the ball, it is assumed that the rolling element defect only has
planar motion.

A diagrammatic sketch of the contact between the
inner raceway and the rolling element with the local defect
is shown in Figure 2. *e defect is defined as a rectangular
spall in this model, L is the width of damage, DL is the
depth, R is the radius of the rolling element, ωs is the
rotation speed of bearing, and ωb is the rotating speed of
the rolling element.

When the defect in element contact with the outer or
inner raceway, the radial elastic deformation changes in-
stantaneously.*e radial elastic deformation δbj is expressed
as

δbj � x cos θj + y sin θj − Cr − βjλb. (1)

θj � ωct + 2π(i − 1)/Z is the position angle of the jth rolling
element, ωc is rotating speed of cage, Cr is the radial
clearance, Z is the number of rolling elements; x is horizontal
displacement, y is vertical displacement, λb is the time-
varying radial displacement, and βj is switching quantity.

*emaximum radial displacements in the inner race and
outer race are Himax and Homax as shown in Figure 3, re-
spectively, which can be expressed as follows:

Himax � ri −
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where ri and ro are the raceway radius of the inner race and
outer race, respectively.

*e defect on rolling element surface would contact the
outer raceway and the inner raceway every time within one
cycle; therefore, an impact pulse is excited every time.*e jth
ball is assumed to be damaged; then, the position of the
defect on rolling element surface at time t is shown in the
following equation:

ϕj � ωbt + ϕdefect +
2π(j − 1)

Z
, (3)
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Figure 1: Simplified model of rolling bearing. (a) Shaft-bearing-pedestal system. (b) Simplified model.
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Figure 2: Motion of defective ball on raceway.
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where ϕdefect is the initial position angle of the ball defect, and
it is defined as the angle between the element defect and the
radial radius of the outer raceway contact point as shown in
Figure 4(a).

If the defect on rolling element surface contacts the inner
raceway or outer raceway as shown in Figure 3, the radial
displacement would be changed, and the following equation
should be met:

mod
ϕj

2π
  − π




<ϕdb, inner race,

mod
ϕj

2π
 




< ϕdb, outer race ,

⎧⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

(4)

where damage angle ϕdb � arcsin(0.5L/r); r is radius of
rolling element.

Based on this above analysis, the radial displacement
caused by contact between defect on rolling element and
inner or outer raceway can be obtained as follows:

λb �
DL, DL <Hmax,

Hmax, DL ≥Hmax.
 (5)

When the defect on rolling element contacts the outer
raceway, βj in equation (1) is as follows [30]:

βj �
1, 2njπ + ϕdefect ≤ωbt≤ 2njπ + ϕdefect + ϕdb,

0, others.
 (6)

When the defect on rolling element contacts the inner
raceway, βj is as follows:

βj �
1, 2nj + 1 π + ϕdefect ≤ωbt≤ 2nj + 1 π + ϕdefect + ϕdb,

0, others,

⎧⎨

⎩

(7)

where nj is the number of rotations of rolling element.

When the defect on rolling element contacts the outer
raceway,

nj � int
ωbt

2π
 . (8)

When the defect on rolling element contacts the inner
raceway,

nj �

int
ωbt

2π
 , ϕdefect < π,

int
ωbt

2π
  + 1, ϕdefect ≥ π.

⎧⎪⎪⎪⎪⎪⎨
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(9)

2.2. Outer Defect. When the localized fault on the outer
raceway contacts the rolling element, the contact stress on
the contact surfaces would suddenly change, which would
result in an impact vibration. Assuming that the outer
raceway damage is pitting, the width is b, the depth is Db,
and the damage angle is ϕdo.

*e localized fault on the outer raceway of bearing could
be described as in Figure 4. Figure 4(a) shows that when the
rolling element rolls across the local defect at a certain point
of the outer raceway, the deformation of the ith rolling
element may be expressed as follows:

δbi � x cos θi + y sin θi − Cr − βiλo, (10)

where θi � ωct + 2π(i − 1)/Z is the position angle of the ith
rolling element, ωc is the rotating speed of cage, Cr is the
radial clearance, Z is the number of rolling elements; x is
horizontal displacement, y is vertical displacement, λo is the
time-varying radial displacement of rolling element passing
through the fault on outer raceway, and βi is switching
quantity.

When the rolling element comes across the localized
fault on the outer raceway, the maximum of time-varying
displacement of raceway could be given as follows:

ωs

ωb

λb

Himax

O

(a)

ωs

Homaxωb

λb

O

(b)

Figure 3: (a) Fault on rolling element contact with inner raceway. (b) Fault on rolling element contact with outer raceway.
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λo can be obtained by the following equation:

λo �
Db, Db <Hmax,

Hmax, Db ≥Hmax.
 (12)

When the ith rolling element enters into the defect zone
on the outer raceway of bearing, βi is given in the following
equation:

βi �

1, θout − ϕdo ≤mod
θi

2π
 ≤ θout + φdo,

0, others,

⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

(13)

where ϕdo � arcsin(0.5b/ro) is the damage angle of local
defect on outer raceway.

3. Dynamic Equation

*e Hertz contact force between the rolling element and the
raceways is dependent on whether the rolling element is in
the position of the load zone or not. As is shown in Figure 5,
when the ball is situated in the unload zone, it is indicated
that the rolling element is not in direct contact with the
raceway. Otherwise, the rolling element and raceways are in
Hertz contact. *erefore, a Dirac function ξ is used to es-
timate the position of the rolling element in the load zone, as
is shown in (18).

Simplify each rolling element as a parallel mass-spring-
damping system (shown in Figure 1(b)).

*e rolling element contact stiffness of rolling element
and inner or outer raceway is calculated by the following
equation [31]:
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where E is the elastic modulus, μ is the Poisson ratio; ki and
ko are the contact stiffness between the rolling element and
the outer and inner raceways, respectively;  ρi is the cur-
vature and δ ∗i is the contact displacement of the inner
raceway, respectively;  ρo is the curvature and δ ∗o is the
contact displacement of the inner raceway, respectively.
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Figure 4: Simulation model of local defect on outer raceway.
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Figure 5: Schematic of rolling bearing load distribution.
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As shown in Figure 6, the contact stiffness of the rolling
element with the inner and outer raceways is equivalent to
Kio:

Kio �
1

1/k1.5
i + 1/k1.5

o 
3/2. (15)

Based on the Hertz contact theory, the relationship of
contact load and displacement of rolling bearing is

F � Kδ3/2bj , (16)

where K is Hertz contact stiffness.
Fx and Fy are the total Hertz contact forces in horizontal

and vertical directions, which can be expressed as follows:

Fx � 
z

j�1
Kioξδ

3/2
bj cos θi, Fy � 

z

j�1
Kioξδ

3/2
bj sin θi, (17)

where

ξ �
1, δbj > 0,

0, δbj ≤ 0.

⎧⎨

⎩ (18)

Radial deformation with single fault on rolling element
surface is

δbj � xs − xp cos θi + ys − yp sin θi − Cr − βjλb. (19)

*e total radial deformation with compound fault is

δbj � xs − xp cos θi + ys − yp sin θi − Cr − βjλo+b.

(20)

where λo+b is the time-varying displacement when rolling
elements roll over defect on the outer raceway and defect on
rolling element contacts with the inner or outer raceway

*e dynamic equations of the rolling element bearing
with compound defects on the surfaces of the rolling element
and outer raceway are shown as follows:

Ms
€Xs + Cs

_Xs + KsXs + Fx � Wx,

Ms
€Ys + Cs

_Ys + KsYs + Fy � Wy,

Mp
€Xp + Cp

_Xp + KpXp − Fx � 0,

Mp
€Yp + Cp

_Yp + KpYp − Fy � 0,

⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

(21)

where Wx and Wy are the applied loads of the rolling
bearing system in the X- and Y-directions, respectively.

According to Figure 7, it shows the flow chart of solving
(21) based on the fourth-order Runge–Kutta method.

4. Experimental Verification

4.1. Experimental Test Rig. *e MFS test rig produced by
Spectra Quest Incorporation (SQI) is used to test the local
fault on the outer raceway and rolling element surface of
bearing, which is shown in Figure 8. In this experiment, the
shaft was driven by a 1 HP 3-phase AC motor at 1750 rpm.
*e motor is connected with the shaft by a flexible coupling.
*e shaft was supported by two deep groove bearings ER-

16 k; one is localized defect bearing and the other is a healthy
bearing. A 50N radial load was put on the shaft by a 5.1 kg
rotor disk installed in themiddle of the two bearings. ADAQ
acquisition card of portable spectra PAD connected between
the accelerometer by a 3-channel data cable and a computer
by USB port was used to collect the acceleration signal of
vibration.

*e ER-16K deep groove ball bearing is used in the
experiment.*e test bearings with defects fabricated by laser
etching technique are shown in Figure 9, and the specific
parameters of the test bearing are shown in Table 1.

*e characteristic frequency of the outer raceway (fBPFO)
and the rolling element (fBPB) are given in the following
equations [16]:

fBPFO �
Z

2
1 −

d

Dm

cos α fs, (22)

fBPB �
Dm

d
1 −

d

Dm

cos α fs. (23)

For the model, the radial load is set to Wx � 50N and
Wy � 0N. *e initial values of the displacements are
Xs � 0m, Ys � 0m and Xp � 0m, Yp � 0m, and the initial
velocity is 0m/s.

4.2. Ball Defect. In the simulation model, the outer race of is
fixed with the bearing pedestal, and the inner race rotates
with the shaft.

When the speed is 1750 r/min, the characteristic fre-
quency fBPB is 135.5Hz according to (23).

*e simulated signals of vibration of bearing with rolling
element defect are shown in Figure 10. When the localized
defect occurs on the rolling element surface, there are sig-
nificant periodic shocks in the simulated signal in time
domain as shown in Figure 10(a), and enlarged simulated
acceleration signals from 1.4 s to 1.44 s are given in
Figure 10(b). It is shown in Figure 10(b) that 5 impulses
generate when the rolling element defect contacts the inner
and outer raceways during 0.04 s. Meanwhile, the time in-
tervals between impulse are approximately 7.38ms, equaling
1/fBPB. It is observed from Figure 10(c) that the fault

Ki Ko

Ci Co

Cs

ks

Cp

kp

Inner raceway
Outer raceway

Figure 6: Simplified model of the bearing.
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characteristic frequency (fBPB) of rolling element is 135.5Hz,
which is consistent with the theoretical value.*e harmonics
2x and 3x of fBPB can be seen clearly.

*e defective rolling element of the testing bearing is
shown in Figure 9(a). *e diameter of the defect on rolling
element surface is 1.2mm, consistent with the simulated
model. *e vibration signals of testing bearing in both time

domain and frequency domain from the experimental re-
sults are shown in Figure 11. *e enlarged experimental
acceleration signals from 1.4 s to 1.43 s are given in
Figure 11(b). It is shown in Figure 11(b) that the time in-
tervals between impulse are approximately 7.38ms, equaling
1/fBPB. Simulated signals and experimental signals are ba-
sically consistent in time domain.*erefore, the reliability of
the proposed model is verified.

Comparing Figure 10(c) with Figure 11(c), it is shown
that the fault characteristic frequencies of rolling element
from the simulated signal and experimental results are
135.5Hz and 136.5Hz, respectively. *e relative error be-
tween experimental and simulated results is 0.74% and very
small. *e established model fits the experimental results
very well; therefore, this model is correct and could be
utilized to analyze the vibration response of faulty rolling
bearing.

4.3. Compound Fault. *e simulation model of the bearing
with compound fault is built, in which the width of defect on
the outer raceway is 1.2mm and the diameter of defect on
rolling element surface is 1.2mm. *e defect on outer
raceway is situated at 6 o’ clock.

When the speed is 1750 r/min, the characteristic fre-
quency fBPFO is 104.19Hz based on (22).

*e simulated vibration signals of bearing with compound
fault are shown in Figure 12. Because the localized defects are
on the surfaces of both rolling element and outer raceway, it is
shown in Figure 12(a) that the significant periodic impulses
occur in the simulated signal in time domain. Enlarged sim-
ulated acceleration signals in time domain from 1.56 s to 1.66 s
are shown in Figure 12(b). It can be seen from the amplified
diagram in time domain that impulses A1 andA2 are generated
when the rolling element roll over the outer raceway defect, and
impulses B1 and B2 occur when the rolling element defect
contacts with inner or outer raceway. Meanwhile, the time
intervals between impulses are approximately 9.3 ms and
7.38ms, equaling 1/fBPFO and 1/fBPB, respectively. It could
be observed from Figure 12(c) that fBPFO and fBPB are
104.4Hz and 135.5Hz, respectively, which are consistent
with the theoretical value. *e harmonics 2x and 3x of fBPFO
and fBPB can be also seen clearly.

*e diameter of the defect on rolling element surface of
the testing bearing is 1.2mm and shown in Figure 9(a). *e
width and depth of the defect on the outer raceway surface of
the testing bearing are 1.2mm and 0.25mm, respectively,
which is shown in Figure 9(b).*e defects on testing bearing
are consistent with the simulated model.

*e vibration response of testing bearing with com-
pound fault in both time domain and frequency spectrum
from the experiment are shown in Figure 13. Enlarged
experimental signals in time domain from 1.56 s to 1.66 s are
given in Figure 13(b). It can be seen from the amplified
diagram in time domain that impulses A3 and A4 are
generated when the rolling element roll over the outer
raceway defect, and impulses B3 and B4 occur when the
rolling element defect contacts with inner or outer raceway.
Meanwhile, the time intervals between impulse are
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Calculation of time-varying 
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Solving dynamic equations

Is iteration 
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Figure 7: Flowchart of solution procedure.
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approximately 9.3ms and 7.38ms, equaling 1/fBPFO and 1/
fBPB, respectively. From figures in time domain, it is clearly
shown that the simulated and experimental signals of
bearing with compound fault have periodic impact phe-
nomenon in the time domain.

It could be seen from Figure 12(c) and Figure 13(c) that
fBPFO, fBPB and their harmonics frequency are clearly visible.
*e fault characteristic frequencies of fBPFO and fBPB are
104.7Hz and 139.6Hz, respectively.*e relative errors of fBPFO
and fBPB between experimental and simulated results are 0.29%

and 3.02%, respectively; therefore, the simulation model is
agreeable with the experimental results. *e relative errors are
related to the preload, rolling element sliding, and other factors.

Comparing Figure 10(c) with Figure 12(c), it can be
clearly seen that when the rolling element bearing has
compound fault, the amplitudes of fault characteristic fre-
quency are larger than those with single defect.*e vibration
response of bearing with compound fault is the result of the
coupling of the vibration signals from the single fault on the
surfaces of rolling element and the outer raceway.

Digital tachometer display AC motor Accelerometer Rotor disk Sha�

Healthy bearingDefect bearing

AC controller Portable SpectraPad Computer

Figure 8: MFS test rig.

10mm

(a)

10mm

(b)

Figure 9: *e tested rolling bearing with defect. (a) Rolling element with defect. (b) Outer raceway with defect.

Table 1: Parameters of ER-16K deep groove ball bearing.

Parameter Value Unit
Inner race dimension, Di 30.59 mm
Outer race dimension, Do 46.47 mm
Pitch dimension, Dm 38.51 mm
Ball dimension, d 7.94 mm
Number of balls, Z 9
Radial clearance, μ 0.045 mm
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Figure 10: Simulated signals of bearing with element defect. (a) Simulated signals in time domain. (b) Enlarged simulated signals in time
domain. (c) Simulation signals in frequency domain.
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Figure 12: Simulated signals of bearing with compound defect. (a) Simulation signals in time domain. (b) Enlarged simulation signals in
time domain. (c) Frequency domain simulation signals.

Shock and Vibration 11



5. Vibration Characteristic of Single or
Compound Fault Rolling Bearing

5.1. Influence of Load on Vibration Response of Single or Com-
pound Fault Bearing. When the width of defect on the outer
raceway is 1.2mm, and the diameter of defect on rolling element

surface is 1.2mm, and the shaft speed is 1750 r/min, the applied
load on the bearing increases from10N to 150N, the amplitudes
of fBPFO, fBPB and their harmonic frequencies can be shown in
Figure 14 under three fault modes of rolling element bearing.

From Figure 14, it is shown that the fault characteristic
frequencies and their harmonics frequencies do not change,
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Figure 13: Experimental data of bearing with compound defect. (a) Experimental signals in time domain. (b) Enlarged experimental signals
in time domain. (c) Experimental signals in frequency domain.
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but their amplitudes of vibration signal would increase with
the increasing of applied load. When the applied load on the
bearing is large, the impact load caused by rolling element
across the defect would be large, which enhances the vi-
bration response of the bearing correspondently.

5.2. Influence of Defect Size on Vibration Response of Single or
Compound Fault Bearing. *e faults of bearing such as
cracks, pitting, pits, and other local defects would occur in
operation, and the size of these defects will increase
gradually.

When the bearing speed is 1750 r/min and the applied
load is 50N, the width of defect on the outer raceway and the
diameter of defect on rolling element surface are 0.6, 0.9, 1.2,
and 1.5mm, respectively. *e amplitudes of the fault
characteristic frequencies and their harmonic frequencies
can be shown in Figure 15.

It can be seen from Figure 15 that the corresponding
fault characteristic frequencies and their harmonics fre-
quencies do not change; however, their amplitudes of
vibration signal would increase with increasing of the
defect size from 0.6mm to 1.5mm. *e increase of the
defect size of the bearing results in the increase of the
internal excitation force; therefore, the amplitudes of

vibration response of the bearing vibration would be
stronger correspondently. It can explain the relationship
between the size of defect and the impact response of the
excitation to a certain extent.

5.3. Influence of Rotating Speed on the Vibration Response of
Single or Compound Fault Bearing. During the operation of
the equipment, the rotating speed has a great influence on
the stability of the bearing system, so it is necessary to study
the vibration response of the compound fault bearing with
different speed.

*e width of defect on the outer raceway of bearing is
1.2mm, the diameter of the defect on rolling element surface
is 1.2mm, and the applied load is 50N.*e amplitudes of the
fault characteristic frequencies and their harmonic fre-
quencies can be shown in Figure 16 under the 1550, 1650,
1750, and 1850 r/min speed, respectively.

It can be seen from Figure 16 that when the rotating
speed increases, the amplitudes of fault characteristic
frequencies and their harmonics frequencies would be-
come larger correspondently. With the increase of ro-
tating speed, the impact vibration of the bearing is excited;
therefore, the amplitude of the bearing vibration would be
increased.
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Figure 14: Simulated signals in frequency domains under different load. (a) Simulated signals in frequency domains of element defect. (b)
Simulated signals in frequency domains of the outer raceway defect. (c) Simulated signals in frequency domains of compound fault.
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Figure 15: Simulated signals in frequency domain under different defect size. (a) Simulated signals in frequency domains of element defect.
(b) Simulated signals in frequency domains of the outer raceway defect. (c) Simulated signals in frequency domains of compound fault.
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Figure 16: Continued.
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By comparing the simulated signals under different
working conditions, it can be clearly seen that with the
increasing of rotation speed, defect size, and radial load, the
vibration amplitude of bearings would increase corre-
spondently. However, the increase of rotating speed and
applied load has a greater impact on the amplitude of fBPFO
and fBPB, which aggravate the vibration impact of the bearing
and would accelerate the failure rate and reduce the service
life of the bearing.

6. Conclusions

(1) Considering time-varying displacement and stiff-
ness, a 4-DOF dynamic model of rolling element
bearing with compound fault was established. *e
fault on rolling element was introduced into the
model of compound fault.

(2) *e proposed model was verified by the experi-
mental results. It is shown that the proposed
model fits the experimental data very well, which
can prove the correctness and feasibility of the
model.

(3) *e influences of compound fault on the vibration
response of the bearing were analyzed under dif-
ferent conditions. *e results show that both high
speed and large load would increase the amplitude of
vibration obviously and then accelerate the failure of
bearing.

(4) *e motion of the rolling element is more complex
during the actual operation, and the defect on rolling
element may not contact the raceway within every
cycle period. *is problem should be studied further
in the future.
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