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ABSTRACT The remaining useful life (RUL) prediction of rolling bearings has recently gained increasing
interest. Many models have been established to catch the degradation performance of bearings. However,
there are two shortcomings existing in those models: (1) the health indicator (HI) that used for the first
predicting time (FPT) selection is insensitive to incipient faults; (2) the parameter estimation must be
based on the historical data, which are not available for some applications due to expensive experiment
cost. To overcome the first shortcoming, this paper firstly adopts the mean absolute value of extremums
(MAVE) of signals to feature signal energy. Then, the root mean square of the MAVE values (RMS-MAVE)
is developed as a new HI to embody signal changes. After that, based on RMS-MAVE values, an adaptive
FPT selection approach is proposed by the 3o approach. For the second shortcoming, through coupling
acquired measurement data with the exponential model, a dynamic exponential regression (DER) model
based on RMS-MAVE values is proposed to predict the RUL of bearings. The comparison study indicates
that RMS-MAVE is superior to the existed ones in FPT selection for distinguishing different health state of
bearings, and the DER model performs better than the existed ones in RUL prediction.

INDEX TERMS Remaining useful life, rolling bearings, first predicting time, root mean square, the mean

absolute value of extremums, dynamic exponential regression model.

I. INTRODUCTION
Rolling bearings are widely used in rotating machinery, and
their failure is one of the foremost causes of the failures in
both industry and domestic appliances [1]. Prognostics and
health management (PHM) of rotating machinery, especially
for bearings, has attracted extensive attention due to its effec-
tiveness in avoiding the abrupt shutdown. Since the key of
PHM is to accurately predict the remaining useful life (RUL)
of machinery in advance, different approaches have been
proposed for the RUL prediction of rolling bearings in recent
decades.

Generally, the existed RUL prediction approaches
can be categorized into model-based approaches and
data-driven approaches generally. Model-based approaches
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build physical or mathematical models to describe the
degradation processes of machinery on the basis of the
failure mechanisms. Paris and Erdogan [2] proposed a
Paris-Erdogan (PE) model to describe the crack growth, and
it has been widely extended into many versions [3]-[6] for
the RUL prediction of machinery. Tian and Liao [7] and
Liao et al. [8] developed a proportional hazards model-based
approach to estimate the RUL of bearings. Gebraeel et al. [9]
established an exponential model to compute the residual-life
distribution for devices, where the parameters were updated
by Bayesian approach. Li et al. [10] enhanced the exponential
model by applying SIS algorithm to the posterior residual-
life distribution estimation of bearings. Wang and Tsui [11]
improved the exponential model to a more general case
by relieving the underlying assumption of drift coefficient.
Model-based approaches can provide accurate estimation for
the RUL if the failure mechanisms are well understood and
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the model parameters are accurately estimated. However,
their applications will be restricted when the mechanical
systems are too complex to understand the physics of damage.

Data-driven approaches build the degradation model from
the historical data using machine learning [12] or statistical
approaches [13]. Gebraeel et al. [14] applied an ANN-based
model to predict the RUL of bearings. Liu et al. [15] proposed
an RNN-based model for the RUL prediction of Lithium-lon
battery. In addition, a number of studies have been pub-
lished on SVM/RVM-based approaches [16]-[18] and neuro-
fuzzy systems based approaches [19], [20]. Compared to
model-based approaches, data-driven approaches can deal
with prognostic issues of complex systems without consid-
ering the failure mechanisms, therefore, they are attracting
more and more attentions in the machinery prognostic field.
However, both of the above two approaches require that the
unknown parameters of models must be estimated from the
historical data, which is often not available for some applica-
tions due to expensive experiment cost. Therefore, this paper
intends to develop a new framework for the RUL prediction
of bearings without the historical data by coupling acquired
measurement data with the degradation model.

There are two challenges associated with the develop-
ment of the RUL prediction of bearings: (1) determine the
first predicting time (FPT); (2) build an appropriate degra-
dation model to describe the bearing degradation process
accurately.

In general, the bearing degradation process contains two
distinct stages. In Stage I, a bearing stays in normal operation
condition without any faults, while in Stage II, bearing faults
occur and get severer as time goes on. The time beginning
to predict the RUL is defined as the first predicting time
(FPT), and it should be the time that the first bearing fault
occurs. It is important to determine the FPT appropriately
since the FPT can significantly affect the accuracy of RUL
prediction [10], [13]. The key for FPT selection is to develop
a health indicator (HI) that can reflect the health state of
bearings effectively. HI is a feature or a set of features of
the measured data of bearings that can express the health
state of bearings. Several approaches to HI extraction have
been published, and among them, the most widely used HI
is the root mean square (RMS) value of the vibration signals.
RMS is defined as the square root of the arithmetic mean of
the squares of a set of signals, and its value usually remains
steady when the bearing stays in Stage I and keeps increasing
during Stage II [21]. However, RMS is insensitive to incipient
faults [10]. The reason is that the energy of fault signals
is weak in the early stage of the lifecycle, and it will be
covered by a large number of noises. Confronted with that,
this study firstly uses the wavelet denoising method to remove
the Gaussian noise. Then noticed that the local extremums of
signals in degradation stage are mainly caused by faults, and
they are much higher than the local extremums of signals in
normal operation stage, therefore, the mean absolute value of
the extremums (MAVE) of signals is adopted to feature the
energy of incipient faults. Finally, the root mean square of
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the MAVE values of signals (RMS-MAVE) is adopted as a
new HI to better embody the distinction between the signals
in normal operation stage and the signals in degradation stage.
Once the vibration signals are obtained, the FPT can be
determined quickly based on the behavior of RMS-MAVE
values. Different methods have been proposed to determine
the FPT, such as the engineering norm ISO 10816 based
approach [16] and the system’s longest time constant based
approach [22]. The 30 approach has been widely used in FPT
selection [10], [23], [24], one advantage is that the alarm,
which is used to determine the FPT, can be set adaptively
according to the HI behavior of bearings. Therefore, the 30
approach is adopted here to select the FPT based on the new
developed HI, i.e., RMS-MAVE.

Though RMS-MAVE is able to reflect the progression
of faults, due to the existence of noise, the value of
RMS-MAVE will show large local fluctuations, which will
affect the improvement of prediction accuracy. Inspired by
the smooth method shown in [25], a cumulative sum tech-
nique (CST) method is adopted in this paper to smooth
RMS-MAVE, so that the underlying monotonic trend that
correlates to the degradation performance of bearings can
be revealed. Furthermore, to model the degradation pro-
cess of bearings and predict its RUL without historical
data, noticed that the exponential model has been shown
effective in modeling the degradation processes when the
cumulative damage has a particular effect on the rate of
degradation [9]-[11], [26], a dynamic exponential regres-
sion (DER) model is proposed based on the most recent
smoothed RMS-MAVE values, where the parameters of the
model are updated in real-time to ensure the RUL prediction
accuracy.

This paper proposes an RUL prediction method for rolling
bearings based on RMS-MAVE and DER model. The major
contributions of this work are summarized as follows:

(1) A new HI named RMS-MAVE is developed to
improve the sensitivity of RMS to incipient faults,
where the MAVE of signals is extracted to better
embody the distinction between the signals in nor-
mal operation stage and the signals in degradation
stage.

(2) A novel DER model is proposed for the RUL predic-
tion of bearings in the absence of historical data, and
the model parameters are updated in real-time, which
ensures the RUL prediction accuracy.

The remainder of the paper is organized as follows.
In Section II, the FPT selection based on RMS-MAVE is first
introduced, and the RUL prediction method based on the DER
model is carried out. In Section III, a simulated dataset of
vibration signals is used to demonstrate the effectiveness of
the RMS-MAVE in FPT selection and the superiority of DER
model in RUL prediction. In Section IV, the effectiveness of
the proposed methods is further demonstrated by two real
datasets of bearing vibration signals. Finally, some conclu-
sions are given in Section V.
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Il. THE PROPOSED METHOD FOR ROLLING BEARINGS
RUL PREDICTION

The health prognostic program of rolling bearings is gen-
erally composed of four technical processes [27], i.e., data
acquisition, HI construction, health stage division, and RUL
prediction, while two challenges among those processes are
determining the FPT and predicting the RUL of bearings. The
key to FPT selection is to construct a HI that can well reflect
the health state of bearings. Recently, the RMS of vibration
signals has been widely used as the HI due to its ability in
characterizing different health stages well [27]-[29]. How-
ever, since the energy of fault signals is weak in the early stage
of lifecycle, and it will be covered by a large number of noises,
the common used RMS that extracted from signals directly
will be insensitive to incipient faults. Therefore, in this
section, to overcome this shortcoming, the Gaussian noise is
firstly removed from the signals using the wavelet denoising
method. Then, considered the fact that the local extremums
of signals in degradation stage are mainly caused by faults,
and they will be much higher than the local extremums of
signals in normal operation stage, the mean absolute value of
extremums (MAVE) of signals is extracted to well feature the
energy of incipient faults. After that, by calculating the RMS
of MAVE values of signals, a new HI called RMS-MAVE is
developed to better embody the distinction between the sig-
nals in normal operation stage and the signals in degradation
stage. Finally, the 30 method is adopted to determine the
FPT based on RMS-MAVE values. Once the FPT is deter-
mined, the RUL prediction process is carried out. To catch
the degradation performance of RMS-MAVE in degradation
stage in real-time, the RMS-MAVE is firstly smoothed using
the cumulative sum technique (CST). Then, a dynamic expo-
nential regression (DER) model is proposed based on the
smoothed RMS-MAVE values. Finally, the predicted RMS-
MAVE value is compared with a given failure threshold to
determine whether a bearing is failed or not. If the bearing
is determined to be failed, the RUL is calculated based on
the numbers of the predicted RMS-MAVE values before the
failure threshold is reached. Otherwise, the parameters in
DER model are updated by the new predicted RMS-MAVE
values, and the prediction process is repeated until the failure
threshold is reached. Instead of requiring large amounts of
historical data, the proposed method can predict the RUL of
bearings only relying on the most recent measurement data
of bearings, and the parameters of the model can be updated
in real time to ensure the prediction accuracy. More details of
the major steps involved in the proposed method are described
as follows.

A. FPT SELECTION BASED ON THE RMS-MAVE VALUES
This subsection describes the details of the RMS-MAVE
construction process and the adaptive FPT selection method
based on 30 approach.

1) RMS-MAVE CONSTRUCTION

As mentioned in the introduction section, the lifecycle of
rolling bearings has two stages, i.e., normal operation stage
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FIGURE 1. The construction process of RMS-MAVE.

and degradation stage, and it is important to select an appro-
priate FPT value. Confronted with the shortcoming of RMS
in monitoring the incipient faults of bearings, a new HI called
RMS-MAVE is proposed in this work. The construction
process of RMS-MAVE can be shown in Fig. 1, and it is
described in details as follows:

Step 1: Remove the Gaussian noise from signals.

In signal processing, wavelet denoising is considered
as an efficient approach to handle the Gaussian noise for
non-stationary vibration signals, and different works have
suggested using db4 wavelet as the basic wavelet with 3™
or 4™ level of decomposition [30], [31]. Therefore, in order
to reduce the influence of the noise on vibration signals,
the wavelet denoising using db4 function with 4™ level of
decomposition is first applied to the signals, and the soft
threshold approach is employed.
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Step 2: Extract the local extremums (including maximum
and minimum values).

The local extremums of signals in the degradation stage are
caused by faults, and they are much stronger than the local
extremums of signals in normal operation stage. Therefore,
the local extremums contain more information about faults,
thus they can better embody the distinction between the sig-
nals in normal stage and the signals in degradation stage. The
length of window to extract the local extremums is set to the
rotation period of bearings.

Step 3: Fit the extremums and calculate the MAVE values.

Based on the extremums extracted in Step 2, the cubic
spline interpolation method is used to fit the extreme curves,
i.e. the maximum curve and minimum curve. Then a new
feature called MAVE is obtained by calculating the mean
absolute value of the extremums (MAVE) of signals, and it
can be expressed as follows:

[ip @]+ Faown @1
2
)

where x,, (#;) and xgow, (t;) are values of maximum curve
and minimum curve at time #; respectively, xpave (¢;) is the
MAVE value at time #;, and M is the total number of the
measurement data.

Step 4: Calculate the RMS-MAVE values.

Based on the MAVE values obtained in Step 3, the RMS-
MAVE can be calculated by the next expression:

XmavE (&) =

ny

1
m_Z(xMAVE (tl))zv n= 1’27". 7N

n =1

n
XRMS—MAVE =

(@)

where x1(er1l1)4$— mavg 18 the nth RMS-MAVE value of signals, N
is the total number of RMS-MAVE values, m,, (< M) is the
length of the nth window of MAVE values, and m,, usually
takes the integer multiple of the number of samples extracted
in a single cycle.

2) FPT SELECTION

The RMS value usually remains steady in the normal opera-
tion stage [26], and once a fault occurs, the RMS will begin
to increase until the end of life. Therefore, an alarm boundary
should be determined by the performance of RMS-MAVE
value in normal operation stage. Since the main source of
the fluctuation in normal operation signals is Gaussian noise,
the 30 approach is adopted to set the alarm boundary for FPT
selection.

The 30 approach has been widely used in the FPT selection
of bearings [10], [23], [24], and one advantage of it is that
the alarm boundary can be set adaptively according to the
HI behavior of bearings. The basic theory of 30 approach
is Chebyshev’s inequality, which can be expressed in the
following manner:

P(Ix—MIZKU)S% 3
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where P is the probability of the event, x is a random variable
with mean u and standard deviation o, and K is a positive
number.

It can be derived from (3) that, when K is set to 3, the
probability of any data point falling outside 3o distance away
from the mean is less than 1/9. However, for the real bearing
vibration signals, there are still some outliers in the normal
operation stage because of the existence of noise, and it will
affect the accuracy of FPT selection. Confronted with this,
a strategy is adopted to determine the FPT, i.e., the time #; is
the FPT only if the following condition is satisfied:

|x(4) —u| =30, j=ii+1,-,i+tv—1 (4

where v is usually taken as 5 as [24] suggested. Accordingly,
the FPT can be determined if there are five consecutive data
points falling outside the 3o limits.

B. RUL PREDICTION BASED ON THE DYNAMIC
EXPONENTIAL REGRESSION MODEL

This subsection describes the details of the smooth process
using the CST method, and the RUL prediction process using
the DER model.

1) SMOOTHING THE HEALTH INDICATOR USING
CUMULATIVE SUM TECHNIQUE (CST)

Any rolling bearing is bound to degrade as time grows.
A monotonic HI that properly correlates to the degrada-
tion performance of the bearing can lead to a simple and
accurate prognostic model [25]. However, due to the tremen-
dous amount of noise existed in the gathered vibration
signals, the RMS-MAVE values exhibit large local fluctua-
tions that will severely affect prediction accuracy. Therefore,
the main idea of this step is to smooth the RMS-MAVE values
so that they can clearly reflect the failure progression of
bearings.

Noticed that the faults of bearings like wear are a cumu-
lative process without self-recovery, this paper adopts the
cumulative sum technique (CST) to smooth the health indica-
tor. Consequently, the smoothed value of the nth RMS-MAVE
value is calculated by the following equation:

n

> xy

= RMS—MAVE
J:

Hl = ———
1 - XRMS—MAVE

where HI, denotes the nth smoothed RMS-MAVE value,
xg]i/[S— uavg 1S the jth RMS-MAVE value of vibration signals,
and Xgys—mave is the RMS-MAVE of vibration signals in
the normal operation, which is taken as the mean value of the
RMS-MAVE values when the bearing is in normal operation
stage.

Furthermore, to assess the effectiveness of the CST
method, two simple measures called monotonicity and cor-
relation [32] are adopted to compare the monotonic trends of
the RMS-MAVE and the smoothed RMS-MAVE. They are
defined as follows:

n=12--,N &)

VOLUME 7, 2019



X. Kong, J. Yang: Remaining Useful Life Prediction of Rolling Bearings Based on RMS-MAVE and DER Model

IEEE Access

(1) Monotonicity:

Mon =

k—1 k
1 ;6 O (tis 1)~y (n))—; 5 (v (t) —y (tio1))
©6)

where k is the total number of observing times, y (#;) is the
observing value at the time #;, and § (-) is the simple unit step
function. It can be seen from (6) that the monotonicity.

(2) Correlation:

k (é y () ti) - (é Y (n)) (,Zk:l ti) ‘

Corr =

{ké ¥ ()2~ (é y “”)2} {ké - (é ti)Z]

@)

It can be seen from (7) that correlation measures the linear-
ity between the observing value and the time, and the value
of correlation is taken from O to 1, while the higher value of
correlation corresponds to the stronger correlation.

2) RUL PREDICTION OF BEARINGS

Once the FPT is determined, the RUL of bearings can be
predicted based on the HI values in the degradation stage.
In this paper, the exponential regression model is applied
to depict the degradation performance of bearing, since it
has been widely used in the degradation processes where
the cumulative damage has a particular effect on the rate of
degradation [33], such as corrosion, bearing degradation, etc.
The exponential regression model is constructed based on a
window of the smoothed RMS-MAVE values with size 1, and
it is given as follows:

y (1) = aexp (bt) (®)

where the unknown parameters amplitude a and slope b are
estimated using the ordinary least squares (OLS) method, that
is to solve the minimization problem in (9):

!
arg min { > @) —aexp (bty))*la. b > 0 9)
ab iz
and the window size [ is suggested to be varied from 40 to
60 [21]. Therefore, in this paper, the RUL prediction results
are set to the average of all estimated values of RUL obtained
by varying the window size / from 40 to 60.

In summary, the future values of RMS-MAVE can be
predicted using the exponential regression model obtained
from the most recent / smoothed RMS-MAVE values, and the
RUL prediction process can be updated once a new value of
RMS-MAVE is acquired. In detail, suppose the most recent
| smoothed RMS-MAVE values are {HI, HI, --- , HI}},
Then, the RUL prediction process is shown as follows:

Step 1: Calculate the amplitudes and slopes respectively

based on the !/ smoothed RMS-MAVE values
via (9).
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Step 2: Predict the next value HI;4j in the next time
point, and transform it into the RMS-MAVE value
via (5).

Step 3: Compare the predicted RMS-MAVE value with
the failure threshold. If the failure threshold is
reached, the RUL of a bearing is calculated as
follows:

RUL,=q- AT (10)

where ¢ is the number of new predicted RMS-MAVE values
before the failure threshold is reached, and AT is the time
between two consecutive samples of RMS-MAVE values.
Otherwise, the new obtained value HI; is appended to the
dataset consisted of the most recent | smoothed RMS-MAVE
values, while the oldest smoothed RMS-MAVE value is dis-
carded, i.e., the dataset is updated to {HI», HI3, - - - , HI; 11},
and return to Step 1.

Through the above steps, the RUL of bearings can be esti-
mated using the most recent / smoothed RMS-MAVE values,
and once a new RMS-MAVE value is acquired, the window of
the smoothed RMS-MAVE values is updated, and the process
is repeated until the failure threshold is reached.

Ill. SIMULATION

In this section, a simulation of the degradation process of
rolling bearings is utilized to evaluate the effectiveness of
the RMS-MAVE in FPT selection, and the accuracy of the
dynamic exponential regression model in RUL prediction.
Furthermore, to make a comparison, three other approaches
recently proposed by Li et al. [10], Wang and Tsui [11] and
Ahmad et al. [21] are also used to select the FPT and predict
the RUL of the simulation signals. The first two approaches
are used to indicate the effectiveness of the dynamic regres-
sion approach since they are both carried out based on the
exponential model. And the last method is used to show the
suitability of the exponential model, as it used the dynamic
quadratic regression model to depict the degradation process
of bearings.

A. SIMULATION OF THE BEARING DEGRADATION
PROCESS
The vibration signals in this section are simulated by the
method shown in [10] and [34], and the parameters of the
bearings in the simulation are listed in TABLE 1, which are
referred from [10].

According to the parameters in TABLE 1, the fault charac-
teristic frequency can be calculated by (11), and we have its
value is 169 Hz:

(11)

outer =

Z-N ! (D1 — D) cosa
120 Dy + Dy

To indicate the suitability of the simulation method, a sam-
ple of simulation signals in the normal operation stage and
a sample of simulation signals in the degradation stage are
shown in Fig. 2 (a) and (b) respectively. It can be seen from
Fig. 2 (b) that the mean length of the time interval between
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TABLE 1. Parameters of the bearing in the simulation.

Symbol Parameter Value
D, Out race diameter 29.Imm
D, Inner race diameter 22.1mm

V4 Rollers number 13

o Contact angle 0

- Fault type Wear

- Fault location Outer race
N Rotating speed 1800rpm

- Sampling frequency 25.6kHz

N

0 0.01 0.02 003 0.04 005 0.06 0.07 0.08 0.09 0.1
Tlme(s

2
0 MMM ()
2

0.01 0.
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Time(s)

Amplitude(g)
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N
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N
o

.
500 1000 1500 2000 2500 3000 3500 4000
Time(s)

o

FIGURE 2. The simulation of the bearing: (a) signals in the normal
operation stage, (b) signals in the failure stage and (c) signals of the
whole lifetime.

two obvious impacts is T = 0.0059 s, which is correspond-
ing to the fault characteristic frequency calculated by (11).
Finally, a set of bearing signals with increasing fault severity
are simulated to describe the degradation process of bearings.
The simulation results are shown in Fig. 2 (c), where the
real FPT is 500s and the lifetime is 4000s, and the bearing
useful-life ends at the time when the amplitude of vibration
signals exceeds 20g.

B. RUL PREDICTION BASED ON THE SIMULATION
1) FPT SELECTION BASED ON THE RMS-MAVE VALUES
Before the RUL prediction of bearings, the new developed
RMS-MAVE is used to determine the FPT of the simulation
vibration signals firstly. The process is described in Section II,
and the result is shown in Fig. 3(a). It can be seen that the
RMS-MAVE values after t = 510s are significantly higher
than the RMS-MAVE values before t+ = 510s, and the FPT is
set to 510s since it is the first time that has 5 consecutive data
points falling outside the 3¢ limits. To make a comparison,
three other FPT selection approaches respectively proposed
by Li et al. [10], Ahmad et al. [21] and Wang and Tsui [11]
are also used to determine the FPT of the simulation signals.
The FPT selection results are shown in Fig. 3(b), Fig. 3(c)
and Fig. 3(d) respectively, and the FPT values are given in
TABLE 2.

It can be seen from Fig. 3 that the FPT determined by
the proposed approach and Wang’s approach are much closer
to the real change point than the approaches proposed by
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FIGURE 3. FPT selection results in the simulation signals: (a) The
proposed approach, (b) Wang's approach, (c) Li’s approach and
(d) Ahmad'’s approach.

TABLE 2. Selected FPT of simulation signals.

Real change Li’s Ahmad’s Wang’s Proposed
point approach approach approach approach
500s 850s 1140s 510s 510s

TABLE 3. Comparisons of monotonic trends of the RMS-MAVE of the
simulated signal before and after applying the CST method.

Monotonicity Correlation
Measure
Before After Before After
Simulated 0.2493 0.8682 09115 0.9369
signal

Li et al. [10] and Ahmad et al. [21]. Therefore, the developed
RMS-MAVE is indicated to be more sensitive to the incipient
fault of bearings.

2) RUL PREDICTION BASED ON DER MODEL
After the FPT has been determined, the proposed dynamic
exponential regression model is used to predict the bear-
ing RUL. The values of RMS-MAVE after #y = 510s
are firstly smoothed using the CST method described in
Subsection II-B, and the smoothed RMS-MAVE values are
input into the DER model for RUL prediction. The mono-
tonicity and correlation introduced in Subsection II-B are
used to compare the monotonic trends of the RMS-MAVE
before and after applying the CST method, and the results
are shown in TABLE 3. It can be seen that the monotonic
trend of the RMS-MAVE has been significantly improved
after applying the CST method.

Furthermore, to identify the effectiveness of the proposed
DER model in RUL prediction of bearings, the RUL predic-
tion results of the proposed model are compared with those of
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FIGURE 4. RUL prediction results based on the simulated signals.

TABLE 4. Score of CRA in the simulation.

Metric Li’s model Ahmad’s Wang’s Proposed
model model model
CRA 0.9318 0.7079 0.7172 0.9610

the models proposed by Li et al. [10], Ahmad et al. [21] and
Wang et al. [11], and the results are shown in Fig. 4. In Fig. 4,
it can be seen that the RUL prediction results of all the four
models have large errors at the beginning of the prediction
process since there is no enough information to accurately
estimate the model parameters. However, as time goes on,
all of them converge to the actual RUL. In addition, it can
be observed that the RUL prediction result of the proposed
model has the fastest convergence and the highest accuracy.

To quantitatively compare the performance of those four
models, a commonly used metric called Cumulative Relative
Accuracy (CRA) proposed in [35] is used. CRA is a nor-
malized weighted sum of the relative accuracies, which is
useful in reflecting how well an algorithm does over time.
The range of CRA is [0, 1], where the higher score of CRA
corresponds to the better prediction performance. As [10]
suggested, the CRA is calculated at the time indexes from the
half-lifetime to the end of lifetime, and the scores are shown
in TABLE 4. It can be seen that the CRA score of the proposed
approach is the highest among the four models. Therefore,
the proposed model is indicated to get the highest prediction
accuracy.

IV. EXPERIMENTAL DEMONSTRATIONS
In this section, two real datasets of vibration signals acquired
from degradation tests of rolling bearings are used to fur-
ther verify the effectiveness of the proposed FPT selection
approach and the RUL prediction model.

A. DATASET 1
1) INTRODUCTION TO THE TESTS AND VIBRATION DATA

The first bearing degradation dataset is provided by the
PRONSTIA platform [36]. This system is designed to
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FIGURE 5. Vibration signals of four bearings: (a) bearing 1, (b) bearing 2,
(c) bearing 3 and (d) bearing 4.

provide real experimental data to characterize the degradation
performance of rolling bearings along their whole operation
lifetime. To conduct bearings’ degradation in only a few
hours, three operational conditions (i.e., 1800rpm and 4000N,
1650rpm and 4200N, 1500rpm and 5000N) are applied to
the bearings to accelerate the degradation processes, where
the force is generated by a cylinder pressure. During the
test, both horizontal and vertical vibration accelerations of
bearing housings were recorded, and the sampling frequency
is 25.6 kHz, i.e., 2560 data points are recorded for each
bearing in every 10 seconds. The experiments were stopped
once the amplitude of the vibration signal overpassed 20g.

Since each bearing is in a healthy state without any initially
initiated defects at the beginning of the test, each degraded
bearing may contain almost all types of defects. As a result,
the vibration signals of bearings under the same operational
condition may be different. For example, the degradation
performance of four bearings under the first operational con-
ditions (i.e., 1800rpm and 4000N) are shown in Fig. 5. It can
be seen that the vibration signals of the four bearings are
varied between each other, therefore, different defects have
occurred on those bearings.

In this paper, the vibration signals of bearing 1, bearing 2,
bearing 3 and bearing 4 shown in Fig. 5 are used to carry out
the proposed PFT selection approach and the RUL prediction
model.

2) RUL PREDICTION OF THE FOUR BEARINGS

As described in Section II, the RMS-MAVE values are first
extracted from the vibration signals, and then based on the
30 approach, the FPT can be determined. The FPT selection
results are shown in Fig. 6. To make a comparison, the FPTs
determined by Li’s approach and Ahmad’s approach are also
shown in Fig. 6, as those approaches have been validated
using the same dataset in this study. All FPT values are given
in TABLE 5. It can be seen from Fig. 6 that the proposed
approach can better distinguish the two stages of bearings
than others.

Once the FPT is determined, the RUL prediction is per-
formed based on the proposed dynamic exponential regres-
sion model. As described in Subsection II-B, the extracted
RMS-MAVE values are firstly smoothed by the CST method.
Then, the most recent [ = 40 ~ 60 smoothed RMS-MAVE
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FIGURE 6. The FPT selection results: (a) bearing 1, (b) bearing 2,
(c) bearing 3 and (d) bearing 4.

TABLE 5. The FPT selection results of four bearings.

ty(s)
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t,(s)
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FIGURE 7. « — A metric results: (a) bearing 1, (b) bearing 2, (c) bearing
3 and (d) bearing 4.

TABLE 7. Score of CRA for the four tested bearings.

Technique Bearing 1  Bearing2 Bearing3  Bearing 4
Li’s approach 14630s 16440s 10910s 22130s
Ahmad’s approach 12970s 13510s 11600s 24210s
Proposed approach 4280s 6010s 10830s 24120s

TABLE 6. Comparison of monotonic trends of the RMS-MAVES of four
bearing signals before and after applying the CST method.

Monotonicity Correlation
Measure Before After Before After
Bearingl 0.0122 1 0.7831 0.9733
Bearing2 0.0147 0.9921 0.7231 0.9417
Bearing3 0.0377 0.9826 0.8083 0.9901
Bearing4 0.0196 1 0.8145 0.9191

values are used to estimate and update the parameters of the
model. The comparison results on monotonicity and corre-
lation of the RMS-MAVE values before and after applying
the CST method are shown in TABLE 6, from which it can
be seen that the monotonic trends of the RMS-MAVE values
of the four bearings have been significantly improved after
applying the CST method.

To evaluate the performance of the proposed DER model in
RUL prediction, the @ — A metric [35] is adopted, where the
parameter « is used to determine the acceptable RUL error
bounds, and the parameter A is used to determine a specific
time point 7, between the FPT #; and the lifetime #; of bearings
such that #, =ty + A (tl — tf). The value of « is set to 20%
as [37] suggested, and the value of A is taken from 0.5 to
0.95. The results are shown in Fig. 7, and it can be seen that
most of the predicted RUL values lie within the acceptable
RUL error bounds for the four bearings. Furthermore, as the
bearing approaches its lifetime, the prediction performance
becomes better, since more and more information about the
bearing degradation performance is used.

In addition, to compare the prediction performance of the
proposed RUL prediction method with the methods devel-
oped by Li et al. [10] and Ahmad et al. [21], the CRA scores

169712

Case Li’s model Ahmad’s model  Proposed model
Bearing 1 0.8696 0.9362 0.9441
Bearing 2 0.7623 0.9003 0.9010
Bearing 3 0.8712 0.9608 0.9031
Bearing 4 0.9324 0.7790 0.9361

Average value 0.8589 0.8941 0.9211

of the above three methods are calculated, and the results are
summarized in TABLE 7. It can be seen that the proposed
method has the highest average CRA score, which implies
that the dynamic exponential regression model performs best
in the RUL prediction of the bearings.

B. DATASET 2

1) INTRODUCTION TO THE TESTS AND VIBRATION DATA
The second bearing degradation dataset is designed by
Gebraeel et al. [38], [39] with the aim to build a statistical
model to describe the degradation performance of bearings.
The HI in this test is defined as the sum of seven harmon-
ics of the bearing fault characteristic frequency, and a total
of 25 bearings are used to obtain the degradation signals, and
the failure threshold is set to 0.03. More details about the
experiment can be found in [38] and [39]. In this paper, 5 bear-
ing degradation signals are used to carry out the dynamic
exponential regression model, and the results are compared
to the model proposed by Wang and Tsui [11] since the same
dataset is used. The 5 degradation signals are shown in Fig. 8,
which are read from Fig. 7(b) of Wang and Tsui [11]. It can
be seen that each of the 5 bearing degradation signals has
two distinct stages, i.e., the normal operation stage and the
degradation stage. Therefore, the bearing degradation signals
in the degradation stage are used to show the effectiveness of
the proposed DER model.

2) RUL PREDICTION

Since the bearing degradation signals in this test have obvi-
ous FPT, the rest of this section only focuses on the DER
modeling based on the HI values in the degradation stage
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FIGURE 9. Absolute RUL prediction error results.

and the corresponding RUL prediction. First, the CST method
is applied to HI values to smooth the degradation signals.
Then, the most recent [ = 40 ~ 60 smoothed HI values
are used to estimate the parameters of the model. To make
a comparison with the RUL prediction results carried out
by Wang and Tsui [11], the absolute error (AE) of RUL
prediction is used to measure the prediction performance.
Consequently, the mean of the AE values for 5 bearings at
different prediction time is obtained and plotted in Fig. 9.
From the RUL prediction results shown in Fig. 9, it can be
found that the proposed model achieves the lower RUL pre-
diction errors, which demonstrates that the proposed dynamic
exponential regression model is more accurate in bearing
RUL prediction.

V. CONCLUSION
In this paper, an RUL prediction method of bearings based
on RMS-MAVE and DER model is proposed. There are two
major contributions contained in this work. First, an adap-
tively FPT selection approach based on the new developed
RMS-MAVE and 3o approach is established, through which
the health state of bearings can be better distinguished. Sec-
ond, a DER model is proposed for the RUL prediction of
bearings without historical data, and the parameters of model
are updated in real-time to ensure the RUL prediction accu-
racy. A simulation and two real datasets of bearing vibration
signals are carried out for the comparison studies with the
methods proposed by Ahmad et al. (2017), Li et al. (2015)
and Wang et al. (2017). Results demonstrate that the RMS-
MAVE is superior to the existed ones in the FPT selection,
and the DER model based on RMS-MAVE obtains the highest
RUL prediction accuracy among those models.

This paper provides an RUL prediction method for bear-
ings without the historical data, and there are two main
limitations existing in the proposed method. Firstly, the FPT
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selection approach is developed based on the assumption of
two-stage degradation process, and it needs to be improved
when facing the multi-stage degradation process. Secondly,
the proposed RUL prediction method mainly focuses on the
degradation process in which the degradation rate increases
with time, and it may not be suitable for the degradation
process with a constant degradation rate or that in which the
degradation rate decreases with time.

For future works, as it has been demonstrated that the envi-
ronmental or operational condition has significant impacts on
the degradation performance of bearings [40], RUL predic-
tion for bearings under time-varying operational conditions
will be considered in our future research. In addition, since
different operational conditions will lead to different failure
thresholds, how to adaptively set the failure threshold based
on the operational conditions should be considered. Finally,
after obtaining the relationship between the degradation per-
formance and operational conditions, the usage strategy opti-
mization for the maximization of lifetime will also be carried
out in further work.

REFERENCES

[1] O. V. Thorsen and M. Dalva, “Failure identification and analysis for high-
voltage induction motors in the petrochemical industry,” IEEE Trans. Ind.
Appl., vol. 35, no. 4, pp. 810-818, Jul. 1999.

[2] P. Paris and F. Erdogan, ““A critical analysis of crack propagation laws,”
ASME J. Basic Eng., vol. 85, no. 4, pp. 528-533, 1963.

[3] J. Z. Sun, H. Zuo, W. Wang, and M. G. Pecht, ‘“Prognostics uncer-
tainty reduction by fusing on-line monitoring data based on a state-space-
based degradation model,” Mech. Syst. Signal Process., vol. 45, no. 2,
pp. 396407, Apr. 2014,

[4] L. Liao, “Discovering prognostic features using genetic programming in
remaining useful life prediction,” IEEE Trans. Ind. Electron., vol. 61, no. 5,
pp. 2464-2472, May 2014,

[S] Y.Lei, N. Li, S. Gontarz, J. Lin, S. Radkowski, and J. Dybala, “A model-

based method for remaining useful life prediction of machinery,” IEEE

Trans. Rel., vol. 65, no. 3, pp. 1314-1326, Sep. 2016.

J. Wang, R. X. Gao, Z. Yuan, Z. Fan, and L. Zhang, ““A joint particle filter

and expectation maximization approach to machine condition prognosis,”

J. Intell. Manuf., vol. 30, no. 2, pp. 605-621, 2019.

Z. Tian and H. Liao, “Condition based maintenance optimization for

multi-component systems using proportional hazards model,” Rel. Eng.,

Syst. Saf., vol. 96, no. 5, pp. 581-589, 2011.

[8] N. Liao, W. Zhao, and H. Guo, “Predicting remaining useful life of
an individual unit using proportional hazards model and logistic regres-
sion model,” in Proc. Rel. Maintainability Symp. (Rams), Jan. 2006,
pp. 127-132.

[9]1 N. Z. Gebraeel, M. A. Lawley, R. Li, and J. K. Ryan, “Residual-life
distributions from component degradation signals: A Bayesian approach,”
1IE Trans., vol. 37, no. 6, pp. 543-557, Jun. 2005.

[10] N.Li, Y. Lei,J.Lin, and S. X. Ding, “An improved exponential model for
predicting remaining useful life of rolling element bearings,” IEEE Trans.
Ind. Electron., vol. 62, no. 12, pp. 7762-7773, Dec. 2015.

[11] D. Wang and K. Tsui, “Statistical modeling of bearing degradation sig-
nals,” IEEE Trans. Rel., vol. 66, no. 4, pp. 1331-1344, Dec. 2017.

[12] A. L. Ellefsen, S. Ushakov, V. ZEsgy, and H. Zhang, ‘“Validation of
data-driven labeling approaches using a novel deep network structure for
remaining useful life predictions,” IEEE Access, vol. 7, pp. 71563-71575,
2019.

[13] Z. Pang, C. Hu, X. Si, J. Zhang, D. Du, and H. Pei, “Nonlinear step-
stress accelerated degradation modeling and remaining useful life esti-
mation considering multiple sources of variability,” IEEE Access, vol. 7,
pp. 124558-124575, 2019.

[14] N. Gebraeel, M. Lawley, R. Liu, and V. Parmeshwaran, ‘“Residual life
predictions from vibration-based degradation signals: A neural network
approach,” [EEE Trans. Ind. Electron., vol. 51, no. 3, pp. 694-700,
Jun. 2004.

[6

—

[7

—

169713



IEEE Access

X. Kong, J. Yang: Remaining Useful Life Prediction of Rolling Bearings Based on RMS-MAVE and DER Model

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

D.Liu, W. Xie, H. Liao, and Y. Peng, ““An integrated probabilistic approach
to lithium-ion battery remaining useful life estimation,” IEEE Trans.
Instrum. Meas., vol. 64, no. 3, pp. 660-670, Mar. 2015.

Van T. Tran and B.-S. Yang, “An intelligent condition-based mainte-
nance platform for rotating machinery,” Expert Syst. Appl., vol. 39, no. 3,
pp- 2977-2988, 2012.

A. Widodo and B.-S. Yang, “Machine health prognostics using survival
probability and support vector machine,” Expert Syst. Appl., vol. 38, no. 7,
pp. 8430-8437, 2011.

E. Fumeo, L. Oneto, and D. Anguita, “Condition based maintenance in
railway transportation systems based on big data streaming analysis,”
Procedia Comput. Sci., vol. 53, pp. 437-446, Jan. 2015.

V. T. Tran, B. S. Yang, and A. C. C. Tan, “Multi-step ahead direct
prediction for the machine condition prognosis using regression trees and
neuro-fuzzy systems,” Expert Syst. Appl., vol. 36, no. 5, pp. 9378-9387,
2009.

C. C. Chen, G. Vachtsevanos, and M. E. Orchard, ‘“Machine remain-
ing useful life prediction: An integrated adaptive neuro-fuzzy and high-
order particle filtering approach,” Mech. Syst. Signal Process., vol. 28,
pp. 597-607, Apr. 2012.

W. Ahmad, S. A. Khan, and J.-M. Kim, “A hybrid prognostics technique
for rolling element bearings using adaptive predictive models,” IEEE
Trans. Ind. Electron., vol. 65, no. 2, pp. 1577-1584, Feb. 2018.

A. Ginart, 1. Barlas, J. Goldin, and J. L. Dorrity, “Automated feature
selection for embeddable prognostic and health monitoring (PHM) archi-
tectures,” in Proc. IEEE Autotestcon, Sep. 2006, pp. 195-201.

Y. Wang, Y. Peng, Y. Zi, X. Jin, and K. L. Tsui, “A two-stage data-driven-
based prognostic approach for bearing degradation problem,” IEEE Trans.
Ind. Informat., vol. 12, no. 3, pp. 924-932, Jun. 2016.

P. Shakya, M. S. Kulkarni, and A. K. Darpe, “A novel methodology for
online detection of bearing health status for naturally progressing defect,”
J. Sound Vib., vol. 333, no. 21, pp. 5614-5629, Oct. 2014.

K. Javed, R. Gouriveau, N. Zerhouni, and P. Nectoux, ‘A feature extraction
procedure based on trigonometric functions and cumulative descriptors to
enhance prognostics modeling,” in Proc. IEEE Conf. Prognostics Health
Manage. (PHM), Jun. 2013, pp. 1-7.

I. El-Thalji and E. Jantunen, “Dynamic modelling of wear evolution in
rolling bearings,” Tribol. Int., vol. 84, pp. 90-99, Apr. 2015.

Y. Lei, N.Li, L. Guo, N. Li, T. Yan, and J. Lin, “Machinery health prognos-
tics: A systematic review from data acquisition to RUL prediction,” Mech.
Syst. Signal Process., vol. 104, pp. 799-834, May 2018.

A. Soualhi, H. Razik, G. Clerc, and D. D. Doan, “Prognosis of bear-
ing failures using hidden Markov models and the adaptive neuro-
fuzzy inference system,” IEEE Trans. Ind. Electron., vol. 61, no. 6,
pp. 2864-2874, Jun. 2014.

W. Ahmad, S. A. Khan, and J.-M. Kim, “Estimating the remaining use-
ful life of bearings using a neuro-local linear estimator-based method,”
J. Acoust. Soc. Amer., vol. 141, no. 5, p. EL452, 2017.

D. A. Tobon-Mejia, K. Medjaher, N. Zerhouni, and G. Tripot,
“A data-driven failure prognostics method based on mixture of Gaussians
hidden Markov models,” IEEE Trans. Rel., vol. 61, no. 2, pp. 491-503,
Jun. 2012.

H. Bendjama, S. Bouhouche, and M. S. Boucherit, “Application of wavelet
transform for fault diagnosis in rotating machinery,” Int. J. Mach. Learn.
Comput., vol. 2, no. 1, pp. 82-87, 2012.

B. Zhang, L. Zhang, and J. Xu, “Degradation feature selection for remain-
ing useful life prediction of rolling element bearings,” Qual. Reliab. Eng.
Int., vol. 32, no. 2, pp. 547-554, Mar. 2016.

169714

(33]

(34]

[35]

[36]

(37]

(38]

(391

(40]

X.-S. Si, W. Wang, M.-Y. Chen, C.-H. Hu, and D.-H. Zhou, “A degradation
path-dependent approach for remaining useful life estimation with an exact
and closed-form solution,” Eur. J. Oper. Res., vol. 226, no. 1, pp. 53-66,
Apr. 2013.

Y. F. Wang and P. J. Kootsookos, ‘“Modeling of low shaft speed bearing
faults for condition monitoring,” Mech. Syst. Signal Process.,vol. 12, no. 3,
pp. 415426, 1998.

A. Saxena, J. Celaya, B. Saha, S. Saha, and K. Goebel, ‘“Metrics for
offline evaluation of prognostic performance,” Int. J. Prognostics Health
Manage., vol. 1, no. 1, pp. 2153-2648, 2010.

P. Nectoux, R. Gouriveau, K. Medjaher, E. Ramasso, B. Chebel-Morello,
N. Zerhouni, and C. Varnier, “PRONOSTIA: An experimental platform
for bearings accelerated degradation tests,” in Proc. Int. Conf. Prognost.
Health Manage., Denver, CO, USA, Jun. 2012, pp. 1-8.

W. Ahmad, S. A. Khan, M. M. M. Islam, and J.-M. Kim, “A reliable
technique for remaining useful life estimation of rolling element bear-
ings using dynamic regression models,” Rel. Eng. Syst. Saf., vol. 184,
pp. 67-76, Apr. 2019.

N. Z. Gebraeel and M. A. Lawley, “A neural network degradation model
for computing and updating residual life distributions,” IEEE Trans.
Autom. Sci. Eng., vol. 5, no. 1, pp. 154-163, Jan. 2008.

N. Gebraeel, A. Elwany, and J. Pan, “Residual life predictions in the
absence of prior degradation knowledge,” IEEE Trans. Rel., vol. 58, no. 1,
pp. 106-117, Mar. 2009.

L. Bian and N. Gebraeel, ““Stochastic methodology for prognostics under
continuously varying environmental profiles,” Stat. Anal. Data Mining,
vol. 6, no. 3, pp. 260-270, 2013.

XUEFENG KONG received the B.S. degree in
statistics from Central China Normal University,
Wuhan, China, in 2016. He is currently pursuing
the Ph.D. degree in systems engineering with the
School of Reliability and Systems Engineering,
Beihang University, China. His scientific interests
include reliability modeling and applied statistics.

JUN YANG received the B.S. degree in mathemat-
ics and information science from Yantai Univer-
sity, Yantai, China, in 1998, and the Ph.D. degree
in probability and statistics from the Chinese
Academy of Sciences, Beijing, China, in 2006.
He is currently a Professor in systems engineering
with the School of Reliability and Systems Engi-
neering, Beihang University, Beijing. His scien-
tific interests include reliability modeling, applied
statistics, and statistical process monitoring.

VOLUME 7, 2019



