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ABSTRACT: 
The radial clearance of a rolling bearing causes its radial stiffness to exhibit time-varying characteristics, 
which may result in a measurable vibration. Inadequate lubrication may induce vibration, which in turn 
may produce tiny flaws on the raceway of the rolling bearing. In this research, we build a dynamic model 
of the rolling bearing rotor system that accounts for the radial clearance and outer raceway defect. 
Rolling bearings' time-dependent stiffness is modelled using a substitution of 8th-order Fourier series. In 
order to examine the fault characteristic frequency of rolling bearing, we must first get the vibration 
response of the rotor system. By analysing the vibration signal's frequency spectrum, we may determine 
the defect characteristic frequency of the test bearing during a rolling bearing rotor system vibration 
test. Good agreement between experimental and theoretical data confirms the accuracy of the dynamic 
model. 
Vibration characteristics, outer raceway defect, bearing rotor system, time-varying stiffness, and rolling 
bearings are some examples of keywords. 
DOI Number: 10.48047/nq.2022.20.8.nq221144               NeuroQuantology 2022; 20(8): 11099-11109 
 
 
I.INTRODUCTION: 
With the advantages of low frictional resistance 
and high rotation accuracy, the rolling bearing 
has been widely used in rotating machinery, 
such as machine tools, aerospace equipment, 
electronics, and precision instruments.1–3 The 
stiffness of rolling bearing is regarded as a 
significant factor affecting the dynamic 
characteristics of bearing rotor system. Due to 
the exis- tence of the rolling elements, the 
stiffness of rolling bearing shows obvious time-
varying characteristics.4–6 Stribeck7 deduced 

the maximum load contact formula of the 
rolling element by analyzing the working state 
with the rolling element at the bottom. Perretet 
al.8 found that the load distribution, contact 
area, and contact stress were changed with 
time caused by the rotation of the rolling 
element in engineering practice. These cases 
resulted in the changes of stiffness with time,9–
11 and induced nonlinear vibration and instabil- 
ity of rolling bearing rotor system finally.12–15 
Cao et al.16 researched the stiffness variation 
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rules of rolling bearing under the static load and 
unbalanced load 

 
Figure 1.Dynamical model of bearing rotor 

system. 
excitation, and calculated the vibration  
response  of time domain and the frequency 
domain characteristics of the rotor under the 
time-varying bearing stiffness. Liu and Zhang17 
deduced the time-varying stiffness of rolling 
bearings under different combined load sets by 
the implicating function derivation. 
The vibration and shock of the bearing rotor 
system is caused by the time-varying 
characteristic of rolling bearing stiffness, which 
aggravates the generation of small defects on 
the raceway. Cheng et al.18 established a quasi-
static analysis model of rolling bearing with 
local defects by introducing the local contour 
functions such as the depth and circumferential 
variation of local into the analysis model. 
Petersen et al.19 established a contact stiffness 
model of bearing related to the defect size 
based on the internal load distribution of rolling 
bearings with defects in the outer ring. Cui et 
al.20 simulated the vibration response signals of 
rolling bear- ings under different fault sizes by 
introducing the outer ring defect size 
parameters into the dynamic model. Jiang et 
al.21 improved the dynamic model with three- 
dimensional geometric defect regions by 
extending the geometric parameters of the 
outer raceway defect regions. Singh et al.22 
solved the bearing FEM model with outer 
raceway defect by LS-DYNA, and analyzed the 
simulation results. Zhao et al.23 researched the 
effects of defect size, position, and number on 
bearing dynamic behaviors are investigated 
with the aid of phase trajectories, shaft center 
orbits, FFT spectra, etc. Tang et al.24 analyzed 

the load of rolling elements pass- ing through 
the defect area under different conditions 
based on Gupta model. Ma et al.25 added the 
three dif- ferent types of bearing defects into 
the defect model considering the force transfer 
between the vehicle and the bearing. Lu et al.26 
proposed the defect modeling algorithm of 
inner raceway, outer raceway and rolling 
element, and obtained the theoretical  rolling  
track when the rolling element passes through 
the defect position. These studies only consider 
the defects of roll- ing bearings, but don’t 
consider the time-varying char- acteristics of 
bearing stiffness. 
The dynamic model of rolling bearing rotor 
system considering the radial clearance and 
outer raceway defect is established for the 
spindle bearings of machine tool in this paper. 
The time-varying stiffness of bearing is fitted, 
and the vibration response of rolling bearing 
rotor system is analyzed. The fault characteristic 
fre- quency of rolling bearing identified by the 
vibration response is compared with the 
experiment results. 
Dynamical modeling of rolling bearing rotor 
system 
Dynamical model of rotor system 
For the rolling bearing rotor system, the rotor is 
sup- ported by two identical rolling bearings at 
both ends, and the external load is applied at 
the middle position. The bearing can be 
simplified as an isotropic spring- damp system 
assuming that the bearing is supported 
rigidly.27 The stiffness and damping coefficients 
in the horizontal direction are kxx and cxx 
respectively, and in the vertical direction are 
kyy and cyy respectively. 
The dynamical model of the bearing rotor 
system is shown in Figure 1. O0 is the center of 
the static balance of the rotor. When the rotor 
rotates, the unbalanced force causes the axis to 
deviate from the static balance position. At this 
time, the center of rotor is O, which is the 
original point of coordinate system xOy. 
According to the principle of force balance, the 
dif- ferential equations of motion of rolling 
bearing rotor system are: 
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Where M is the mass of bearing-rotor system. C 
is the supporting damping coefficient of 
bearing-rotor system, which is the contact 
damping of rolling bear- ing.28 Kx, Ky are the 
equivalent stiffness of the rolling bearing rotor 
system in the horizontal and vertical directions, 
Kx = k kxx/(k + kxx), Ky = k kyy/(k  + kyy), k is the 
rotor bending stiffness, k = 12pER4 /L3. E is the 
elastic modulus. R is the journal radius. L is the 
dis- tance between the center of two bearings. 
v is the angu- lar speed of the rotor. F0 is the 
centrifugal force caused by the unbalanced 
mass of the rotor. g is the gravita- tional 
acceleration. F is the external exciting force. 
Rolling bearing stiffness model with outer 
raceway defects 
Defect model on outer raceway. It is supposed 
that there is a rectangular notch on the outer 
raceway ring,29 the defect depth is Hb, the 
defect length is Lb, the corre- sponding wrap 
angle is ub, the diameter of the rolling 

 
Figure 2. Additional displacement of rolling 
elements passing through defect of outer 

raceway:

 

 
Figure 3. Force analysis of rolling bearing with 

radial clearance. 

element is Dw, and the diameter of the outer 
raceway ofthe bearing is Da. Form the rolling 
element enters thedefect to leaves the defect, 
Hf is the additional displacementof the rolling 
element, and g is the angle betweenthe center 
of rolling element and the starting positionof 
the defect.For the large outer raceway defect 
(Dw\Lb), whenthe rolling element begin to 
enter the outer racewaydefect (g=0), the 
additional displacement is 0 (asshown in Figure 
2(a)). When the rolling element passesthrough 
the bottom of outer raceway defect (ub2uin łg ł 
ub), the additional displacement is the 
maximumvalue at this time, which is equal to 
the defect depth ofthe outer raceway (as shown 
in Figure 2(d)). When therolling element is 
entering or leaving the defect (0\g\uin or 
ub2uin\g\ub), it only contacts with oneside of 
the defect (as shown in Figure 2(b)). In order 
toanalyze the additional displacement of the 
rollingelement during the rolling element 
passage through theouter raceway defect, the 
change of the additional displacementis 
simplified as the linear change, and thedefect is 
assumed to be a smooth surface.The wrap 
angle between the starting point of theouter 
ring defect area and the point of the 
maximumadditional displacement uin is 
proposed to calculate theadditional 
displacement Hf, which can be expressed 
asfollows: 

 
When the rolling element passes through the 
outerraceway defect position, the additional 
displacement ofthe rolling element Hf can be 
expressed as: 

 
The similar method can be used to analyze the 
small outer raceway defect (Dw .Lb), which is 
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not be described because of the length of this 
paper. 
Stiffness model of rolling bearing. The defects 
could exist anywhere in the outer raceway, the 
outer raceway can be divided into loading area 
and non-loading area accord- ing to the load 
distribution (as shown in Figure 3). When the 
defect of the outer raceway is in the non-
loading area, there is almost no impact on the 
dynamic charac- teristics of the bearing because 
the rolling element does not contact with the 
track of rolling bearing. Therefore, the defect of 
the outer raceway in the loading area is 
analyzed. 
The force analysis of rolling bearing with radial 
clearance is shown in Figure 3. u is the rotation 
posi- tion angle of the rolling element. v is the 
angular velo- city of the rolling bearing. cb is the 
angle between theis the angle between the left 
rolling elements and thebearing axis in the 
vertical direction. cri is the angle 
between the right rolling elements and the 
bearing axisin the vertical direction.When the 
rolling element passes through the defectof the 
rolling bearing without radial clearance, 
theadditional displacement will result in the 
change ofload distribution and local elastic 
deformation. Theelastic deformation of the 
rolling element along theHertz contact normal 
line can be expressed as: 

 
Where dcb is the elastic deformation of the 
rolling ele- ment at the defect, dmax is the 
maximum elastic defor- mation of the 
elastomer. 
The load of the rolling element at the defect Fcb 
is: 

 
Where Fmax is the maximum load of the rolling 
elementAccording to the principle of force 
balance, the 

radial load of rolling bearing should be equal to 
theresultant force of each rolling element in the 
vertical 
direction: 

 
Where Fr is the radial external load of the 
rollingbearing. 
The maximum load of the rolling element can 
beexpressed as: 

 
The load distribution of each rolling element of 
rollingbearing without radial clearance can be 
expressed as30: 

 
When the rolling element passes through the 
defectof bearing with radial clearance, the 
elastic deformationof the rolling element along 
the Hertz contact normalline can be expressed 
as: 

 
Where Gr is the radial clearance of bearing.The 
load of the rolling element at the defect can 
beobtained from the derivation of the above 
formula forthe load distribution on each rolling 
element of the rollingbearing without radial 
clearance, which can beexpressed as: 

 
The load distribution coefficient T is proposed 
to simplifythe maximum load Fmax of rolling 
element of rollingbearing with radial clearance. 
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Define T=(12Gr/(2dmax + Gr))/2, so the Fcb can 
be expressed as: 

 
The iteration process of solving Fmax is shown 
inFigure 4. Therefore, the maximum load of the 
rollingbearing with the radial clearance Fmax at 
the nth iterationcan be expressed: 

 
The rolling bearing can be simplified as the 
mass systemwith many elastic elements 
connection, as show inFigure 5. The outer ring 
of bearing is fixed to the bearingseat and the 
inner ring is linked to the spindle. Thecontact 
deformation between the roller element and 
theouter ring can be regarded as the spring 
compressionunder the radial external 
force.Therefore, the stiffness of rolling bearing 
under theradial external load can be expressed 
as: 

 

 

When , the iteration finishes, 
thestiffness of rolling bearing with the outer 
raceway defectunder the radial external load 
can be expressed as: 

 
Where dcli is the contact normal elastic 
deformationof the rolling element on the left 
side, li=1, 2, ., nl. 
Fcli is the contact normal force of the rolling 
element onthe left side, li=1, 2, ., nl. dcri is the 
contact normalelastic deformation of the rolling 
element on the rightside, ri=1, 2, ., nr. Fcri is the 
contact normal force ofthe rolling element on 
the right side, ri=1, 2,., nr. 
 
Time-varying stiffness analysis of rolling 
bearings 
Taking the deep groove ball bearing 6206 as an 
example,the defect length Lb is 2mm, the depth 
Hb is 
1.5mm, and the defect position angle is 
0                                                          . The 
structuralparameters and working conditions of 
the rotor 
and bearing are shown in Tables 1 and 2Based 
on the rolling bearing stiffness 
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modelconsidering the outer raceway defect, the 
time-varying 

 
Figure 5.Siffness model of rolling bearing. 

stiffness of the defective bearing is calculated. 
The bear- ing stiffness changing with time 
shows periodic changes in both horizontal and 
vertical directions, so it can be fitted as a 
trigonometric series by Fourier expansion. The 
stiffness variation curve of the defective bearing 
in the horizontal and vertical directions is fitted 
by the MATLAB software. The fitting results of 
the 8-order Fourier expansions of the bearing 
stiffness are shown in Figures 6 and 7. The 
determination coefficients of each order of 
fitting results (R-squared) are shown in Table 3. 
It can be seen from Figure 6 and Table 3 that 
the horizontal bearing stiffness changing with 
time is well fitted with the 8-order Fourier 
series expansion curve.The determination 
coefficient R-square of the fitting result is 
0.9907. From Figure 7 and Table 3, the stiffness 
in the vertical direction of the bearing changing 
with time fits well with the 7-order Fourier 
series expansion curve, and the determination 
coefficient R-square is0.9926. The fitting 
accuracy can both meet the calcula- tion 
requirements. Therefore, the time-varying 
stiffness function expressions of the bearing in 
the  horizontal and vertical directions are: 

 

The coefficients of the Fourier expansion in the 
hori- zontal and vertical directions are shown in 
Table 4 according to equations (15) and (16). 

 

 

 
Figure 6.Time-varying stiffness in the horizontal 

direction. 

 
Figure 7.Time-varying stiffness in the vertical 

direction. 
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Vibration response analysis of rolling bearing 
rotor system 
The time-varying stiffness fitting function of the 
bearing with outer raceway defects is 
substituted into equation (1), and the 
differential equation of motion of the rotor 
system considering the time-varying stiffness of 
the bearing and the raceway defects is as 
follow: 

 
The differential equation of motion (17) is 
solved by MATLAB program. When the defect is 
located at the bottom of the outer raceway of 
the bearing, its influ- ence on the load 
distribution, elastic deformation, and contact 
stress only exists in the vertical direction.31 The 
time domain of the rolling bearing rotor system 
with defective outer raceway in the vertical 
direction aremainly analyzed as shown in Figure 
8. 
When there is defect in the bearing  raceway, 
thevibration amplitude in the vertical direction 
of the bearing rotor system increases 
significantly. However, the vibration amplitude 
of the rotor system gradually decreases and 
tends to be periodically stable with the change 
of time. When the rolling element 
passesthrough the defect, the contact stress 
between the roll- ing element and the bearing 
raceway, load distribution will change, so the 
stiffness change period is equal to the rotation 
time t between the two rolling elements: 

 
Figure 8.Vertical amplitude of defective bearing 

rotor system. 

 
Where a is the bearing contact angle, and the 
deep groove ball bearing contact angle is 0°. 
According to formula (18), the stiffness change 
period of bearing 6206 is 0.0112 s. From Figure 
6, the rolling element passes through the 
bearing raceway 

 
Figure 9.Vertical vibration frequency spectrum 

of the rollingbearing rotor system with 
defective raceways. 

defect at 0.1571, 0.1683, 0.1795 s, .etc., and the 
vibra- tion amplitude of the rolling bearing rotor 
system increases instantaneously. This time 
interval is consis- tent with the theorical result 
from formula (18). 
On this basis, the vertical vibration spectrum of 
the raceway bearing rotor system with raceway 
defects is analyzed by the fast Fourier transform 
method. The results are shown in Figure 9. 
The fault characteristic frequency of rolling 
bearing outer raceway can be calculated by the 
following formula32: 
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Where fr is the rotor rotation frequency. 
The theoretical calculation value of the outer 
raceway fault characteristic frequency is 89.44 
Hz. In Figure 8, the vibration of the rolling 
bearing rotor system is large at 25, 89.5, 178.0, 
and 268.0 Hz, which is respectively equal to the 
rotation frequency of the rotor, the fre- quency 
of the outer raceway defects of the bearing, 
dou- ble and triple frequency of outer raceway 
defect frequency. The corresponding amplitude 
at the fre- quency of the bearing outer raceway 
defect frequency is the largest and most 
prominent. 
Vibration test and result analysis of rolling 
bearing rotor system 
Test system 
The test system is shown in Figure 10, including 
vibration test bench, vibration signal acquisition 
system, and data processing system.  The 
bearings at both ends of the vibration test 
bench are the tested bearings, which are all 
deep groove ball bearings 6206 with defects in 
the outer raceway (as shown in Figure 11). The 
relevant performance parameters are shown in 
Table 1. The test bench loads the bearing rotor 
system through the load- ing bearing. The rotor 
is drived by the motor through the coupling, 
and the vibration response is tested by four 
acceleration sensors symmetrically installed in 
the 45° direction along the radial direction of 
the rotor at both ends of the bearing pedestal, 
as shown in Figure10.The vibration signal of the 
system is produced by the acceleration sensor, 
which is amplified by the signal amplifier and 
then transmitted to the data acquisition card. 
The output end is connected to the computer 
and the vibration signal is analyzed and 
processed by the data processing system. The 
sampling frequency of vibration signal is 10 kHz, 
the acceleration sensors are uniaxial  
piezoelectric  sensors.  The  sensitivity  of  the 

 
Figure 10.Vibration test bench. 

 
Figure 11.Defective bearing. 

sensor is 500 mV g21 and range of data 
acquisition is from 0.2 to 15 kHz. 
Test result analysis 
As there is a defect on the outer raceway of the 
rolling bearing, the bearing rotor system shows 
obvious abnor- mal vibration. At this time, the 
vibration signals acquired from the acceleration 
sensors at the four monitoring points of the test 
bearing at both ends are shown in Figure 12. 
 

 

 
The vibration responses at the four points exist 
obvious vibration shock, especially the 

11106



NeuroQuantology | August 2022 | Volume 20 | Issue 8 |Page 11099-11109|doi: 10.48047/nq.2022.20.8.nq221144 
Mr.M.Hari Prasad et al/ANALYSIS OF VIBRATION CHARACTERISTICS IN ROLLING BEARING ROTOR SYSTEMS: CONSIDERING RADIAL CLEARANCE 
AND OUTER RACEWAY DEFECTS 
 

 

  eISSN1303-5150                                                                                                                                           www.neuroquantology.com                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 

 

monitoring points no. 1 and no. 2 of the front-
end test bearing. The envel- ope spectrums of 
each vibration signal33 are shown in Figure 13 
The envelope spectrum of the vibration signal 
of monitoring points no. 1 and no. 2 at the front 
bearing shows that the amplitude of the test 
bearing is the most obvious at  the frequency of 
87.89 Hz,  which is very close to the fault 
frequency of 89.44 Hz corresponding to 
theorical calculation and numerical analysis. But 
the theoretical value is still different from the 
experimental value. The main reason is that the 
rolling element is not pure rolling in the test, 
and the friction loss maybe appear because of 
the sliding of the rolling  element. The 
lubrication of rolling bearing is not the ideal 
state in the test, the poor lubrication condition 
will cause the friction loss. Besides, the size, 
length, and depth of the defect will also lead to 
a certain change in the vibration frequency in 
the test. 
At the monitoring points no. 3 and no. 4, the 
envel- ope spectrum of the vibration signal has 
the maximum amplitude at 87.89 Hz (as shown 
in Figure 13), and also has obvious amplitude at 
its double, triple and quadru- plex frequency. 
Conclusion 
(1) Taking the rolling bearing rotor system 
test bench as the research object, the 
dynamical model of the rolling bearing rotor 
system is established. The rolling bearing with 
radial clearance and outer raceway defects is 
ana- lyzed, and the time-varying stiffness model 
of rolling bearing is established. The time-
varying stiffness of the bearing in the horizontal 
and vertical directions is fitted by Fourier series 
expansion, and the function expressions of each 
time-varying stiffness are obtained. 
(2) The dynamical model of rolling bearing 
rotor system considering radial clearance and 
outer raceway defects is solved, and the 
vibration response time-domain curve of the  
bearing rotor system is obtained. Due to the 
outer race- way defects, the vibration response 
shows obvi- ous shock. The fault frequency of 
the bearing outer raceway defects can also be 

obtained by analyzing the frequency spectrum 
results of the response. 
(3) The vibration test of bearing rotor 
system with outer raceway defects is carried 
out. The obvi- ous fault frequency is obtained 
by the envelope spectrum analysis of vibration 
signal, which is in good agreement with the 
theoretical value. The test data verifies the 
correctness of the stiff- ness model of bearing 
and the dynamic model of the bearing rotor 
system. 
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