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ABSTRACT.

Recently, structural-health monitoring has attracted considerable attention due to its great significance to
prolong the lifespan‘and improve the system reliability of industrial machineries. The conventional fault diagnosis
methods mainly depend on battery-support sensors. The self-powered fault diagnosis methods provide a new idea
to realize fault diagnosis without using battery-supported or wired sensors. So, this study proposes a novel
piezoelectric smart bearing for generating the voltage signals from the rotor’s vibrations. These voltage signals
can be used for supplying the monitoring units and fault diagnosis. For this purpose, a prototype is fabricated
and is experimentally tested with differentshafts. Each shaft has a central disc and a breathing transverse crack
at its mid-span. The shafts are identical except for the crack depth. Then, the convolutional neural network
algorithm is developed and trained based on the output voltage of the smart bearing under different crack depths.
The results indicate that the crack fault can be classified to three labeled categories (level I, level II and level III).
Also, the classification accuracy of this method c©an achieve 99.9%, which are quite feasible in practical
applications. So, the proposed piezoelectric smart bearing has good application prospects for the self-powered

fault diagnosis of rotating machinery.
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1. Introduction destructive change inthestructure of the rolling bearing
is a main challenge in design of smart bearings. These
technologies can avoid using wired sensors and battery-
supported sensors in.condition monitoring [2]. Miao et
al. [3] fabricated a variable reluctance smart bearing
using a ribbon-shaped 'soft ferromagnetic cage. They
showed that the proposed bearing iscapable of detecting
the cage surface crack. Also, the results confirmed that
increasing the number of turns and decreasing the gap
length can lead to better performance. Jiang et al. [4]
constructed a triboelectric smart bearing to recognize
faults in rotating machineries. They concluded that the
performance of the system can be improved when'the
number of electrode section pairs increases.

Recently, with the development of industrial
informatization and intellectualization, the development
of smart bearings has attracted a lot of significant
attention in an attempt to reduce maintenance costs and
increase reliability by providing online health condition
monitoring. The smart bearing is a fully integrated
system that includes the bearing structure, miniatured
sensors and electrical circuit. In the smart bearing,
sensors can be arranged closer to fault sources for
overcoming path losses that lead to a high signal to noise
ratio. The most common physical signals used for fault
diagnosis are vibration, temperature, load, and speed
[1]. Employing the self-powered technologies without
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As described in the literature, previous works mainly
focused on condition monitoring and modelling of
cracked rotor systems with simple bearings. Also, in the
most self-powered smart bearings the existing structure
of rolling bearings is changed or destroyed to install
sensor elements. Moreover, there is no comprehensive
model of flexible rotors that incorporates the breathing
transverse crack, unbalance force and electromechanical
coupling due to piezoelectric smart bearings. Therefore,
itis the main, motivation of this study to design a
piezoelectric smart bearing without destructive change
in the structure of the rolling bearing, propose a
convolutional _neural'network (CNN) for analyzing the
voltage responses.and detecting damage in the shaft.

2. Structure of the smart bearing

Figure 1 depicts the componentsand the structure of the
proposed piezoelectric smart bearing. It is composed of
a bearing support, a rolling bearing, a cover, four probes,
four piezoelectric discs, four insulating discs and four
set screws.
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Figure 1. Assembly of the piezoelectric smart bearing
components: a) Structure diagram and b) Physical model.

The housing of the rolling bearing is embedded in
the bearing support. The rolling bearing is encompassed
by four probes and is able to move radially within the
clearance space of the housing. Probes are orthogonal to
the shaft axis and can slide within their guide holes.
Axial displacement of the rolling bearing is constrained

by the cover. The set screw mounted at the end of each
guide hole applies a very low preload. This is required
to keep each piezoelectric disc in contact with a probe at
one side and with an insulating disc at the other side.
During operation, transverse vibrations carried by the
probes cause axial strains in the piezoelectric discs. So,
the piezoelectric discs generate electric charges which
can be analyzed as the voltage signals for damage
detection.

3. Experimental procedure

An overall view of the experimental setup is given in
figure 2. The shaft with the radius of 7.94 mm and length
of 72.4 cm is connected to the motor using a lightweight,
flexible coupling that allows radial movement of the
shaft. A disk with the thickness of 11.72 mm and radius
of 76.2 mm is mounted at the center of the shaft. The
disc and shafts (fifteen samples) have been machined
from steel. In order to mimic the breathing crack
behavior, an extremely narrow notch (crack) is placed
near the midspan of the shafts using a wire electric
discharge machine. The shafts are identical except for
the notch depth «. The bearing supports and covers are
machined from aluminum. The base, motor pedestal,
probes and insulating discs have been made of
Acrylonitrile Butadiene Styrene (ABS) material. The
rotational speed of the motor is manually controlled by
a dimmer circuit and is measured by a laser tachometer
(DT-2234C). The voltage applied to each resistor is
collected using a data acquisition system (MA-DR300-
AV08, Mahda Co.).

Figure 2. Smart bearing test rig used for shaft crack
testing: (1) smart bearing (2) base (3).shaft (4) disc (5) speed
control (6) dimmer circuit (7) motor (8) tachometer (9)
potentiometer (10) breadboard (11) data acquisition system.

In this research, the control'experiments were carried
out for fifteen different values-of the crack depth (fifteen
samples), at 100, 200 and 300 rpm (forty-five
experiments). Then, 900000 sample of the woltage
signal were recorded in each experiment. Finally, the
wavelet transform is used to extract the time—frequency.
images of the signals, which are the inputs of the
convolutional neural network (CNN) model. Figure.3
shows some scalograms generated from the voltage
signals in the experiments at 300 rpm.
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Figure 3. Some scalograms generated from the voltage
signals in the experiments at 300 rpm.

4. Design of convolutional neural network

The structure of the . CNN model is presented in Figure
4. The time—frequency.images of the voltage signals are
input in tensor form. The architecture of this CNN
comprises of three convolutional layers, three pooling
layers, fully connected layers and an output layer. In
each layer, batch normalization is'set up to speed up the
training and convergence of the network, and reduce the
internal covariance deviation. The active function of
each convolution layer is ReLu,«which is used to
improve the overall network’s expressive capacity and
prevent overfitting. Three convolutional layers:have an
associated pooling layer. After the first and last
convolution layer a dropout value of 50% is applied.
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Figure 4. Structure of the constructed CNN model.

For each class, 80% of the samples are taken as the
training set and the remaining 20% comprise the testing
set. Figure 5 illustrates the fault classification confusion
matrix based on the output voltages. It can be seen that
the average accuracy for fault classification reaches
99.9%, indicating that the piezoelectric smart bearing
has high sensing capability and can be applied to
condition monitoring and fault diagnosis of rotors.
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Figure 5. The confusion matrix based on the output
voltages a) training b) test.
Model accuracy and loss functions are shown in
figure 6. It can be observed that the CNN model can

converge quickly and achieve good recognition
performance on the verification set.
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Figure 6. The loss function and accuracy curves of the
classification model.

5. Conclusion

In this study, a novel piezoelectric smart bearing was
designed and constructed. The voltage responses of the
smart bearing were recorded for different values of the
crack depth and rotational speed. Then, the wavelet
transform and a CNN algorithm were used to classify
the crack fault into the three labeled categories. The
results showed that the output voltage of the smart
bearing can be used for damage detection. Also, the
classification accuracy of this method can achieve
99.9%. So, the results of this research present an
accuratep fast and nondestructive algorithm for damage
detection of rotating machines, which are important in
condition manitoring and reliability of these systems.
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Figure 2. Smart bearing test rig used for shaft crack testing: (1) smart bearing (2) base (3) shaft (4) disc (5) speed control (6)
dimmer circuit (7) motor (8) tachometer (9) potentiometer (10) breadboard (11) data acquisition system.

e

CALll (g9 ool ol Sy 31 STy glod Y S

Figure 3. Close view of the crack in the shaft.
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Figure 4. A typical voltage signal at the rotational speed 300 rpmand non-dimensional crack depth #=0.5 in the range of a)

10<t<12.5 b) 12<1<12.5;
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Figure 5. Scalograms generated from the recorded voltage signals at the rotational speed 300 rpm a) level I b) level 11 c) level 111.
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Figure 6. Structure of the constructed CNN model in this study.
G55 2 4D 5 3)ls ol (b gaciaSi il (699)5 Oy @) Jsoz j0 0ad o LAl S A 3 Laosls w5l &
5 (LS ;o 40 o0l lavs JUKw o) (Srwglliel 5 o590l slp Ar T O yg0 as 00l STb .l 0ss o350 ol ool SSL
@liee Jole plosl 5l ey aSiis ol CadlS cnlouls aid 5 L 0 (S 2 50 end bas LK SO) Cd gl Y
285 anly 3 ) 0550 o5 50 e la e le g o Shos s g i Lol (hjge]
diedgd HBLL aS cul o] 51 S mls aes o lis Eis 5 650l lrosls gl 1) caF 0 Gl il VIS
QAL c80) JolS jobo s |y jomme ;0 S5 cae cul ol ooy &Il iglgils wac aSiii b ol jon oals b G xSdlg s
Ayl gasg@i b N xlass g 1 s o mhacs oS a0 5 00905 o lulils

CM for Train Data

| 4 0 0 100%

33.3% 0.0% 0:0% 0.0%

5 0 4 0 100%

2 0.0% 33.3% 0.0% 0.0%
o
E
&

3, 0 0 4 100%

0.0% 0.0% 33.3% 0.0%

100% 100% 100% 100%

0.0% 0.0% 0.0% 0.0%

N v "
Target Class
(A

! Softmax
2 Confusion matrix

AR



CM for Test Data

. 1 0 0 100%

33.3% 0.0% 0.0% 0.0%

5 0 1 0 100%

2 0.0% 33.3% 0.0% 0.0%
o
E
&

3, 0 0 1 100%

0.0% 0.0% 33.3% 0.0%

100% 100% 100% 100%

0.0% 0.0% 0.0% 0.0%

N v "
Target Class
(&

o (215 o A5 Sl (0 3zl (I (gl a5 53y s yilo ¥ JSCis
Figure 7. The confusion matrix based on the output voltages a) training b) test.
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Table 2. Comparison of the fheural hetworksmodels which are used in this study.
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