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Abstract – In this paper, the diagnostic of rolling element bearings in variable regime is addressed. In
the nonstationary regime, permanent changes of operating system parameters (load and speed) prevent
fault diagnostic with classical tools (RMS value and spectral indicator). To overcome this problem, two
new indicators are proposed: RM S value and spectral indicator normalized by the active power. To do
that, the vibration signal was acquired simultaneously with the current and voltage signals, and then these
signals were divided into segments. For each segment, the RM S value (respectively the spectral indicator)
and the power active were calculated, then the RM S was divided by the active power. An analytical
model of vibration signal was given and a simulation model signal was used to investigate the proposed
indicators. For the experimental validation, a test rig was performed to extract signals (vibration, current
and voltage signals) at diﬀerent degradation states of bearings in a variable speed regime. The thrust
bearings (SKF 51207) were used with diﬀerent states of degradation: free fault and faults created with
diﬀerent sizes. Several operating parameters were considered: variable speed (50–950 rpm) and diﬀerent
loads. The experimental tests showed a linear relationship between the classical RM S value and the active
power. The results showed a correlation between the proposed indicators and the bearings state in variable
regime. Thus, the proposed indicators are very simple and may be implemented in real time for large
industrial applications.
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1 Introduction
Rolling element bearings are considered among the
most critical components in industrial machines. The
main mode of failing of those components is spalling of
the races or the rolling elements. This failure is caused
by fatigue cracks which, under loading, begin below the
surface of the metal and progress to the surface where
they cause material to break loose at the contact area [1].
The failure of a rolling element bearing may have a catastrophic consequence on the machine if it is not detected
and not followed up.
Several methods attempt to detect such localized defect at its incipient stage in order to prevent long-term
breakdowns or in some cases possible catastrophic failures. Among those, vibration analysis has proven eﬃciency for the detection and diagnosis of bearing defects.
When a defect is present, there is a signiﬁcant increase
a
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in the vibration level. The main objective of vibration
analysis consists in establishing and analyzing a robust
indicator that can detect and quantify an incipient fault.
In the literature, the majority of the indicators for bearing
condition monitoring have been proposed under a steadystate regime (load and speed constant). The most used
are the classical indicators, such as time indicators [2, 3]
(RM S value, kurtosis, etc.) or spectral indicators [4, 5].
Envelope detection [6] is a strong signal processing technique that has been widely used and its success has been
demonstrated [7, 8]. Time–frequency analysis is an effective tool for analyzing the behavior of transient signals [9]. Other signal processing tools have been proposed
recently; for example, the cyclostationary tools, based on
modelling vibration signal as a cyclostationary process,
have been proposed and have demonstrated the eﬀectiveness for bearing fault detection [10, 11].
Nevertheless, the diagnosis of rolling element bearing is more complex when the operating parameters of
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systems (speed, load) are variable. Under these nonstationary operations, the amplitude and frequency components change permanently. This aﬀects clearly the classical diagnostic tools which cannot detect a potential fault
in nonstationary condition. Several methods are proposed
in the literature to treat these issues in monitoring condition. In reference [12], it is found that the classical spectral indicator is linear with the operating condition. This
linearity forms a slope which is used as parameter for
monitoring the planetary gearbox used in bucket wheel
excavators. In reference [13], a method is proposed based
on time-frequency analysis techniques combined with the
automatic feature extraction method and fuzzy inference
in order to automatically diagnose bearing faults in a variable speed regime. In reference [14], a statistical approach
is proposed where the signal is divided into segments
where speed is considered constant, then the mean and
covariance matrices of the features vector are calculated,
and the interpolation is made by the ranges of speed bins.
A classiﬁcation by a statistical approach is then applied
in order to diagnose a gearbox running under variable
speed. In reference [15], a normalization of the RM S value
by speed is proposed for diagnosing thrust bearings in a
variable regime. In reference [16], a statistical diagnosis
algorithm based on the signiﬁcance level (p-value) is developed and applied on a test-bed, composed of parallel
gearbox and a planetary gearbox, working under a large
variability of speed and load conditions.
In this study, a method is proposed to remove the
speed variation eﬀect on the RM S indicator and the
spectral indicator. This is done with the normalization of
those classical indicators by the active power. The paper
is organized as follows: Section 2 presents the proposed
methods; Section 3 presents the application of normalized RM S to simulation signals; Section 4 outlines the
experiments carried out; and Section 5 gives the result
analyses before ﬁnishing with a conclusion.

2 Proposed indicators
2.1 Signal vibration model
Whenever a rolling element encounters a local defect
(see Fig. 1a), a shock is generated that excites high frequency resonances of the whole structure between the
bearing and the response transducer. This shock caused
by the impact force of the bearing element on the defect is periodic and its shape is a Dirac with ﬁnite power
(Fig. 1b). This Dirac is a result of the triangle, rectangle
or parabolic form [17]. Several studies have developed
analytical models of the impact force. In reference [18], a
dynamic model is developed which gives the relationship
between the impact force magnitude and a linear function
of the rotational speed of inner race, the bearing geometry and the defect size. The model of the impact force
Fi given in reference [19] is considered in this work and is
presented by the following equation:
Fi = C 1 vi Qdef
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(1)

where C1 is a variable that depends on the bearing geometry [19]. vi is the rotating speed of the inner race (rpm);
Q is the load applied to the bearing (N); def is the defect
size (mm).
On other hand, the vibration signal x(n) captured by
the accelerometer is modeled by the convolution product
between the impact force Fi (n) and the impulse response
h(n) of the system formed by the rolling element-outer
race-shaft (Fig. 1a). This system is assumed to be linear
time-invariant. It is also assumed that the dynamic behavior of the machine does not contain resonances that
may amplify vibration measurements. The signal x(n) can
be written as:
x(n) = Ei (n) ⊗ h(n) + b(n)
(2)
∞
with Ei (n) = k=−∞ Fik .δ(n − kT ) as a sequence of the
impact forces; b(n) as Gaussian white noise which represents the other vibration sources; and ⊗ as the convolution operation.
x(n) =

∞


Fik h(n − kT ) + b(n)

(3)

k=−∞

Equation (3) gives the relationship between the impact
force Fi and the acceleration signal x(n). In the following,
we will present the active power and the normalized tools
(RMS value and spectral indicator).
2.2 Active power
The active power is estimated by the following
formula:
√
PA = 3U I cos ϕ
(4)
where U is the RM S value of the voltage (volts) between
two phases of the supply of the three-phase motor, I is
the RM S value of the current (amperes) passed through
a phase, cos φ is the power factor and for the brushless
motor is equal to 1 (cos φ = 1). PA is the power active
and is in watts. The active power can be written also by
this equation:
Tu Ω
(5)
PA =
n
with n as the motor eﬃciency, Tu as the output torque and
Ω as the rotor revolution speed. From the relationship (5)
one can see clearly that the active power is linearly related
to the speed rotation Ω of the rotating shaft and the
output torque which depends only on the applied load.
2.3 RMS normalized by active power
The RM S value is an indicator, commonly used in
the industrial area, which measures the level of static redressed energy of a vibration signal. The formula for its
estimation is as follow:

 N
  (x (n))2
RM S = 
(6)
N
n=1
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(a)

(b)

Fig. 1. (a) Modeling shock impact of the rolling element on a spalling defect. (b) Sequence of impact forces.

where N is the number of samples and x(n) is the sample
of vibration signal at time n. The force impact, caused by
the defect presence, increases the RM S value.
For a number of samples N , on which the RM S value
is computed, it is assumed that the amplitudes of the
impulses Ei (n) are constant. The RM S equation of the
signal x(n) is given by:

 N

2
 (Fi ∞
k=−∞ h(n − kT ))
+ RM S0 (7)
RM S = 
N
n=1
with RM S0 as the RM S value of b(n) (RM S in the free
fault case). 
2
N  ∞
k=−∞ h(n−kT )
, a coeﬃcient which
Let C2 =
n=1
N
is related to the impulse response h(n) and which depends
only on the system properties, the transmission path between the point of impact and the accelerometer sensor
and the number of the shock at interval N which is neglected. The value of RM S is then:
RM S = Fi C2 + RM S0 = C1 C2 Qvi def + RM S0

(8)

Equation (8) provides that the RM S value of the signal
x(n) depends linearly on the following: the load Q, the C1
which depends to the bearing geometry, the coeﬃcient C2
which depends to the impulse response h(n), the size of
defect def, and the speed rotation of the inner race vi .
The proposed method consists in normalization of the
RM S value by the active power. The algorithm to do that
is simple and is as follows: the ﬁrst step is acquiring the
vibration signal at the same time as the current and voltage signals. Then all signals are segmented into segments
of N points on which the signal is considered stationary.
Then for each segment of a vibration signal and its corresponding voltage and current signals, we compute the
RM S value and the active power, then divide the RM S

value by the active power. This allows eliminating the inﬂuences of speed rotation and the load from Equation (8).
Therefore, the normalized RM S value is used for the diagnosis which will depend only on the defect presence.
2.4 Spectral indicator normalized by active power
Spectral indicators have been largely used for the diagnosis of rolling element bearings in the steady regime.
In the variable regime, these indicators change as the operating parameters change. The Fourier Transform (FT)
of Equation (2) is as follows:
X (f ) = Ei (f ) H (f ) + B(f )
with Ei (f ) = F T (

∞


k=−∞

(9)

Fik .δ (n − kT )). We consider

that in a short window of length N the speed and the
load are constant; under this condition the Fik is constant
∞


δ f − Tk . We assume
and therefore EN i (f ) = FTi
k=−∞

too that the impulse response H(f ) of the system does
not change with speed. Equation (9) then becomes the
following:
XN (f ) =

∞
C1 vi Qdef 
k
.δ f −
H(f ) + B(f )
T
T
k=−∞

(10)
It is seen from Equation (10) that XN (f ) depends linearly to the rotation speed vi , the load Q, and the size
of the defect def. The proposed indicator consists in the
normalization of the maximum of the FT, calculated on
a window N , by the active power. It is given by the following equation:
I = max(XN (f ))/PA

(11)
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Fig. 2. (a) Typical signal in the free fault case 1. (b) Typical signal in the presence of defect 2.

This indicator is simple to implement and does not need
large resolution. The algorithm to obtain this indicator
is similar to the proposed algorithm for the RM S value:
the ﬁrst step is acquiring the vibration signal at the same
time as the current and voltage signals. Then for each
segment of vibration signal and its corresponding voltage
and current signals, we compute the FFT (using Hanning
window) of the vibration segment and the active power,
then divide the maximum of the obtained spectrum by
the active power. This allows eliminating the inﬂuences
of speed rotation and load from Equation (10). Therefore, the normalized spectral indicator I is used for the
diagnosis, which will depend only on the defect presence.

3 Application to synthetic signals
To test the proposed method, a simulation model of
the vibration signal was used and is presented by the following equation:

x (n) =
Ai h(n − iT − τi ) + b(n)
(12)
i

with h(n) as the impulse response generated by a single impact (assumed identical whatever the shape of the
305-page 4

impact), T is the time between two impacts (in variable
regime, T is related to rotating frequency), Ai is the
amplitude-modulation of the ith impact force, τi is the
time lag from its time shock iT due to the presence of
slip, and b(n) an additive background noise that represents the contribution of the other vibration sources. It is
a simple model of a vibration signal produced by a single
defect. This model has been successfully used to describe
incipient faults in rolling element bearings [20,21]. For the
simulation, only the normalized RMS value was tested.
For simulating active power, Equation (5) was used
with the rotation speed Ω taking the proﬁle as presented
in Figure 5, and the parameters Tu and n are constants
(for simplicity they are equal to one). For the simulation
signals, three cases were considered: free fault, defects 1
and 2. In the case of defect 2, the modulation amplitude
Ai was more important than in defect 1, whereas in the
free fault case it was equal to zero. The sampling frequency was 10 kHz, the time of each signal was 90 s,
which gave 9 × 105 samples. Figure 2a presents the signals
produced by the Equation (12) in the case of free fault,
and Figure 2b in the presence of defect 2. It can be seen
in these ﬁgures that simulation signals are modulated by
rotation speed variation. In the faulty case, it can be seen
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Fig. 3. (a) RM S value for simulation signals for free fault and with fault (defects 1 and 2). (b) RM S value for simulation
signals after normalization by active power for free fault and with fault.

that the amplitude of signal is more important due to the
presence of the defect.
The simulation signals were subdivided into segments
(5000 points) and for each segment the RMS value was
computed and is presented in Figure 3a. The choice of
5000 points of the window size is empirical and it must
respect that the signal is stationary in this segment. It can
be seen in Figure 3a that speed variation has an impact on
RM S values. For example, the RM S = 1.2 can indicate
both free fault and faulty case.
Figure 3b presents the normalized RM S values by active power. In this ﬁgure, one can see that the new RM S
value in the free fault case is constant for all segments
(each segment presents a given speed). When the fault is
present, the normalized RM S values begin rising and it
can distinguish the faulty case from the free fault case,
whatever the speed variation. The increase in normalized
RM S value is due to the presence of the impulse response
generated by the impacts. It is noted that the new RM S
cannot classify the severity of the defect (distinction between defect 1 and 2) in a certain range of speed (low
speed).

4 Test rigs
To test the proposed indicators on real signals, a series of experiments was performed to extract signals, in
variable regime, on a test bench (Fig. 5a). This bench
was equipped with a brushless motor with 10 kW power
driven by an inverter, a module for the thrust bearings fatigue, a device for applying a load on the thrust bearings,
and an oil injector for the lubrication. An ICP accelerometer sensor with a sensitivity of 9.87 mv.g−1 is located
on the axial direction of the thrust bearing. An incremental optical encoder, integrated into the motor, delivered 1024 point.rev−1 . The optical encoder, which is a
position sensor, allowed us to estimate the instantaneous
speed. For the estimation of the active power, a current
clamp was used to obtain the current and a voltmeter was
used to obtain the electrical potential. For each test, the
signals from the accelerometer, current clamp, voltmeter
and the optical encoder were acquired simultaneously

Load device
Motor

Thrust bearing location

(a)

(b)
Fig. 4. (a) Test rigs. (b) Used thrust bearing.

by a dynamic acquisition system. For the accelerometer,
current and voltage signals, the sampling frequency was
25 600 Hz; and for the optical encoder, the sampling frequency was 102 400 Hz. The acquisition time was 35 s (or
896 000 samples for the vibration signal). Figure 4 shows
the proﬁle of the machine speed for all acquisitions: the
speed rise area which is from 50 to 950 rpm (15 s), the
speed constant area which speed is equal to 950 rpm (5 s),
and the speed drop area which is from 950 to 50 rpm.
For the thrust bearings (see Fig. 5b), the spalling defects were created with diﬀerent surfaces on one of its
two rings. The surface of these defects was measured and
is presented in Table 1. Figure 6 shows the microscopic
305-page 5
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Defect 1

Fig. 6. Microscopic pictures of spalling defects 1 and 4.
Table 1. The created spalling defect surfaces (mm2 ).
◦

N of
the defect
Surface
(mm2 )

Defect 1

Defect 2

Defect 3

Defect 4

0.8

3.6

9.2

14

photos for defects 1 and 4. Using the loading device, the
following loads were applied to the thrust bearings for
each degradation state: 0, 500, 1000, 1500, 2000, 2500
and 2900 daN.
4.1 Signal analysis
Figure 7 shows the vibration signals acquired in the
cases of free fault and defect 4 for a load of 2900 daN.
In the free fault case (Fig. 7a), we observed the progressive rise in vibration signal amplitude from 4 m.s−2 to
18 m.s−2 in the rising speed area, and in the drop speed
area the amplitude decreased from 18 m.s−2 to 4 m.s−2 . It
can be seen that the amplitude of the signal is modulated
by the speed variation. In the case of defect 4, the signal amplitude increased from 4 m.s−2 to 54 m.s−2 in the
speed rise area and decreased from 54 m.s−2 to 4 m.s−2
in the speed drop area (see Fig. 7b). It is obvious that the
vibration signal amplitude is larger compared to the free
305-page 6

fault case due to the presence of defect. In other words, it
can be seen that the vibration signal amplitude is modulated by the variation of the speed and the presence of
spalling defect.
Next, the signals acquired in the cases of free fault, defects 1–4 were segmented into slices of 5000 points, and on
each slice the RM S value was calculated and is presented
in Figure 8a. This ﬁgure shows that the RM S values in
the areas where speed rises and drops follow a linear trend
and these values depend strongly on the speed. The speed
variation prevented us to put a fault detection threshold;
for example, in this ﬁgure if the RM S value equal to 4
is taken as a threshold, all the curves pass through this
value and therefore the distinction between all cases is not
possible using the classical RM S value. It is shown in reference [15] that the RM S value depends linearly on the
speed. The trend of RM S values as a function of active
power is presented in Figure 8b (to avoid the overcrowding in this ﬁgure, we present just the following cases: free
fault, defects 3 and 4). In this ﬁgure, the linear regression
of the points formed by the RM S values as a function of
active power is presented. To test the quality of the regression, the coeﬃcients of determination r2 were calculated:
r2 = 0.956 in the free fault case, r2 = 0.935 in the case of
defect 3, and r2 = 0.974 in the case of defect 4. We can
see that these values are near to 1, which demonstrate
the fact that the RM S values of the vibratory signal are

Vibration (m/s²)
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Fig. 7. (a) Typical signal recorded in the free fault case (load of 2900 daN). (b) Typical signal recorded in the case of defect 3
(load of 2900 daN).
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Fig. 8. (a) RM S value depending on the thrust bearing states. (b) Linear regression of the RM S values for diﬀerent states in
the speed rise area.
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(a)

(b)
Fig. 9. (a) Active power for diﬀerent loads. (b) Active power in the cases of free fault and defect 4.
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Fig. 10. Normalized RM S value versus defects (load of 2900 daN).

a linear function of the active power. Figure 9a presents
the active power estimated on each slice of 5000 points for
loads of 5 to 29 kN by steps of 5 kN. As we can see from
this ﬁgure, the active power is a function of the speed and
the load. Figure 9b shows the active power in the cases of
free fault and defect 4. The active power is not aﬀected by
the defect presence; it depends only on the speed and the
load. This result is in line with Equation (5). Figure 10
presents the normalized RM S value by the active power
for diﬀerent states of thrust bearing degradation. As we
can see from this ﬁgure, for the speed above 300 rpm
the normalized RM S value has a stationary trend compared to classical RM S. Thus the normalization by active power eliminates the nonstationary appearance due
to speed variation. The normalized RM S value increases
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only according to the state of the thrust bearing degradation. The more important the defect is, the more the
normalized corresponding indicator increases. It can be
said that the normalized RM S values increase with the
size of the defect regardless of the speed variation. This
is obvious for free fault, defect 1 and defect 2. For defects 3 and 4, there are some changes in their curves and
compared with the classical RM S it can be considered
to have a stationary trend. Below 300 rpm, we can observe that speed has little inﬂuence on the new RM S
value, especially for defect 4; that is because the number
of impulses due to the shock at windows size is small and
the accelerometer response is weak at this speed range. It
can be observed that for a speed less than 120 rpm, the
new indicator is unable to distinguish between faulty and
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Fig. 12. Normalized spectral indicator versus defects (load of 2900 daN).

free fault cases. This is because at this speed range the
accelerometer cannot react with the defect.
In the area corresponding to the speed rise between
150–and 950 rpm (speed drop area is similar), the mean
and standard deviation of the classical RM S values (calculated for segments of 5000 points) were computed. Figure 11a presents the mean value and standard deviation
for diﬀerent states of degradation of the thrust bearings
for a load of 2900 daN. It can be noted that the standard
deviation is so large that if a threshold value is ﬁxed to
3 for example, it indicates all bearing degradation states.
This is due to the presence of the slope which greatly inﬂuences this classical indicator. Figure 11b presents the
mean value and standard deviation of the normalized
RM S (on slices of 5000 points) of the same vibration
signals as in Figure 11a. It can be noted that the standard deviation around the mean became small. With this
new indicator, one can distinguish the case without defect

and with spalling defect. This classiﬁcation can be done
from a surface less than 2 mm2 in the case of a load of
2900 daN. This classiﬁcation gives robustness to the new
indicator in a variable regime.

Normalized spectral indicator
In the following, the indicator proposed in Section 2.4
was applied to the experimental signals for the segment
size of 4096 points (the choice of this segment size is empirical and is taken as a power of 2 for FFT calculation).
The results of the application for all degradation bearing states are presented in Figure 12. As can be seen
from this ﬁgure, the indicator is correlated with the defect presence and is independent of the speed variation.
For the free fault case, the indicator is stationary, the
level of this indicator increased with the defect presence
305-page 9
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(defects 1 and 2). In the case of defects 3 and 4, the indicator increased very strongly. Due the weak response
of the accelerometer at low speed, the indicator did not
react with the defect under a speed of 240 rpm. To establish a diagnosis strategy, one can put a threshold value
equal to this indicator in the case of defect 1; when the
indicator exceeds this threshold, an alarm is triggered.

5 Conclusion
In this paper, the issue of bearing element monitoring
at variable speed regime is addressed. The speed variation generates nonstationary components in the vibration
signals, which aﬀects strongly the classical tools and prevents use of these indicators for diagnostics.
Two indicators are proposed: RM S value and a spectral indicator normalized by active power. An analytical
model is given of the vibration signal as a function of
speed load and defect size. The developed models justify
the choice of those indicators to overcome the speed variation inﬂuence.
A test on the simulation signals is performed thanks to
a simple model of the vibration signal producing a single
defect. The results of simulation show clearly that in the
free fault case, the new RMS is constant whatever the
speed variation and when defect begins, the new RM S
rise depends only on the defect presence.
A test rig was prepared to collect vibration, tension
and current signals for diﬀerent states of the thrust bearing, which is necessary to test the proposed indicators. It
was found that speed variation, load and defect presence
modulate the vibration signals. The results show clearly
that the proposed indicators are independent of speed
variation inﬂuence at speeds above 300 rpm. The new indicators are able to diagnose the bearing state whatever
the speed variation and it can also classify the severity
of defect present, which is not achievable with classical
RM S value and spectral indicator. The new RM S value
at speeds below 300 rpm depends slightly on the speed
and it can distinguish between faulty and free fault cases.
The perspective of this work is to test those indicators
on other kinds of bearings and to ﬁnd a real application
in the industrial domain.
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