Chapter 3

Dynamic Modelling of Rolling Element Bearing
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needs to be processed using advanced signal processing techniques like Hilbert — Haung

transform (HHT), Short time fourier transform (STFT), Wavelet transform (WT) etc., in

order (o obtain the exact faulty features of the bearing. Therefore, this study describes some

of the potential contribution by various researchers in the field of fault diagnosis of rolling

clement bearing using mathematical modelling and advanced signal processing technique
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spectrum kurtosis (SK) and minimum entropy deconvolution (MED) for analyzing the
noisy vibration response signals of bearing faults. The results described that double impact
phenomenon ascribed to fault signals of the outer raceway of the bearing after denoising
the signal. Randall and Swalhi [1 1] also used the minimum entropy deconvolution method
for obtaining the information about the defect size, by separating the impulses from entry
event into and exit event process from an individual fault. Hong and Liang [12] proposed
the method for bearing fault severity measurement based on the Lempel-Ziv complexity
nsform. Their result indicated that Lempel-Ziv complexity was

and continuous wavclet tra
found to be proportional for outer race defects and inversely proportional for inner race

defects to fault severity (fault size) for all rotational speed.

However, severity of faults of components of the bearing still needs to be comprehensively

analyzed, mathematically and experi
the feasibility of continuous wavelet transform for understanding the effect of fault severity

mentally. The contribution of this research is to test

of outer race, inner race and rolling element, upon the rotor-dynamic system.

In this chapter, study is divided into parts, in order to analyze the defective rolling element

bearing. First part of the study develop
degrees of the freedom, including the modelling of outer race

s the non-linear mathematical modelling of rolling

element bearing with 6-

defect, inner race defect and ball defect.

The second part of the study validates simulated vibration response with the experimental

analysis, where simulated and experimental vi
ency domain and time-frequency domain (CWT). Here, baseline

bration response are validated and presented

for time domain, frequ

data assessment is conducted for both simulation and experimentation, using healthy

bearing, in order to differentiate the vibration response caused by the varying compliance

and local defect.
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Figure 3.1 Six-DOF dynamic model of Bearing

3.2. Dynamic Modelling of the bearing

A non-linear Vibration model of bearing with 6-DOF (degrees of freedom) is proposed in
this paper as shown in Figure 3.1, to obtain the vibration response of the bearing due to the
localized defect. The model mainly consists of 4-DOF in the horizontal and vertical
directions of inner race and outer race and 2 DOF unit resonators are used in horizontal as

well vertical direction. The function of unit resonators is to compensate high-frequency

resonant response of bearing due to defects upon the surface of bearing components, by

adjusting its stiffness and damping co-efficient. The mass-spring-damper system was
attached in both the directions to the outer raceway in order to predict high-frequency
resonant response in both the radial directions. The static load ‘W’ is applied to the inner

raceway, to obtain the vibration response in the radially loaded condition of bearing. The

model was based upon the following assumptions:

| The motions of the rolling elements, inner and outer races and the rotor are in the plane

of the bearing only.

2. Mass of each component of bearing is considered to be lumped.

60



Dynamic Modelling of Rolling Element Bearing

3. Moment of inertia and centrifugal load of each component is ignored.

4. Slippage of the balls during rolling on the surface of the races is not present.

5. Forces are acting in the radial directions only along X and Y directions.

6.The effect of the surface waviness and other geometric errors are ignored and assumed

that only the localized defect is present.
7.Contact deformation between the rolling element and raceway is considered according

to Hertzian theory of elasticity.
8.Damping duc to the Elasto-hydrodynamic lubrication (EHL) is considered and all

damping is considered to be linearly viscous.

Non-linear dynamic differential equation of the bearing is as shown below:
mi; + cix; +hixi + fe =0

my; + ey + kiyi + fy = Ft

My%, + (Cox + Crx)¥o + (Kox + Krx)Xo = kpxXy — CrxXr — fxr =0 (3.1)

myy, + (Coy + Cry)jlp + (koy + kry))’o = kyyyr — CryYr—fy =0

mpi Xy + Crx("cr - 5‘0) + er(x" - xO) =0

my2yr + Cry(Yr - Vo) + kTy(yT —¥) =0
f inner raceway and shaft ,m, represents mass of outer

Where m; represents the mass 0

raceway and bearing support structure and m,, and m,, represents mass of unit resonators

in radial horizontal and vertical directions. The six degrees of the freedom included in the

model are represented by Xi and y; for the inner raceway displacement, x, and y, for the

outer raceway displacement and the measured vibration response is represented by x, and

yr. k;, ko and k, represent

resonator in the horizontal and vertical direc
way and unit resonator in the horizontal and vertical direction. The

s the stiffness of the inner raceway, outer raceway and unit

tion. ¢;, ¢, and ¢, represents damping of inner

raceway, outer race
vibration response is non-linear vibration due to the non-linearity of stiffness. The stiffness
and damping co-efficient aré adjusted to describe the low-frequency mode of the bearing-

structure. f; & f aré non-linear contact force of the bearing in the vertical and horizontal
. Jx A
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direction. 'Ft’ represents the applied radial load upon the inner raceway in vertical

direction.
Equation (3.1) is non-lincar, coupled and ordinary differential equation which is solved by

using Runge-Kutta method and oded5 solver is used in MATLAB to solve the non-linear

equation.

3.2.1 Kinematics of the rolling elements including slippage
The main fundamental components of the bearing are the outer race, the inner race, the

cage and the rolling element. Important parameters of the bearing are the bearing pitch

diameter D,, , rolling element diameter D, , number of balls n, and contact angle @ . The
p ’

shaft rotates at the rotating angular speed of wg = 2mf; , where f; is the shaft rotating

frequency. The resulting nominal cage speed w¢ = 2T fc is given by

W, =

%(1 _ &z_c_ozz) 3.2)

2 Dp

The angular position ¢; of the jt rolling element without slippage is given by

3.3
¢; = ¢o +21(j — 1)/Np + @c dt 33)

The effect of the slippage on the angular position ¢; of the j th rolling element is given

by

¢; = ¢ + 2m(j — 1)/Np + & dt + (0.5
¢ initial angular position of bearing cage.

—rand) X Qsiip 3.4)

where j = 1to Ny , @ is th

The slippage defined in equation (4) is dependent upon the phase deviation ¢g;p . The

relation between the frequency deviation and the phase deviation is given by

Af = d’slipfm
where Af is the

and ¢g;p, is the maxi

(3.5)

ximum frequency deviation (Hz), fm is the modulation frequency (Hz)
ma

mum phase deviation (rad).

Sli in the rolling element bearing is defined in terms of the percentage variation of
ippage in the ro |
the mean frequency of impact which is given as

(3.6)
af
¢Slip = f—m- X 100%
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The usual range of the slippage in rolling element bearing is in between 1%-2% and this

corresponds to the phase variation ( Psiip) of (0.01-0.02 rad). In this paper, the effect of

the slippage is taken into consideration during computation of equation of motion.

3.2.2 Contact deformation of the bearing without defect
The contact deformation & of rolling element j is the functions of the relative

displacements of the inner raceway (x; = x,) and outer raceway(y; — ¥o). the position of

the rolling element ¢; and the internal radial clearance C,. is given by

8; = (x; — xp)cosd; + (i — yO)Sin¢}'—.C 3.7)

According to the Hertz contact theory of deformation, the non-linear contact force f is

associated with the contact deformation §; and is given by

f=K&" (3.8)

g non-linear contact stiffness,n is the load-deflection parameter

where K is the time-varyin
equals to 3/2 for ball bearing and 1

The non-linear contact stiffness depends upo
s of the surfaces in contact, a

0/9 for roller bearing [13]
n the radius of the curvature of the raceways

and material propertie s well upon the load deflection

parameter. The curvature is given by
1 (3.9)
P=7

curvature. As per the sign convention followed, curvature may be

r denotes the radius of
adius denotes the convex surfaces and negative radius

positive or negative, positive T
two contacting steel bodies of different radius of

denotes the concave surfaces. For the

ve approaches between the rolling element and each raceway is given

curvature, the relati
by
3.
§=6;+96, (.10
The elastic modulus for the contact of a ball with inner raceway is
(3.11)

1 —
K, = 2.15 x 10° X p 2(6}) 3/2
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The elastic modulus for the contact of a ball with outer raceway is

1
K, = 2.15 x 1053 p72(8,) 7%/ (3.12)
The effective elastic modulus for the bearing system is given as
n
K=[ — ] (3.13)
V) ™+ i) ™

According to the equation (8), the total non-linear contact forces of the bearing in x and

y directions is given by

Np
fe = k,,z y; 6] cos @; (3.14)
j=1
Ny
j=1

where y; is switch function. The deformation of the ball takes place only when the ball is
located in the load zone, and thereby non-linear contact force is produced. Switch function

yj is given by

1, 8 >0
y}.={ 2 (3.16)

3.2.3 Fault Modelling of Rolling Element Bearing

When a defective (spalled) component, either a rolling element, an outer raceway or an

inner raceway, interacts with its corresponding mating components, changes in contact
kd

stresses occurs. These change results into vibration, due to the deformation of rolling

element. The deformation of the jt" rolling element over the site of the local fault is given

by
8; = (x; — xo)cosP; + (i = Yo)sing; = € = BjCa (3.17)

Now. to obtain the non-linear contact forces, equation (3.17) and (3.4) are substituted in

equations (3.14) and (3.15)- Then, solution of non-linear contact force is substituted into
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dynamic equation of motion of bearing model. The solution of the non-linear coupled

differential equation will give the vibration response of rolling element bearing with defect.

3.2.4 Modelling of outer race/ Inner race localized fault.

The major aspect of modelling the localized faults of rolling element bearing in this study

is to test and verify the fault severity mathematically and experimentally for both the
raceways. Unlike some of the previous models [4-10], which only obtained the vibration

response for diagnosis of defect in a bearing for a single dimension of defect, this model

obtains the vibration response of rolling element bearing with defect for three different

dimensions of faults for both the raceway. The main purpose of obtaining the vibration

spectra for three different dimensions of faults upon the raceway, is to understand and
realized the change in vibration level of the bearing structure due to the severity of the
fault.

The local fault on the surface of inner and outer races, is defined by the depth C, over an

angular distance of (A¢y) and it is mo
loss at a defined angular position (¢4). The switch function f; is

delled using the fault switch function ; , so as to

simulate the contact

defined as

(1 ¢a<¢j<¢a+A¢d
Bj - {0, otherwise

The defect depth C,4 plays an important role for assessment of fault severity. Three

different values of Cy isusedd

to evaluate the fault severity. Figure 3.2 show

uring simulation for both inner race and outer race, in order

s the fault geometry of outer race defect.

The defect on outer race normally occurs in load zone and the outer race spall is fixed

between the location ¢g & $a + Ady -
The i race spall rotates at the same speed of the rotor, since the rotor shaft is fixed to
inner
the i ce.ie g = wst + $ao - Where dao is the initial starting location of the
e inner race, 1. =

spall.
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L

Figure 3.2 Outer race defect geometry

3.2.5 Modelling of ball fault.

A spall is considered on on¢ of the rolling elements (rolling element K), which rotates at

the speed as that of rolling elem

termed as ball spin frequency i.€ Wspin>

2
Wspin = ﬁ’z-i-g%(l - (%icosa) ) (3.18)

) is defined as

ent. The rotational frequency of the rolling element is

which is defined as

The position of the spall (®s
¢s = wspint + Pao (3.19)

where, ¢, is the initial position of the spall.

The position of spall is dependent upon the speed of the rolling element; thus, it is a

function of shaft speed. Thereby,
e and different from the fault

rolling element faults share similar characteristics with

faults on inner rac s on the outer race due to its fixed location.
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Contact loss between the rolling element and raceway is detected only for the faulty rolling
clement K and this happens twice for each complete rotation of the rolling element i.e first
when it is in touch with inner race and second, when it is touch with outer race.
Due to the difference in curvature between the two races, the switch values and periods of

switching on (Agy) will not be same for both races. The inner race will make deep and

long contact compared to that of outer race. Instea
unction fj is defined in such a way to show the variation as

d of defining two different spall

geometries, the fault switch {

sensed by two races. 8 is given by

O if0<¢s <Bbao j#k
1 e o+ Adg) j = k (3.20)
Bi =< catcq  if PE<®Ps < (pi + Adai) J .
Car—Cai otherwise
0

on of the switch values is described in Figure3. It is divided into two cases.

contact between the spalled rolling element and inner race.

The derivati

First case describes about the
For this case, the total loss of contact occurs asa result of creating a slot of width 2x, which

is the summation of two values. The maximum depth the inner race will reach the slot

region is as described in equation (3.21). Tt
ontact position- moving downward.

his equation represents the movement of the
inner race from its original ¢

The second is the maximum contact 10ss in the rolling element contact as a result of the

spall given in equation (3.22) (Car represents slot created upon the rolling element- moving

upwards).

s the contact of rolling element with outer race. In this case, the

difference between the rolling element movement

ns (3.22) & (3.24).

Now, second case describe

net change in the contact (Ca) i the

(C4y) and outer race movement (Cgo) s shown in equatio

ement is that outer race moves downwards and so does the ball,

The reason for this mov
et change in the contact between the original and

which comprises the meaning that the n

an be obtained by subtracting two changes.

the new contact position ¢
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e
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A(ide(rad) = - 3
= (3.25)
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3.3. Rotor-bearing experimental setup.

The experimentation is performed upon the bearing to test its fault severity by using the
dedicated experimental setup. The schematic of setup is as shown in Figure 3.4 and picture

representation of setup is shown in Figure 3.5. The setup consists of synchronous 3-phase
servo AC motor. Experimentations are carried upon both defective and healthy bearing.

The bearing of given specifications as shown in Table3.1 is used for experimental analysis.

The defects of three different sizes as mentioned in Table3.2 are introduced upon the
surface of outer race and inner race using electric discharge machining (EDM) technique.
While, a single point notch is created as a defect upon one of the balls of bearing by using

same EDM method. The photographs of sample defects upon the inner race, outer race and

ball are shown in Figure 3.6.

DAQ
X
Computer
Power supply
Accelerometer
. Bearing Loader /AE Sensor Test Bearing
Healthy Bearing N\
/ Ll Tachometer

=

N \‘r[;
3-Phase Motor

*’XLLJJ 1

e ————

on of bearing test rig.

Figure 3.4 Schematic representati
y the defective bearing, tri-axial accelerometer

tion response generated b
accelerometer 8076K) with sensitivity of 102.0 mv/g is placed

defective bearing. The vibration data is recorded using 8

To obtain the vibra

(model: industrial ICP
pon the housing of
i-analyzer. The target of
processing the vibration signal. Table 3.3 shows the calculated

vertically u
channel OROS mult

characteristic frequency bY

the experimental analysis is to obtain the fault
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fundamental defect frequencies of components of bearing used in experiment. The radial
load of SON is applied in vertical direction. Here the constant rotational frequency of 25 Hz

is used for performing experimental analysis.

T T

Fig 3.5 Bearing Test Rio 1. Defective Bearing 2. Accelerometer 3. Loader 4. Healthy
igure 3.5 Bes § gl

Bearing.

| e QR b o)

f defects (a) Inner race (b) Outer race (c) Ball

Figure 3.6 Photographs ©
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Table 3.1 Rolling Element Bearing Specification.

L Bearing No ETN 9 1204 j
Number of balls N 12
Pitch Diameter (PD) 34.44 mm
Ball Diameter (BD) 7.12 mm
Contact angle (a) oY
Mass of inner race and shaft(n) 1.507 Kg
Mass of outer race and housing(/m.) 1.043 Kg
Mass of unit resonator(/ir) 1 Kg
Stiffness of outer race (Ko) 3.13x10° N/m
Stiftness of inner race (Ki) 1.47x10° N/m
Stiffness of unit resonator (Kr) 8.88x10” N/m
Contact stiffness (K») 7.06x10% N/m
Damping of Outer race (Co) 2210.7 Ns/m
Damping of inner race (&) 1376.8 Ns/m
Damping of unit resonator (C» 9424.8 Ns/m

3.4. Numerical simulation and Experimentation results.

The developed model is used to simulate the vibration response of the rolling element
inner race and rolling element fault, to test and verify

f the shaft is set to wg = 25 rad/s>. The

bearing for the localized outer race,

the fault severity. The rotational frequency ©

vibration signals are processed for frequency and time-frequency domain. Here, the study

is divided into different cases for a

Casel) Outer race and inner race with three di

ccessing the fault severity, which is as follows

fferent fault sizes.

Case2) Rolling Element with single point defect.

It is important to consider these two €ases since the occurrence of faults are inevitable at

this component of rolling element bearing. These faults are related to operational wear of

rolling element bearing and becomes severe with due course of time. Therefore, to study

the effect of fault severity upon the vibration response of rotor-bearing system, it is divided
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e 4
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into two cases. The three dimensions of fault as mentioned are used for understanding the
vibration response of the bearing structure due to the change in fault sizes upon the surface

of outer race and inner race, to determine and understand the concept of severity of the

fault in rotor dynamic system. The vibration response due to the different fault sizes is

evaluated for both simulation and experimentation for different cases.

The key indicator of the presence of the fault in the frequency domain is the characteristic

defect frequencies. The characteristic defect frequencies depend upon the rotational

frequency of the shaft and the location of the defect in the bearing [5]. The expressions for

the characteristics defect frequencies for various defects of the bearing is given in equation

(3.27). where Dy is the ball diameter, Dj is the pitch diameter, f; is the shaft’s rotational

frequency. Table 4 shows the good co-relation between the calculated and identified fault
frequencies along with amplitude for the analyzed bearing at constant rotational speed

which was observed experimentally.

Ball Pass Frequency Outer Raceway

3.27(a)
_ [sxNp _ Dy )
fopro = =5 (1 op €S
Ball Pass Frequency Inner Raceway

- 3.27(b)

_ JsxXNp Dy )

fopri = —2—(1 + >, cosa
Ball Spin Frequency

3.27(c)

Dp

2
= _f —= —_— Sa)
fbsf stDb 1 (Dp co

g conventionally, frequency-based techniques are used to

faults in a bearin . :
To detect the quency-based techniques are not suitable for the

aring faults. However, fre

ary signals that are relate
frequency domain techniques such as short-time

diagnose the be d to the bearing fault. Non-stationary

analysis of non-station

signals can be analyzed by using time-

rm, the wavelet transform
) techniques, WT is the popular time-frequency techniques due to
ec s

(WT) and the Hilbert-haung transform. Among
fourier transfo

different time-frequency

h d multi resolution solution than the short time fourier transform. WT is
the flexible and multi
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classified as the continuous WT(CWT), the discrete WT(DWT) and wavelet packet
analysis.

In this study of bearing fault diagnostic, C WT transform is used. CWT based classification
of the fault is best suited for noisy data occurring from the defective bearing. The small

ation response produced by the defective bearing in a high-frequency

amplitudes of vibr
elet analysis. Sym 12 wavelet is chosen to be the best

band is to be known prior to the wav

mother wavelet to perform the CWT analysis.

Table 3.2 Bearing Fault Sizes.

Fault size(mm) Location Name of fault
(Laetecr* W aeteer X Duefect)
1.0x0.5x0.3 Outer race ORI
1.0x0.5%0.3 Inner race IR1
1.0x0.75%0.5 Outer race OR2
1.0x0.75x%0.5 Inner race IR2
1.0x1.0%0.75 Outer race OR3
1.0x1.0x0.75 Inner race IR3
0.5%x0.5%0.5 Ball Ball fault
Table 3.3 Calculated defect frequencies of bearing components at 1500 RPM

Rotational Frequency(f) 25 Hz

Outer race defect 118.9 Hz

frequency (forso)

Inner race defect 181 Hz

frequency (forr)

Ball spin frequency (fos?) 57.438 Hz

3.4.1 Healthy bearing analysis

Rolling element bearing components
tion. A healthy bearin

generates vibration response signal due to the change

in speed of the shaft rota g with well lubrication and properly installed
0
73



Dynamic Modelling of Rolling Element Bearing

also generates vibrations due to the time-varying distribution of balls relative to the inner

and outer races. Figure 3.7 shows the time domain signal for both simulated and

experimental vibration response. Figure 3.8 shows the FFT spectrum fit both simiglated

and experimental vibration response. From Figure 3.8, it clearly reflects that there is a

dominant peak at shaft frequency 25 Hz.

The CWT plot for both simulated and experimental response of healthy bearing is shown

in Fieure 3.9. The time interval T=0.038300 sec at simulated CWT and T= 0.041600 sec

at experimental CWT, between two consecutive amplitudes indicates the high frequency

excitation.

e

Amplitude m's?

o 1
-20 - -
a1 oz 03

(b)

ulated time domain plot of healthy bearing

Figure 3.7 (a) SIm ‘
g ¢ domain plot of he

i lthy bearing.
(b) Experimenta] tim althy g
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Figure 3.8 (a) Simulated FFT of Healthy Bearing.
pcrimcntal FFT of Healthy Bearing.

(b) Ex

rotational frequency of 25 Hz. The CWT pl
) plot

“T* corresponds to shaft’s

The time interval
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a

Il amplitudes of vibrati
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radial Joad. This smal
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application of the | amplltude of vibration indicates that there i
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presence of fault in bearing:
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Figure 3.9 (a) Simulated Time-Frequency Plot (CWT) of Healthy Bearing.
Plot (CWT) of Healthy Bearing.

(b) Experimental Time-Frequency

3.4.2 Outer race fault analysis |
signals for both simulated and experimental response

Figure 3.10 shows the time domain

signals
. The time domain _ _
of outer race defect. It on the surface of outer race, while passing through
u

are highly impulsive in nature due to the

. o . - ‘a
interaction of each rollet with the |

hi ults into dominant characteristic outer race defect frequency. The
the loading zone. This 18

d in time domain signal due to the presence of
erve

i are obs
high frequency components are 0
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defect. There is a good agreement between the simulated and experimental time domain

pek T g w ¥ PERTS el =3 =1 H &
signal in terms of pattern and scales. Here ime domain signal for OR3 is presented. Time

domain signal does not provide the information about the defect frequency, since it is

completely masked by noise. FFT and time -frequency technique CWT is performed upon

both the simulated and experimental vibration response, for potential diagnosis of outer

race fault and its severity.

T
E
L5}
=
2
=
£
<
15 (o
Abrupt change in time
-20 domain plot shows the
5 — 3 04 05 o o7 08 09 1 presence of localized fault
01 @ Time compared to the time
domain plot of Healthy
(a) bearing.
- - T T

(b)

i -ace defect- OR3.
Fi 3.10 (a) gimulated time domatn plot for outer 1
10 (a
o domain plot for outer race defect -OR3.
me

(b) Experimental tit
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Figure 3 ' ” T P &

aure 3.11 shows the FFT tor simulated and experimental vibration response, for different
act of the fault severity upon the level of amplitude in the
y shows the dominant pcnk of amplilude at outer race defect

defect size :
efect sizes, to understand 1mp

frequenc
L_\ ‘/flln'u .
de also increases LOHprOIIdlnL to the

amplitu

[his indicates the presence of fault and provide the significant

amplitude level. CWT analysis of both

[l 5 . & .
1¢ size of the fault increascs, the level of

outer race defect frequency. |
due to the change in

analysis of fault severity
1 in Figure3.12. CWT clearly indicates the

al response 18 showi
he defect. CWT combines tl

; and provide more information upon

frequency domain features

simulated and experiment
1e advantages of the time-scale and

intensity and frequency of't
the defect feature.
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Figure 3.12 Simulated and Expcrimcnlal CWT of outer race defect (a) ORI (b) OR2 (¢)
_ 2 (c

OR3.

From the CWT plot, the existence of the high-frequency components is observed will
: cd wilh

This clear
“simulated CWTand T1=
ic outer race defect frequency of 118.1 Hz. From the CWT

repetitive oceurrence. ly indicates the presence of the fault. The time interval
[1=T2=T3=0.084scc of T2=T3=0.0085 sec of experimental CWT

corresponds to the characterist

analysis, it is observed, that the distance of time interval increases as the defect si
Size

cates the severity of fault of outer race.

increases. This clearly indi

3.4.3 Inner race fault analysis
an inner race fault was also introduced for three different

Similar to the fault of outer race.

defect sizes as that of outer race: The defect on the inner race will rotate along with the
rotation of shaft’s speed 2
e high when the defe

n the loading zone. Ho
miss the defect and this results into shifting of faulty

nd will pass through the loading zone each cycle. Vibration

ct present upon the surface of inner race interacts with

response will b
wever, when defect will be on the top position

its mating component i

of inner race, the rolling clements will

pands. Thereby, det
re 3.13 shows the tim
o Here also, time domain signal for IR3 is presented

ecting the fault in case of inner race is challenging

frequency into lower
e domain vibration response for both

task than a fixed race. Figu
simulated and cxpel‘imental respons
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Figure 3.13 (a) Simulated and

s quite obvious, that there 1s a similarity between simulated and experimental 1
. - al response
in terms of’ i A AT - -
erms of impact pattern. Here large impacts are observed when inner race goes th I
goes through
the load zone. The FFT 7 i }
one. The FFT spectrum shown at Figure 3.14 indic 16
‘ S 14 indicates a shaft fre
g E quency peak at
25 Hz. The characteristic frequency ol Inner race defect(fapn) is 181 Hz and its s d
. s secon
har - il A ‘ ¢ . B .
armonic (2 fipn) is 362 Hz, which is clearly observed in FFT spectrum. The CWT plots of
. - 50
inner race defect for all defect sizes are shown in Figure 3.15, reveals the existen r
, § stence o

onents which indicates the presence of the fault on inner
-

repetitive high-frequency comp
ated and experimental results of vibration response

race. The spectrum of both simul
load zone. The patterns of frequency components in

appears only when the inner race is in

defect sizes for both simul
d cwt and T1=T2=T3=0.0056 sec of

CWT plots varies for all ated and experimental results. The time
T1=T2=T3=0.0055s¢cC of simulate

intervals
ristic inner race defect frequency of 181.1 Hz

responds to the characte

experimental cwt cor
esence of inner race fault and provides the strong
=]

IUis clear that cwt technique detects the pr

ermining fault severity.

approach of det

(b)

(b) Experimental time domain plot of inner race defect -IR3
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Table 3.4 Comparison of’ amplitude level and characteristic defect frequencies.

Name of fault Simulated Results Experimental Results
ORI | (BPFO)=119Hz (BPFOY1= 118.75 Hz
Amplitude= 0.679m/s Amplitude= 0.1555 m/s*
orR2 (BPFO)»= 118.6 Hz (BPFO):= 118.75 Hz
Amplitude= 0.7844 m/s’ Amplitude= 0.1638 m/s*
OR3 (BPFO):= 1 18.1 Hz (BPFO);=118.75 Hz
Amplitude= 0.8029 m/s’ Amplitude= 0.1468m/s"
wr ”{_W (BPFI)= 180 Hz
Amplitude= 0.6486 m/s’ Amplitude= 0.02206 m/s”
IR2 (BPFI):= 181.64 Hz (BPFI):= 180 Hz
Amplitude= 0.703 m/s’ Amplitude= 0.03381 m/s’
IR3 (BPFI);= 180.5 Hz (BPFI);= 180 Hz
Amplitude= 0.83029 m/s> Amplitude= 0.1033 m/s*
Bal (BSF)= 58.59 Hz (BSF)=57.5 Hz
Amplitude= 0.7074m/s’ Amplitude= 0.727 m/s’

3.4.4 Rolling-Element Fault analysis
bration response caused by the faulty rolling element, a notch

In order to understand the Vi
fault was created upon one of the rolling elements by using electric spark erosion technique.
signal for both the simulated and experimental response.

Figure 3.16 shows time domain
ace defect and outer race defect, the rolling element

err

Unlike time domain signals of inn
nances. The characteristic defect frequency of the

defect shows more excitation of reso
(frsr ) 57.438 Hz and its
17, for both sim

second harmonic is very well observed in a FFT

rolling element
ulated and experimental result. The FFT results

spectrum shown in Figure 3.
eement with both simulated and experimental response, however,

are in very well agr
ss damped. The CWT plot of the ball

. ) . . definite and le
simulation gigna] |mpulSes are more definite a
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detect for : - -
efect for both simulated and experimental results are shown in Figure 3.18. Time interval

between successive amplitudes in the band of high - frequency determines the presence of
ball defect. The time interval T=0.01800 scc of simulated CWT and T=0.001800 scc of
experimental CWT corresponds 10 the ball defect frequency. Both the time intervals of
agreement to each other. This indicates that

simulated and experimental CWT are in well

s the presence of ball fault.

CWT technique clearly determine

Amplitude(ms’)
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(b)

Figure 3.16 (a) gimulated and (P) Experimental time domain plot of ball defect.
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Figure 3.18 (a) gimulated and (b) Experimental CWT plot of Ball Defect

3.5. Conclusion
A non-line . s H . .

n-lincar dynamic model 18 established using six-degrees of freedom to obtain th

-

e locali;f.cd defect. sed for simulating

ture due to the diffe

relevant in understanding the fault

vibration response duc to th The dynamic model is u
e of bearing struc rent si‘zcs of defects at constant
The model is highly
¢ defect of rolling ¢l

mentation for different fault conditions.

y analyzed using CWT. The

the vibrati
1¢ vibration !'CS]')OHS

rotational speed of the shaft.
e and inner rac ement bearing upon the rotor
dated with experi
entation are mainl
roviding the time inte

very well observed that the

severity due to outer rac
bearing system. The model is vali
on and experim
s the fault by P

The res d i i
e results of the simulati
rval between

CWT technique potcntially detect
esponding 1o fau
ent with experim
e help of results. Thi
g element bearing. How

It frequency- It is

entation results and fault severity of

consec . .
1secutive amplitudes corr
in well agreem
ealized with th

ity of the rollin

simulate
ed results are
s chapter mainly provides

the rolli ing |
e rolling element bearing i1sT
ever, further

d the fault sever
standing the

the i
¢ basis to understan
search is requm:d for under fault severity of rolling element upon rotor

dynamic system.
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,

[l i\; l N
s difficult w« [
} ol » &Y A 1
] understand the interaction between load, speed and defect s i
- ‘ | ; ofect severity witl
p ol tech - presented i 1 |
| nique presented 1n this chapter. Hence chapter 4 throws ligl
interaciion effeet of 1ight upon
action effect of these three essential paramelters.
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