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Abstract. Defects on the surface of rolling bearing elemerts some of the most frequent
causes of malfunctions and breakages of rotatinchinas. Defect detection in rolling bearings
via techniques that examine changes in measuredlsga very important topic of research due
to increasing demands for quality and reliabilitty. this paper, incipient defect identification

method based on adaptive lifting scheme packerapgsed. Adaptive lifting scheme packet
operators which adapt to the signal characterstec constructed. The shock pulse value in
defect sensitive frequency band is used as thediefdicator to identify the defect location and

severity of rolling bearing. The proposed defeeniification method is applied to analyze the
experimental signal from rolling bearing with ingpt inner raceway defect. The result
confirms that the proposed method is accurate abdst in rolling bearing incipient defect

identification.

Keywords: rolling bearing, incipient defect identificatioadaptive lifting scheme packet, shock
pulse value.

Introduction

Rolling bearings are one of the most important &erduently encountered components in
rotating machines. Rolling bearing defect can lu@ed by several factors, such as incorrect
design or installation, acid corrosion, poor lubtion and plastic deformation. Defect occurring
in rolling bearing must be detected as early asiptesto avoid fatal breakdown of machine that
may lead to loss of production and human casudlties

When a defect forms in a rolling bearing, the pdiddmpulsive feature of the mechanical
signal appears in time domain, and the correspgntbearing fault characteristic frequencies
emerge in frequency domain [2]. The difficulty imet detection of incipient defect in rolling
bearing lies in the fact that the signature of tedése rolling bearing is spread across a wide
frequency band and hence can be easily maskedig. no

A lot of studies have been carried out recentlygén new methods for bearing defect
diagnosis [3-7], such as local mean decomposit8jnavelet transform [9-12] and Hilbert-
Huang transform [13, 14]. These methods have prdkett effectiveness for rolling bearing
defects.

Bearing condition monitoring via machine vibratios the commonly used method for
assessing the condition of a bearing [3, 15]. H®xew the early stage of rolling bearing defect,
the bearing fault characteristic frequencies conery little energy and are often overwhelmed
by noise and higher-level macro-structural vibnagioand an effective signal processing method
would be necessary to remove such corrupting riniseference [2, 16].

Shock pulse method (SPM) has been extensively fwemlling bearing diagnostics as a
guantitative method [2, 6, 17]. SPM is based on fw that a rolling bearing local defect
generates vibration that will excite structuralamsnce, and an increase in vibration energy at
this element’s fault characteristic frequency maycuw, so it is ideal under conditions of
background noise [18-20].

Since there may exist several structural resonanites difficult to ascertain which
resonance frequency band is sensitive to rollingrihg defect using SPM. Wavelet transform
has emerged recently as a powerful mathematicdl faoo capturing change of structural
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characteristic induced by defect [9-12]. At presdénis usual to choose an appropriate wavelet
function from a library of previously designed witefunctions, even one wavelet function is
selected, and it is not always the best wavelettfon to match a defect feature in a rolling
bearing. Therefore it is needed to develop a nevelea method [21].

Lifting scheme is a spatial domain constructionbddrthogonal wavelets developed by
Sweldens [22]. It abandons the Fourier transforndessgn tool for wavelets, and wavelets are
no longer defined as translates and dilates of fore®l function. Compared with classical
wavelet transform, lifting scheme possesses sewsaintages, e.g. possibility of adaptive
design, in-place calculations and integer-to-integeavelet transforms. Lifting scheme provides
a great deal of flexibility, it can be designed@ding to the properties of the given signal, and
it ensures that the transform is invertible.

In this paper, a novel rolling bearing incipienfet® identification method based on adaptive
lifting scheme packet is developed, and it effedfivreveals the incipient defect location and
severity of rolling bearing elements. The rest bistpaper is organized as follows. The
construction of adaptive lifting scheme packet respnted in Section 2. Rolling bearing
incipient defect identification method is discussedsection 3. The experimental validation is
presented in Section 4. Finally, conclusions avemin Section 5.

2. Adaptivelifting scheme packet
2. 1 Adaptivelifting scheme packet construction

In this paper, an adaptive lifting scheme packetetdaon lifting scheme is designed as
following:
(1) The original signalX is divided into two subsetX, and X, as even and odd subsets,

respectively.
(2) The different frequency band decomposition aligt scald are calculated as below:

Xi1= X p = S(X(pe) 1)
Xi2=Xi e +G(X ) (2)
Xi2-n= Xepaio ™ X Ly ) ®3)
X2 =Xy tGX 45 y) (4)

where Sand G are the adaptive lifting scheme packet operators.

(3) Lifting scheme increases the flexibility to edt the features of a given signal. We adopt
Claypoole’s optimization algorithm [22] to desidretoperatorsS and G, and make them adapt
to the dominating signal characteristic at the esponding decomposition scale.

The design of adaptive lifting scheme packet opesabased on the signal characteristic is
accomplished by the following procedures.

N points lifting scheme packet operatdiis designed to suppress polynomial components
up to orderM , andM < N . The remainingN —M degrees of freedom are used to match the

given signal.S is calculated as below:
S=[s,.s T (5)
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Construct aM x N matrix W , its element is:
. i-1
[W]i,j =[2J_N_1] ©)

wherei =1,2,..M and j=12,...N.
It is required that:

Ws=[1,0,0,... ¢ @)
The vector of calculation difference can be expressed as follows:
€= Xo - Sxe (8)

The goal is to obtain the operatBrcoefficients that minimize the calculation diffaoes,
namely:

. 2
min[| X, - SX,| 9)
We solve (7) and (9), and the operaf®that locks on to the dominant structure of a digha

the corresponding decomposition scale is obtained.
N points lifting scheme packet opera@ris designed by the following procedures, where

N<N:

G=|:gl,gz,...,gﬂ]T (10)

Given Q:{q,ls K<2N+ 2N - 6} , Q is calculated as follows:

N ~
1-380 mar 1= N+N)/2
Q.= N " _ (11)
2 S0 l= N+N )/
m=1
Q2|+N—2 =0, =1 2;---N (12)
Q2| =0, other (13)

A Nx (2N + 2N — 3) matrix W is constructed, and its element is calculatedésws:
(W] =n (14)
mn

wheren=-N-N+2,-N-N+3,..N+N-3 N+N-2, m=0,1,...N - 1.
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G is calculated by the following expression:
WQ =[0,0,0,...,0] (15)

Since Q contains the coefficients &, the operatoG also adapts to the dominant signal
characteristic at the corresponding scale.

(4) Each frequency band decomposition sigial at scalel is reconstructed, where
i=1,2,--,2, and other frequency band decomposition signassat to zero. The different
frequency band reconstruction signals are calodilasebelow:

x(|-1),2-1e =X 3 _G(X| (- 1)) (16)
x(|-1),2-1o =X @t S(X (-1),*[1e) (17)
x(l—l),:le =X ,2_G(x| ,1) (18)
Xiyw =X+ S(XQ—l),:E) (19)

2. 2 Defect sensitive frequency band selection

With wavelet packet method, the vibration signah d@ decomposed into a series of
different frequency bands. When there exist rollbearing defect, the vibration energy will
increase in a sensitive frequency band [10]. Iltinportant to select the defect sensitive
frequency band for rolling bearing defect identfion.

In this paper, the rolling bearing vibration signal decomposed using adaptive lifting
scheme packet in section 3.1. The normalized vidmmaénergy at each frequency band is
denoted as below:

2
Ed; =>(d,0)’ /Z(Z(d.,j )y (20)

where Ed|,j is the vibration energy in th¢—th frequency band signal at scaleand d ;@) is

the i —th coefficient in the j—th frequency band signal at scdle The frequency band, in

which the maximum vibration energy occurs, is sel@as the rolling bearing defect sensitive
frequency band.

3. Incipient defect identification method for rolling bearing
3. 1 Calculation of fault characteristic frequencies

Rolling bearing fault characteristic frequenciesn cée calculated from kinematic
considerations, i.e., the structure and dimensioinshe bearing. The inner raceway, outer

raceway and rolling element fault characteristagfrencies of rolling bearing are given by the
following expressions [8].
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f :%(H—comjz (21)
f
f, = E(l__ co&zj z (22)
f, = E f (1— (1)2 co¢ aj (23)
d E
where
f rotor rotating frequency;
f; inner raceway fault characteristic frequgnc
f, outer raceway fault characteristic frequency
f, rolling element fault characteristic frequgn
E pitch diameter;
d rolling element diameter;
z number of rolling elements;
a rolling element contact angle.

3. 2 Shock pulse method

With a defect on a particular bearing element agimner raceway, outer raceway or rolling
element, the vibration energy will increase atfdndt characteristic frequency. SPM is a useful
method to detect the health of a rolling bearinBMSconsists of two procedures: vibration
signal Hilbert transform demodulation and shockspwalue calculation. The vibration signal
envelope spectrum is calculated by Hilbert tramsfdemodulation, and the shock pulse value of
envelope spectrum is calculated to indicate thdtthed rolling bearing health. SPM is carried
on as below [23].

(1) Vibration signal Hilbert transform demodulation

For a vibration signaK(t) , Hilbert transform is defined as follows:

y(t) = f X(r) L (24)

Construct an analytic signalt) :

z(t) = x(t) +iy(t) = a(t)e”V (25)
where:

a(t) = x(1)* + y(t)* (26)
o(t) = arctan—= yg ; (27)
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a(t) is the envelope of signal(t). The envelope spectrum is calculated frext) , which

contains the rolling bearing fault characteristeqguencies.
(2) Shock pulse value calculation.
Shock pulse value is calculated with the followagpression:

2000 SV

N x D%¢

dB, = 20lo (28)

where dB, is the shock pulse value of calculatioN, is the rotating speed) is the inner

diameter of rolling bearingdV is the vibration value at rolling bearing faultachcteristic
frequency.

The shock pulse value gives an indication of thatheof rolling bearings by the threshold as
follows:

dB, < 20 dB healthy state
20 dB<dB, < 35dB incipient defec (29)
dB, > 35dB serious defeqt

3. 3 The proposed method for incipient defect identification

The procedures of incipient defect identificatioa proposed as below:

(1) Vibration signal decomposition and reconstruction.

Rolling bearing vibration signal is decomposed watlaptive lifting packet in section 2.1.
Each frequency band decomposition signal is recoctstd by setting other frequency band
signals to zero, and obtain reconstruction signal.

(2) Defect sensitive frequency band selection.

The vibration energy of each frequency band decaitipa signal is calculated with (20).
The frequency band in which the maximum vibratiolergy occurs at scaleis selected as the
rolling bearing defect sensitive frequency band.

(3) Reconstruction signal demodulation.

Defect sensitive frequency band decomposition $igndemodulated with Hilbert transform,
and its envelope spectrum is calculated.

(4) Defect identification.

The shock pulse values of envelope spectrum indéfect sensitive frequency band are
calculated with (28). The shock pulse values cpading to rolling bearing fault characteristic
frequencies are extracted, and they are used asdivators to identify the defect location and
severity of rolling bearing with (29).

The procedures of rolling bearing incipient defdentification are shown in Fig. 1.

4. Experimental signal validation

Rolling bearing is a key component of rotating maely, and it is very important to detect
the incipient defect in the early stage for safetythis section, the experimental and engineering
vibration signals of rolling bearing will be used verify the effectiveness of the proposed
method.

A rolling bearing experimental setup is shown ig.FR2, which consists of a rotating shaft
driven by AC motor. The rolling bearing with inogeit inner raceway defect was mounted at the
shaft end.
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Vibration Signal X

X Decomposition Using Adaptive
Lifting Scheme Packet

Obtain Frequency Band Reconstruction Signals X 5, X| 5,...,X
v

Calculate Vibration Energy of X 1, X| 2,---,X, 5 and Select The
Defect Sensitive Frequency Band

v

Calculate Rolling Bearing Fault Characteristic Frequencies of Inner
Raceway, Outer Raceway and Rolling Element

v

Calculate Shock Pulse Value at Fault Characteristic
Frequencies of Defect Sensitive Frequency Band

v

‘ldemify The Condition of Rolling Bearing ‘
Fig. 1. Incipient defect identification procedures forliraj bearing

12

incipient inner
raceway defect

Fig. 2. Rolling bearing experimental setup
The rolling bearing parameters are listed in Tdble

Tablel. Rolling bearing geometric parameters

Type Inner diametef ~ Outer diameter E d Z a

552732QT 290 mm 160 mm 225 mm 34 mlln 17 °p

An accelerometer is attached to the rolling beatingick up the signals. The rotating speed

was 515 r/min and the sampling frequency was 1Bi8. Based on the geometric parameters
and the rotating speed of the rolling bearing,féhdt characteristic frequencies of inner raceway,

outer raceway and rolling element are calculatetth $21)-(23), which are 83.9 Hz, 61.9 Hz,
55.5 Hz, respectively.

The experimental rolling bearing vibration signalpirovided in Fig. 3. The vibration signal

is complex and rolling bearing impulse defect feastare buried in the background noise.

The FFT spectrum of the experimental rolling begsiibration signal is shown in Fig. 4. We

hardly find useful rolling bearing defect informti from the spectrum.

Using SPM in section 3.2, the shock pulse valuesesponding to faulcharacteristic
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frequencies of inner raceway, outer raceway, aflthgoelement are calculated: 19.3 dB, 12.9
dB, and 0.8 dB, respectively. None of them is grettian 20 dB. The identification results are
given in Fig. 5. The rolling bearing incipient inrmaceway defect is not identified using SPM.

N

o

o
T

-200 - b

Amplitude (m/?)

Il
0 0.1 0.2 0.3 0.4 0.5 0.6

Time (s
Fig. 3. Experimental rolling bearing vibration signal
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Fig. 4. Spectrum of experimental rolling bearing vibrat&gnal
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sl

o

o} 20 40 60 80 100 120
fy % fo fi
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Fig. 5. Identification results using SPM for the experita¢molling bearing

The experimental rolling bearing vibration signaldecomposed into 3 scales with wavelet
packet. The reconstruction signals at scale 3 didie dsp, O3z, a4, dzs, dze, da; and dsg,
respectively, which are shown in Fig. 6, and wencaffind any useful defect information.

The vibration energy at scale Bd,,, Ed,,, Ed,,, Ed,,, Ed,;, Ed,,, Ed,, and Ed,, are
calculated with (20), and the results are showRi@ 7. The maximum vibration enerdsyd,,
occurs in the6- th frequency band, and th&-th frequency band is selected as the rolling
bearing defect sensitive frequency band.

The shock pulse values corresponding to inner ragewuter raceway, and rolling element
fault characteristic frequencies @t th are calculated, and which are equal to 17.7 dB! dB,
and 11.5 dB, respectively. The identification résulsing wavelet packet are shown in Fig. 8.
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No shock pulse value is greater than 20 dB, andirbiient inner raceway defect is not
identified using wavelet packet.

Using adaptive lifting scheme packet, the vibratsignal is decomposed into 3 scales. The
reconstruction signals at scale 3 dgg ds,, di3, d34, d3s, dze, d37 anddsg, respectively, which are
shown in Fig. 9. There are no obvious defect festur

d33
=)

Amplitude (m/? )
d3a
bisons

0.1 0.2 0.3 0.4 0.5 0.6
- . . . . . .
5 0
-50 L L L L L L
0.1 0.2 0.3 0.4 0.5 0.6
100F ; . ; . ; ;
§ 0
-100(° L L L L L L
0.1 0.2 0.3 0.4 0.5 0.6
% . ; . . . .
8 s
b L L L L L L
0.1 0.2 0.3 0.4 0.5 0.6
sof . . . . . .
8 o
-50} L L L I I L
0.1 0.2 0.3 0.4 0.5 0.6
Time (s

Fig. 6. Reconstruction signals using wavelet packet

0.8r- b

Frequency band number

Fig. 7. The frequency band vibration energy at scale Bgusiavelet packet

The vibration energy at scale B&d,,, Ed,,, Ed,,, Ed,,, Ed,,, Ed,,, Ed,, and Ed,, are

calculated with (20), and the results are providedrig. 10. The maximum vibration energy
Ed,, also occurs in thé—th frequency band, and th&- th frequency band is selected as the

rolling bearing defect sensitive frequency band.
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Fig. 8. Identification results using wavelet packet metfardthe experimental rolling bearing
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Fig. 9. Reconstruction signals using adaptive liftingesole packet

Using the proposed method in this paper, the simdke values corresponding to inner
raceway, outer raceway, and rolling element fallaracteristic frequencies @&-th are
calculated, and they are equal to 21.9 dB, 0.7 wif8 B/.9 dB, respectively. The identification
results are presented in Fig. 11. The shock pudsgevcorresponding to inner raceway is greater
than 20 dB and less than 35 dB, which indicatesitiw@pient defect exist in the rolling bearing
inner raceway, and the result coincides with tloe. fa
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Fig. 10. The frequency band vibration energy at scale 3guadaptive lifting scheme packet
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Fig. 11. Identification results using the proposed methadHe experimental rolling bearing

5. Conclusions

In this paper we have proposed an adaptive lifidgeme packet method for identification
of incipient defect in rolling bearing. Firstly, cemposition and reconstruction procedures of
adaptive lifting scheme packet are constructednTtiee defect indicator is set with shock pulse
value corresponding to each fault characteriséiqdency in the defect sensitive frequency band,
and it is used to identify the rolling bearing defseverity.

The proposed method is tested with the analysisxp&rimental signal of rolling bearings.
The result demonstrates that the proposed methddrpes better than SPM and wavelet packet
and accurately identifies the location and sevesftincipient defect. It is obvious that adaptive
lifting scheme packet is an effective wavelet mdtfar rolling bearing defect identification.
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Abstract. Non-stationary acceleration waves in the fluid-saturated inhomogeneous
elastoviscoplastic porous medium are studied using the mathematical theory of discontinuities.
The equations for determining the intensity and the geometry of wave fronts of the fluid-
saturated elastoviscoplastic medium were first derived. It is shown that in the medium under
consideration there are two types of irrotational waves and one equivoluminal wave, that are
equal to the velocities in the homogeneous elastic porous media at every point.
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List of Accepted Symbols

T, — full tension tensor of the porous medium;

m — porosity of the medium;

N — force acting on the fluid, and related to a unit of cross-section area of the porous medium;
L, u— Lame coefficients;

k — yield stress of the material;

n — coefficient of viscosity;

u" — displacement vector of an elastoviscoplastic phase (of the porous medium skeleton);

#® — displacement vector of the fluid;

R, — compressibility modulus of the fluid,;

p,, — coefficient of the dynamic connection of the elastoviscoplastic phase and the fluid;
p,, p, — densities of the phases;

Pu» P, — effective densities of the phases;
() _

i

u displacement components of the phases of the medium (« =1,2) ;

v’ — velocity components of the phase displacements of the medium;

v, — components of the unit vector of the normal to wave surface Z ®);

Q) — average curvature of the wave surface;

K — Gaussian curvature of the wave surface;

x, , — derivatives of Cartesian coordinates X, by the curvilinear coordinates;

g — coefficients of the first quadratic form;

b,, — coefficients of the second quadratic form;

W =+ ww — wave intensity.
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