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Abstract
The quantitative evaluation of bearing damage size is of great significance for accurately
predicting the remaining useful life of bearing. Existing studies have shown that rolling
elements will produce corresponding vibration features when they enter and leave localized
defects, and these features are the premise of accurately estimating the defect size. This paper
presents an accurate quantitative estimation method of bearing localized defect size based on
vibration instantaneous energy analysis. The time interval of rolling element entry and exit the
damaged area is determined by analysing the instantaneous energy of fault impulse. The
effectiveness of the proposed method is verified by the experiments of different defect sizes of
the outer race and inner race at various speeds. Besides, the proposed method has higher
accuracy compared with the conventional methods, which provides a new idea for fast and
convenient estimation of the ball bearing localized defect size.

Keywords: rolling bearing, quantitative estimation, defect size, instantaneous energy,
smooth pseudo Wigner–Ville distribution

(Some figures may appear in colour only in the online journal)

1. Introduction

Rolling bearing is one of the most common and core parts
of rotating machinery, which is widely used in aerospace,
railway, construction, steel, paper, textile, mining, and other
industries [1]. Its operation state is related to the safety of
the whole machine. With recent advances in technology,

∗
Authors to whom any correspondence should be addressed.

numerous works of rolling bearings are becoming mature on
warning of bearing early failure. For example, classical envel-
ope analysis method [2], various wavelet analysis methods
[3, 4], blind deconvolution methods [5–7], signal decomposi-
tion methods [8–10], machine learning methods [11, 12] and
so on. However, the complete condition monitoring and health
management system of the rolling bearing should also include
predicting the damage extension and the remaining useful
life (RUL) of the bearing. In recent years, although some
researches on bearing RUL prediction have appeared one after
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another [13, 14], most of them are evaluated by trend degrad-
ation indicators. The key to predicting the RUL of bearings
is to quantitatively evaluate the localized damage of bearings
accurately. Therefore, this paper will focus on a simple and
accurate quantitative evaluation method of bearing localized
damage.

Since the 1990s, Epps [15] first proposed to quantitat-
ively evaluate the localized defect of bearings by vibration
characteristics, that is, in the process of rolling elements
passing through the localized damage, they will produce
low-frequency characteristics (entry the defect) and high-
frequency characteristics (impact) in the vibration signal. The
time interval between these two vibration characteristics is
roughly related to the damage size. Based on this theory, many
studies began to focus on this issue. They can be divided more
or less into two categories. One is based on a combination of
multiple signal processing methods. For instance, Sawalhi and
Randall [16] proposed two signal processing strategies for loc-
alized defect size estimation. One is a joint processing method
based on wavelet analysis to enhance entry event and impact
event, and the other is a cepstrum-based method to handle two
events separately. Afterward, Sawalhi et al [17] and Wang
et al [18] had put forward synchronous averaging and cep-
strum editing methods successively. Some signal decompos-
ition methods are also used in this field, such as the method
of combining empirical mode decomposition and approxim-
ate entropy index proposed by Zhao et al [19] extract the
entry and exit event independently and Chen and Kurfess
[20] combined variational modal decomposition and differ-
entiation techniques to form a method for bearing defects
calculation, whose outcomes state clearly that the proposed
method has accurate estimation. In recent years, Howard’s
team has continued to contribute to this field. Petersen et al
[21] illustrated that with the change of defect size, the stiffness
and natural frequency of rigid rolling bearing components
will change. The variation of stiffness causes the parametric
excitation at the damage frequency, which also produces a
low-frequency response at the exit phase. Based on this, cor-
responding estimation methods of bearing localized defects
are proposed by Moazen-Ahmadi et al [22, 23] and Larizza
et al [24]. Recent pieces of literature [25, 26] have begun
to pay attention to the signal monitoring of the bearing nat-
ural spalling size and compared the effects of vibration mon-
itoring, instantaneous angular speed, acoustic emission, and
load monitoring methods, which provides invaluable guiding
information for future research. On the other hand, some stud-
ies estimated the bearing localized defect size based on the
physical-mechanical models. For example, a physical model
independent of the load and stiffness parameters of the bearing
was proposed in [27], which was solved by numerical integ-
ration to calculate the bearing outer race’s localized damage
size. Kogan et al [28] proposed the spalling width expression
based on the analysis of the interaction between the rolling ele-
ment and spalling and then achieved good results [29] in the
experimental verification of localized defects on the outer race.
At the same time, somemethods based on Hertz contact model

and the combination of mechanics and signal processingmeth-
ods have also been reported in [30, 31].

Although these above methods can accurately estimate the
bearing damage size under certain conditions, some signal
processing methods need to be combined with multiple meth-
ods. Too many combinations may make users, especially non-
signal processing professional users, feel complicated and
inconvenient for theirs engineering application software where
the calculation cost also will be very high. Besides, the pro-
posed physical models need to know the inherent parameters
of the bearing in advance such as stiffness, Poisson’s ratio,
modulus of elasticity, and need to calculate maximum load,
contact stress, and so on. In addition, the physical model meth-
ods need complex numerical integral equations. Also, some
estimation methods based on the physical model lack discus-
sion of the inner race localized damage size evaluation. There-
fore, it is necessary to put forward a convenient method to eval-
uate the localized damage size of the inner and outer race so
as to be better applied to realistic engineering problems.

In the process of quantitative calculation of bearing loc-
alized damage, getting the accurate time nodes of entering
and leaving is the premise of exact estimation. In the fault
impulses, these characteristics and the vibration frequencies
go hand in hand. Therefore, the time-frequency distribution
(TFD) methods should be the effective way to solve this prob-
lem. For example, short-time Fourier transform [32], continu-
ous wavelet transforms (CWT) [3, 33], Wigner–Ville distribu-
tion (WVD) [34], and other methods have been widespread
applied in the fault diagnosis’ field. But it is worth noting
that when analysing the fault impulses caused by the local-
ized defect of bearings, the TFD method with high resolu-
tion should be selected. Because the time interval of the ball
passing through the damaged area is very short, it is necessary
to extract the instantaneous time nodes of entering and leaving
exactly to ensure the calculation accuracy of damage size.
Based on this, this paper presents a new quantitative estima-
tion method for ball bearing localized defect based on instant-
aneous energy, which provides a new idea for rapid, simple,
and accurate estimation of bearing localized defect size. The
time nodes of entry and exit phases can be exactly captured
by analysing the variation of instantaneous energy extracted
from smooth pseudo WVD (SPWVD). The major works of
this study are:

• By analyzing the instantaneous energy of the fault impulse,
the time nodes of the entering and leaving phases of the ball
passing through the damaged area are accurately extracted.
Especially when the low-frequency response is easily dis-
turbed by the high-frequency response in the exit phase, the
proposed method can separate them accurately.

• The effects of classical linear TFD (CWT) and quadratic
non-linear TFD (SPWVD) in quantitative defect estima-
tion of bearings are compared. The results indicate that
SPWVD has more advantages in extracting the details of the
low-frequency response. At the same time, the influence of
different center frequencies of complex Morlet wavelet on
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the results is analyzed; the selection of the optimal window
function of SPWVD in quantitative estimation of bearing
damage is also discussed.

In this paper, section 2 describes typical localized defect
vibration characteristics. Section 3 reviews the SPWVD and
the advantages of SPWVDoverWVD are explained. Section 4
introduces the specific steps of the proposed method. Exper-
imental verification and results comparisons are shown in
section 5. The selection of wavelet parameters and the compar-
ison of SPWVD window functions are discussed in section 6.
Section 7 are the conclusions.

2. Description of localized defect vibration
characteristics of bearings

Early evidence [15, 16] indicated that there will be a low-
frequency response (entering) and high-frequency response
(impact) when a ball passes through the defect. Based on
this theory, some methods [17–20, 27, 30] are proposed
to compute the size of bearing localized damage. How-
ever, [21–23, 28, 29] shows that the low-frequency response
also occurs when the roller leaves the damage, as the low-
frequency feature is not easily detected in the time domain
due to their mixing with the high-frequency feature. It can
be explained as three phases. At the entry, with the con-
tacts between the ball and the raceways are gradually sep-
arated, the contact stress will be reduced to zero, result-
ing in the de-stressing at the entry-transient phase. As the
number of rolling elements decreases, the system mode will
be excited in low frequency, resulting in a low-frequency
vibration response. The next phase is the moment during the
ball impacts the defect trailing edge. The collide will excite
huge vibration energy, causing a high-frequency response.
Finally, the ball and the raceways re-contact when it exits the
defect. At this transient phase, the bearing load is restored,
and low-frequency attenuation will occur at this re-stressing
moment.

To visualize this process, figure 1 draws the process of a
ball entering and leaving the localized defect. Figure 2 plots
the vibration response of a ball traversing over the localized
damage with a width of 1.4 mm on the outer race. A, B and
C are the phases of entry, impact, and exit, respectively. From
figure 1, the defect size is l = d1 + d2. Therefore, the key
to accurately calculate the localized defect size is to get the
time interval ∆T between A and C. However, some previous
studies [16–20, 27, 30, 31] have calculated the time interval
between A and B, because the low-frequency (LF) response
and impact high-frequency (HF) response are obvious in the
time domain. In fact, the result is only the dimension of d1,
so it is not accurate to a certain degree. In the time domain,
it is hard to make a distinction to recognize the dividing time
node between the high-frequency vibration response of B and
the low-frequency oscillation of C. Therefore, this paper will
extract these instantaneous moments from the perspective of
the time-frequency domain.

Figure 1. A ball entering and leaving the localized defect.

Figure 2. Vibration response of a ball traversing over the localized
defect with a width of 1.4 mm on the outer race.

3. Review of SPWVD

The idea of TFD is to establish a function that can describe the
energy density distribution of signal using time and frequency
at the same time, and given a method to estimate the sig-
nal energy density distribution. Thus, a joint time-frequency
energy density distribution can be defined as P(t,ω) which
represents the energy density of the signal at time t and fre-
quency ω. Then the total energy of the signal Etotal is:

Etotal =

ˆ +∞ˆ

−∞

P(t,ω)dtdω (1)

P(t,ω) must satisfy the following marginal condition,

|s(t)|2 =

ˆ +∞

−∞
P(t,ω)dω (2)

|S(ω)|2 =

ˆ +∞

−∞
P(t,ω)dt (3)

where |s(t)|2 is the instantaneous energy, |S(ω)|2 is the energy
spectrum.

WVD is a bilinear time-frequency analysis method, which
is defined as the Fourier transform of signal instantaneous cor-
relation function. Because there is no window function, WVD
has high resolution in the analysis of instantaneous frequency
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Figure 3. Vibration response of outer race with localized defect of 1.4 mm.

changing with time. The WVD of continuous nonstationary
random vibration signal s(t) will be written as [35]:

WVDx (t, f) =

∞̂

−∞

x
(
t+

τ

2

)
x∗
(
t− τ

2

)
e−j2πfτdτ (4)

where x(t) is the analytic form of s(t). ‘∗’ denotes conjugation.
τ is the delay of time t. WVD also has its own defect. Cross
interference will occur when there are multiple components in
the signal. For example, when x(t) = x1(t)+ x2(t), namely:

WVDx (t, f) =WVDx1 (t, f)+WVDx2 (t, f)

+ 2Re{WVDx1+x2 (t, f)} (5)

the cross-interference term is the oscillation frequency inter-
ference without physical meaning, which provides false
energy distribution, so it needs to be avoided as far as possible.

The idea of SPWVD is to eliminate and suppress the cross
interference by windowing in the time domain and frequency
domain. Although this operation may lose some resolution of
WVD, SPWVD can choose the width of time and frequency
window function independently, so it is easy to control the
smoothing process. By smoothing the frequency domain of
equation (4), we can get:

PWVDx (t, f) =

∞̂

−∞

h(τ)x
(
t+

τ

2

)
x∗
(
t− τ

2

)
e−j2πfτdτ (6)

where h(τ) is the time window function, which can suppress
the cross-interference term of WVD in frequency domain.
SPWVD can be obtained by smoothing equation (6) in time
domain, namely:

SPWVDx (t, f) =

∞̂

−∞

h(τ)

∞̂

−∞

g(u− τ)x
(
t+

τ

2

)
x∗

×
(
t− τ

2

)
e−j2πfτdτdu (7)

where g(u− τ) is the frequency window. It can suppress
the cross-interference term of WVD in time domain. Kaiser

window function is used in this paper, which can be expressed
by the following formula,

ϕ(ω) =

I0

(
β

√
1−

(
2n
N−1 − 1

)2)
I0 (β)

,0⩽ n⩽ N− 1 (8)

where I0 is the first zero-order Bessel function. β is the para-
meter used to adjust the shape of the window, the value of β is
20 in this study. In the discussion section, we also compared
the effect of other window functions in SPWVD. The results
show that Kaiser window function is better.

To illustrate the effect of SPWVD in suppressing cross-
interference, a section of bearing outer race defect signal is
selected for analysis. The width of localized defect of bear-
ing outer race is 1.4 mm. See section 5 for a detailed descrip-
tion of the test bearings. Figure 3 plots the time domain of
the damaged bearing, from which we can see the periodic
fault impulses. WVD is performed on figure 3. The obtained
TFD is shown in figure 4, from which there are obvious cross-
interference terms between each impulse (in the red dotted
line box). In figure 5, SPWVD is used to eliminate the cross-
interference terms, and clear TFD results of four impulses are
obtained. This is important in the following multi-impulse cal-
culation process. Because multi-impulse calculation can make
the localized defect size estimation method automatic and fast
in the future.

4. Quantitative estimation of bearing localized
defect size

To accurately capture the time nodes of A and C in figure 2,
this paper will determine the ∆T through the variation of
instantaneous energy based on the SPWVD time-frequency
analysis. Taking the vibration signal in figure 3 as an example,
one of the impulses is taken for analysis, as shown in figure 6.
In figure 6(a), the low frequency response (entry phase), the
high-frequency response (impact phase), and the low fre-
quency attenuation (exit phase) are apparent the time domain.
Figure 6(b) is the energy distribution processed by SPWVD.
On the right side of figure 6(b) is the colours label, from dark
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Figure 4. WVD time frequency diagram of figure 3.

Figure 5. SPWVD time frequency diagram of figure 3.

blue (0) to yellow (35). The colours represent the size of the
‘energy density’, indicating the amplitude of the energy dens-
ity at a certain time and a certain frequency. It shows that the
vibration energy is concentrated in the impact (high frequency)
phase, and the energy is the largest at this time. The energy
is the smallest at the phase of entry (low frequency), then, in
the exit phase, the energy value of low frequency oscillation is
between the collision phase and the entry phase. In addition,
the energy when the ball has not entered the defect or has left
the defect is so small as to be ignored.

From the above analysis, the time interval∆T can be estim-
ated by extracting the time nodes of energy variation of the
entry phase and the exit phase. However, it will produce a
high error to extract time nodes directly from the time domain
or two-dimensional SPWVD time-frequency diagram. There-
fore, the instantaneous energy |s(t)|2 of the signal on one-
dimensional time coordinate can be calculated according to
the marginal distribution of SPWVD. The key time nodes of
entering and leaving the defect can be extracted by the vari-
ation of instantaneous energy on the time axis. |s(t)|2 can be
obtained from equation (9), that is:

E= |s(t)|2 =
f2ˆ

f1

SPWx(t, f)df. (9)

The marginal distribution on the time axis of figure 6(b) is
presented in figure 7. From picture the instantaneous energy
is almost zero at the phase during the ball has not entered the
defect area or has left the damage area, which indicates that the
vibration frequency has no change at these stages. At A point,
the instantaneous energy has a small increase, which indicates
that the ball is about to enter the damage area, and the contact
stress between the ball and the raceways begins to decrease,
resulting in a low-frequency response. In the process of col-
lision, it will produce a high-frequency response, accompan-
ied by huge energy, so point B is the beginning of the impact
phase. When the ball is about to leave the fault area, due to its
re-contact with the raceways, the re-stress process will gener-
ate a low-frequency response again. After point C, the rolling
element leaves the damage area completely, accompanied by a
low-frequency attenuation process. Therefore, the time inter-
val of the rolling element traversing over the damage will be
determined by the∆T between point A and point C. The rela-
tionship between ∆T and bearing localized damage size l on
the outer race can be expressed by equation (10), according to
figure 8, where D= Dp + d (mm), Dp is the pitch diameter. d
is the diameter of ball.

l= 2π · D
2
· fc ·∆T= πDfc∆T (10)
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Figure 6. (a) The single impulse of figure 3. (b) SPWVD time-frequency diagram of (a).

Figure 7. The instantaneous energy curve of the single impulse response.
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Figure 8. Schematic diagram of ball bearing (localized damage on outer race).

Figure 9. The process of calculating localized defects of ball bearings.

where fc is the cage frequency (Hz). The relationship between
fc and the rotation frequency fr is as follows:

fc =
fr
2

(
1− d

Dp
cos(θ)

)
(11)

where θ is the contact angle, the θ of the deep groove ball bear-
ings in this paper is equal to 0. So, it can be obtained:

l = ∆T
πfr
(
D2

p − d2
)

2DP
. (12)

As for inner race defect, the result is the same as equation (12).
The specific formula derivation can be found in [16]. Figure 9
is a flow chart for calculating localized defects of ball bearings
in this paper.

5. Experimental verification

5.1. Test equipment

To fully verify the practicability of the proposed method,
experiments of different localized defect sizes on bearings’
raceways were carried out in this section. Different defects
made by wire-electrode cutting were planted on the outer race
as well as inner race, respectively, whose widths (circumfer-
ential length) include 1.0, 1.4, 1.8, and 2.2 mm, and all of the
defect depths are 1.0 mm. HRB 6206 ball bearings were the
test object, as shown in figure 10. Table 1 gives the dimen-
sions of the bearing. The tests relied on the ABLT-1A Bearing
Testing Machine which one fault bearing was placed into the
operating bin, accompanied by three normal bearings. AI002
vibration acceleration sensors were installed on each bearing,
as shown in figure 11. To ensure the quality of the signals, the
sampling frequency was 128 kHz. JM5938 was used as data
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Figure 10. The faulty bearings with localized defects on raceways.

Table 1. HRB6206 ball bearing parameters.

Type
Pitch diameter

(mm)
Diameter of
ball (mm)

Ball
number

Contact
angle

6206 46 9.5 9 0

Figure 11. ABLT-1A bearing testing machine.

acquisition. The bearings were driven by a motor spindle and
the test speeds were 1200, 1500, 1800, and 2400 rpm.

5.2. Test results

Take the inner race localized defects as the examples, figure 12
draws the time domains when a ball passing through the loc-
alized defect under four different sizes at 1200 rpm. From
the pictures, we can see that the time interval between enter-
ing phase and collision is increasing. However, it is hard to
accurately pick up the leaving moment directly from the fault
impulses. Figure 13 plots the variation of instantaneous energy
of four fault impulses. As can be seen from the results that
the variation law of instantaneous energy is identical for four
situations. When the ball is on the phase of entry, the instant-
aneous energy will fluctuate upward due to the low-frequency
response. At the impact phase, the high-frequency response
will make the instantaneous energy increase sharply and oscil-
late. Then, the ball leaves the defect and re-contacts with the
raceways, and the low-frequency response produced by this
process will cause an instantaneous energy peak again. After

that, the energy oscillation is gradually zero. It is worth not-
ing that the instantaneous energy variation caused by the low-
frequency response is smaller than that caused by the high-
frequency response, and the variation caused by the re-stress
process is larger than that caused by the de-stress process.
Besides, in other phases, the instantaneous energy is almost
zero, with no obvious variation. Therefore, according to the
time interval ∆T between the two low-frequency responses,
the damage size of the inner race can be calculated whose res-
ults are basically consistent with the actual sizes.

To ensure the accuracy of the estimation sizes, five impulses
are selected for calculation under the case of each defect size,
and the average values and errors are given in tables 2 and 3,
respectively. We can observe from the tables that the evalu-
ation sizes of the proposed method are very accurate and the
errors are less than 5%, whether in the calculation of outer race
damage or inner race damage.

5.3. Comparison with wavelet time frequency distribution

In the aspect of TFD, linear TFD is also a common method
and is extensively used in the field of signal processing, in
which wavelet analysis has high resolution, especially in the
low-frequency region. Thus, this paper selects CWT to ana-
lyze the fault impulses of bearing localized defects and com-
pares them with the proposed method. CWT can be expressed
as [36]:

CWT(α,τ) =
1√
α

ˆ
x(t)ψ∗

(
t− τ

α

)
dt (13)

where α denotes the scale, τ is the time translation. ψ∗(•) is
the complex conjugate of the basic wavelet or mother wave-
let ψ(•). Complex Morlet wavelet have variable bandwidth σ
and centre frequency f0, besides its shape is very similar to the
impact signal, which is conducive to the analysis of the bearing
impact impulse. Therefore, complex Morlet wavelet is chosen
as the basic wavelet function, which is written as:

ψ (t) =
σ√
π
e−σ2t2ei2πf0t. (14)

Due to space limitations, figures 14 and 15 only draw the res-
ults when the localized defect size of the outer race and inner
race is 1.0 and 2.2 mm, respectively. From the figures, we can
see the resolution of CWT is poor compared with SPWVD
in extracting low-frequency time nodes. Especially in the exit
phase, it is unable to accurately extract the time separation
nodes of collision phase and exit phase, which makes the
estimation results and the actual results produce large errors.
Certainly, parameters σ and f0 will affect the resolution of
CWT. The influence of these two parameters will be discussed
in section 6.

5.4. Comparison with Sawalhi’s method

To further illustrate the accuracy of the proposed method.
Sawalhi’s method [16] is selected for comparison. Sawalhi
extracted the time nodes named time to impact of the entry
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Figure 12. Time domain waveforms of different localized defect sizes on inner race.

Figure 13. Instantaneous energy variation of different localized defect sizes on inner race.

phase (A point) and impact phase (B point). Firstly, AR fil-
tering is applied to the signal, and then the signal filtered by
using complex Morlet wavelet analysis to enhance these two
features. Finally, the time interval between A and B is extrac-
ted by the square envelope method. The method flow is plotted
in figure 16. Significantly, Sawalhi thinks that from A to B is

half the time for the rolling element traversing over the dam-
age size. Therefore, it is necessary to multiply the extracted
time by two.

Figure 17 draws the comparison between the proposed
method and Sawalhi’s method in estimating four defect sizes
of the outer race. The results of the inner race are shown in
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Table 2. Estimation results and errors of different defect sizes of outer race (1200 rpm).

Defect size (mm) Impulse 1 Impulse 2 Impulse 3 Impulse 4 Impulse 5 Mean value Error

1.0 1.07 0.92 1.04 0.90 0.97 0.98 2.0%
1.4 1.46 1.47 1.45 1.47 1.43 1.46 4.3%
1.8 1.83 1.78 1.85 1.88 1.77 1.82 1.1%
2.2 2.11 2.17 2.14 2.20 2.17 2.16 1.9%

Table 3. Estimation results and errors of different defect sizes of inner race (1200 rpm).

Defect size (mm) Impulse 1 Impulse 2 Impulse 3 Impulse 4 Impulse 5 Mean value Error

1.0 0.97 1.06 0.93 0.94 0.92 0.96 4.0%
1.4 1.48 1.53 1.44 1.42 1.35 1.44 2.8%
1.8 1.85 1.79 1.88 1.74 1.87 1.83 1.4%
2.2 2.24 2.17 2.14 2.11 2.23 2.18 1.0%

Figure 14. CWT instantaneous energy analysis of outer race localized defect size.

Figure 15. CWT instantaneous energy analysis of inner race localized defect size.

figure 18. To make it fair, each estimation method selects five
identical fault impulses to get the mean value of the calcula-
tion results. From the pictures, we can see that the error of
Sawalhi’s method is relatively small when the defect size is
1.0 mm. However, with the increase of the damage width,

the error of Sawalhi’s method will grow. The limitation of
Sawalhi’s methodwill be detailed in the discussion section. On
the contrary, the proposed method base on SPWVD is more
precise and in line with the actual size whether in the outer
race defect or inner race defect.

10
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Figure 16. Sawalhi’s method: (a) vibration signal; (b) AR filtering signal; (c) after complex Morlet wavelet filtered; (d) squared enveloped
signal.

Figure 17. Comparison of four defect sizes estimation results of outer race at different speed. (a) 1.0 mm and 1.4 mm. (b) 1.8 mm and
2.2 mm.

6. Discussions

As mentioned in section 5.3, bandwidth σ and centre fre-
quency f0 of the complex Morlet wavelet will affect the resol-
ution of the impact signal’s TFD. Take the inner race localized
defect sizes of 1.0 mm (figure 12(a)) and 2.2 mm (figure 12(d))
as examples. Figures 19 and 20 analyse the variation of instant-
aneous energy of fault impulse under different centre frequen-
cies and bandwidths of complex Morlet wavelet, respectively.
The results show that with the increase of centre frequency (or
bandwidth), the instantaneous energy curve will be smoother.
There will be less low-frequency detail of the ball’s exit phase.
Although the corresponding time node of exit low frequency
can be found in the smaller centre frequency (or bandwidth),
there are too many interference peaks in the curve, which is

easy to cause misjudgement. Therefore, CWT is inferior to
SPWVD in the resolution of extracting instantaneous energy.

For the same reason, in SPWVD, a variety of window func-
tions can be selected to smooth the signal. Figure 21 draws
the instantaneous energy curves of figures 12(a) and (d) under
five-window functions. The five-window functions are Kaiser,
Hanning, Hamming, Triangle, and Blackman. From the res-
ult, we can know that the instantaneous energy curves of five
window functions are higher than CWT in the low-frequency
resolution. Since the Kaiser window curve in figure 21(b) has
less interference at other frequencies, the Kaiser window is
used for the result estimation in this paper.

In [16], Sawalhi regarded time to impact (TTI) as half ∆T
(the time of the rolling element passing through the dam-
age size), and some studies [17–19] are also based on this

11
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Figure 18. Comparison of four defect sizes estimation results of inner race at different speed. (a) 1.0 mm and 1.4 mm. (b) 1.8 mm and
2.2 mm.

Figure 19. The results of instantaneous energy at different complex Morlet wavelet centre frequencies.

Figure 20. The results of instantaneous energy at different complex Morlet wavelet bandwidths.

theory. However, this method has limitations. We can find
from figures 17 and 18 that Sawalhi’s method is relatively
accurate in the case of small size but when the defect size
becomes larger, the estimated size is larger. A reasonable

explanation will be given below. Assuming that the rolling
element only has a major impact on the trailing edge of the
damage in the ideal case, it can be roughly divided into three
cases as shown in figure 22.
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Figure 21. Instantaneous energy of SPWVD under different five window functions.

Figure 22. The process of impact between rolling element and defect trailing edge under ideal condition.

Case 1. TTI is half ∆T. The estimated size l will be con-
sistent with the actual size L.

Case 2. If the actual size L2 is larger than L, the TTI will be
larger than ∆T/2, and the estimated size l will be larger than
the actual size L2.

Case 3. If the actual size L3 is smaller than L, the TTI will
be smaller than∆T/2, and the estimated size l will be smaller
than the actual size L3.

Therefore, Sawalhi’s method is suitable for the estimation
of small size defects because the estimation error is relatively
small. The premise is that the fault size is very small relat-
ive to the diameter of the rolling element. Another reason for
the error is that the uncertainty of the impacts should not be
ignored in reality. As we know, inner race fault will produce
modulation phenomenon. The defect position will move with
the rotation cycle, which will increase the uncertainty of the
impact process. Figure 23 shows the fault impulses with inner
race defect size of 1.4 mm at 1200 rpm, where the location of
the maximum impact is different. In the impact phase, it is dif-
ficult to determine which moment is the main impact because
the collisions between the upper edge of the rolling element
and the racewaymay bemore intense.When Sawalhi’s method
is used, AR filtering and wavelet analysis tend to improve the
maximum impact amplitude and the square envelope prefers
the maximum amplitude as the main peak, which will also
make the result of TTI larger than the actual size. There-
fore, the authors think that the impact phase should not be

taken as the main analysis time. In the exit phase, the low-
frequency oscillation feature of the re-stress process deserves
more attention.

Howard et al [21–24] were the first to pay attention to the
low-frequency oscillation response in the exit phase. They also
gave the estimation formula of localized defect size, namely
[22]:

L = sin(2β2 +β1)×R (15)

where β1 is the angular travel which associate with the relative
displacement of the inner race and outer race during the phase
of entry to impact. β2 is the angular travel which is related to
the maximum total elastic contact deformation of the rolling
element in the transient phase of inlet and outlet.R is the radius
of the outer raceway, that is R= (DP + d)/2. However, the
estimation process of these two parameters is more complex
and increases the probability of error occurrence. In addition,
only the localized defects of the outer race are discussed. The
implementation of some researchers’ methods is also complex
and it is difficult to get accurate parameters, such as bearing
stiffness, maximum load, contact stress [21–23, 27–31] and so
on. Therefore, this paper is devoted to give a relatively simple
method to quantitatively assessment the localized defect of
inner race and outer race through the variation of instantan-
eous energy. The instantaneous energy only focuses on the rel-
ative frequency variation of the rolling element when passing
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Figure 23. The maximum impact amplitudes caused by inner race modulation are different.

through the defect, and is not affected by the angular travel,
amplitude and inherent parameters of the rolling element.

It is worth mentioning that the fault signals in this paper
have a high-quality signal-to-noise ratio. There are two main
reasons. One is that we adopt a very high sampling frequency
in the test. The sampling frequency is 128 kHz. The higher the
sampling frequency, the higher the restoration of the signal,
which can clearly capture the details of the fault impulse. The
second is that the test vibration sensor is close to the bearing
position without too many transmission paths, so there is less
interference noise. In some actual working conditions, the sig-
nal will be mixed with high noise, which requires more signal
processing technologies to eliminate noise and enhance useful
features. The quantitative calculation of bearing damage under
strong noise is also a difficult problem in this field. It is also
worthy of attention and in-depth study in the future.

7. Conclusions

This paper presents a convenient and accurate quantitative
estimation method of ball bearing localized defect size based
on vibration instantaneous energy analysis. The time inter-
val between the entry event and the exit event of the ball is
determined by analyzing the time-frequency energy distribu-
tion (SPWVD) of the fault impulses. The bearing fault tests
at different speeds and different localized defect sizes indicate
that the proposed method has high accuracy in the estimation
of the defect size of the outer race and inner race. Some con-
clusions are as follows:

(a) The proposed method can well extract the time nodes
of high-frequency and low-frequency responses in the
fault impact, especially distinguishing the low-frequency

moment of the exit phase, which is vulnerable to the inter-
ference of high-frequency responses of the impact phase.
The errors between the results of defect size estimation and
the actual sizes are small.

(b) CWT has poor accuracy in instantaneous energy estima-
tion compared with the proposed method, which is reflec-
ted in the extraction of low-frequency response time node
in the exit phase. Moreover, by adjusting the center fre-
quency and bandwidth of the wavelet, the estimation res-
ults are also not ideal. Due to the uncertainty of the impact
phase, Sawalhi’s method will have a larger error in defect
size estimation of the outer race and inner race, so more
attention should be paid to the low-frequency response at
the exit phase in the future.

(c) The vibration instantaneous energy estimation method of
bearing localized defect size is easy to implement and it
does not need to know those complex bearing inherent
parameters in advance, which is more convenient for prac-
tical engineering applications.
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