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Abstract. Stick-slip vibration images of water-lubricated rubber stern bearing are collected by
using machine vision technology. Then these images are analyzed by the methods of persistent
homology-based machine learning (PHML). During this analysis, the corresponding barcode is
obtained by calculating the homology of the simplicial complex of the vibration images, and the
topological characteristics of the vibration images are obtained based on the barcode images, then
the support vector machine (SVM) learning is used to study the topological features, and finally
the classification and identification of the stick-slip vibration of water-lubricated rubber stern tube
bearing are completed. The results have shown that the length of the longest 1D Betti number is
closely related to vibration value. Based on these data, it is possible to use the warning beep
effectively, create an intelligent description of the beep process, and provide a new idea for
simulating stick-slip vibration in the stern bearing.

Keywords: persistent homology-based machine learning, water-lubricated rubber stern bearing,
stick-slip vibration, topological features.

1. Introduction

The frictional vibration and noise of water-lubricated rubber stern bearings (hereinafter
referred to as stern bearing) affect the concealment, safety, and reliability of underwater vehicles,
as well as the comfort of their passengers [1, 2]. Friction vibration noise is a very complex natural
phenomenon, which mainly occurs in low speed and heavy load conditions [3-5]. At this time,
stern bearings have boundary lubrication or mixed lubrication, and it is difficult to build a water
film [6-9]. This causes direct contact between the shaft/rubber bearing friction pair thereby
generating vibration in the bearing-shaft system [10]. This friction not only causes severe wear on
the system, but also generates frictional vibration, audible noise, and torsional vibration which
drive down the reliability and concealability of the ship [11]. There is an intermittent contact
between the friction pair of the stern bearing and the shaft, and stick-slip self-excited vibration
occurs. Scholars mainly use experimental methods [12, 13] and numerical methods [3, 14-16] to
study it. Fuming Kuang and Xincong Zhou [17, 18] use a glass shaft to form a friction pair with a
rubber block. To explore the frictional vibration mechanism and process of coupling with torsional
vibration, a high-speed camera records the responses of the rubber seal, fixer, and shaft
simultaneously. Scholars have done several researches on stick-slip vibration of the stern bearing,
but the classification and recognition are still done manual, that is inefficient and can produce
inaccuracies or even errors due to the human factor. Using the artificial intelligence to apply the
persistent homology (PH) theory to image recognition and classification of stick-slip vibration of
the stern bearing using a machine instead of manual operation, the efficiency and accuracy well
improved the results. In recent years, the PH [19] has continuously achieved breakthroughs and
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applications in the fields of large data, artificial intelligence, material genome projects [20-24],
medical imaging, and intelligent diagnosis [25], image processing [26-28], etc. Although the
PHML was studied and applied, for instance, based on the PH theory, the image barcode was
obtained, as well as the topological features and geometric structure information of the image [29].
Then PH and machine learning (ML) for data analysis are to be combined [30], but there are little
researches on the stick-slip analysis of stern bearing based on the PHML.

2. PH and SVM theory
2.1. Basic PH principles

The PH is originated Morsel theory, which is a method used to calculate topological features
at different spatial resolutions [30]. The PH can detect more continuous features on a wide spatial
scale. These features are independent of the filter scale and can better represent the true
characteristics of the underlying space.

2.1.1. Simplicial complex

A simplicial complex is a combination of simplexes under certain rules. It can be viewed as a
generalization of a network or graph model.

A simplex is the building block for the simplicial complex. It can be viewed as a generalization
of a triangle or tetrahedron to their higher dimensional counterparts.

Definition 1. A geometric k-simplex 0% = {v,, v;,v,, ..., v} is a convex hull formed by
k + 1 affinely independent points vy, v;, v, ...,V in the Euclidean space R, as follows:

k
ok =120 + 1104 +---+lkvklzli =1,0<14<1i=01,- ki (1)

i=0

A face T of k-simplex o* is a convex hull of a nonempty subset. In this paper, it is denoted as
T <ok

Geometrically, a 0-simplex is a vertex, a 1-simplex is an edge, a 2-simplex is a triangle, and a
3-simplex represents a tetrahedron. An oriented k-simplex [o*] is a simplex together with
orientation, i.e., the ordering of its vertex set. Simplices are the building blocks for the (geometric)
simplicial complex.

Definition 2. A geometric simplicial complex « is a finite set of geometric simplices that
satisfy two essential conditions:

1. Any face of a simplex from « is also in k.

2. The intersection of any two simplices in k is either empty or shares faces.

The dimension of K is the maximal dimension of its simplexes. A geometric simplicial
complex k is a combinatorial set, not a topological space. However, all the points of Rd that lie in
the simplex of K aggregate together to topologize them into a subspace of Rd, known as
polyhedron of k.

Graphs and networks, which are comprised of only vertices and edges, can be viewed as a
simplicial complex with only 0-simplex and 1-simplex.

Definition 3. An abstract simplicial complex K is a finite set of elements vy, vy, V5,..., U,
called abstract as vertices, together with a collection of subsets (v;g, V;1,..., Vim) called as abstract
simplexes, with the property that any subset of a simplex is still a simplex.

For an abstract simplicial complex x, there is a geometric simplicial complex K, which
vertices are in one-to-one correspondence with the vertices of k and a subset of vertices being a
simplex of K, only if they correspond to the vertices of some simplex of k. The geometric
simplicial complex K, is called as the geometric realization of k.

1 066 JOURNAL OF VIBROENGINEERING. AUGUST 2021, VOLUME 23, ISSUE 5



STICK-SLIP VIBRATION IN WATER-LUBRICATED BEARING-SHAFT SYSTEM SIMULATED IN PERSISTENT HOMOLOGY-BASED MACHINE LEARNING
MODEL. SHENGDONG ZHANG, XIUYING YANG, YONG JIN

2.1.2. Homology

Simplicial complexes k, Kk are a summation of YN, c; [al-k], where [aik] is the simplicial k of
simplicial complexes k, c¢; € Z;,Z, represents a domain modulo 2, all k chains on k form an
Abelian group, called chain group, denoted as c; (K).

For the edge operator d; of K simplex o, the equation is as follows:

k
OOk = Z(—l)i = [ug, ug, o @y, e wid, ()
i=0

where, [ug, Uy, -+, ;, -+, Uy ] means the face obtained by deleting the i-th vertex in the simplex.
Edge operators can derive an edge homomorphism 9,,: C, (K) = ¢j_1 (K).
The boundary operator has an important property: the composition operator 9y _,dy, is zero:

i
0e-106(0®) = > (=1) (=1 [ug, By, By, ]
i j<i | 3)
+Z(_1) (_1)]—1[u0’...’ﬁj’...’ﬁi,...,uk] =0
j>i
The chain group sequence connected by the boundary operator constitutes a chain complex, as
shown below:

an 611,— d [7]
= ea(K) = cqa(K) 5 = oK) = 0. “)

The Eq. 0y © 0;,4 = 0 is equivalent to the inclusion Im 9., © Kerdy, where Im and Ker
denote image and kernel. Elements of Kerd, are called kth cycle group, and denoted as
Zk = Kerd,, . Elements of Imd, + 1 are called k th boundary group, and denoted as
B, = Imd; + 1. A kth homology group is defined as the quotient group of Z; and By:

Hy = 2k 5
e=g 5)
The k-th Betti number of the simplicial complexes k is a rank of Hy:
Bx = rank(H,) = rank(Z,) — rank(B;,). (6)

Betty’s number [, is a finite number, because of rank(Bp) < rank(Zp) < . The Betti
number calculated by the homology group is used to describe the corresponding homology space.
In general, the Betty numbers 1, 2, and 3 are the number of connectors, the number of holes
surrounded bylines, the number of holes surrounded by faces, and the higher Betty numbers can
be deduced by analogy.

2.1.3. Filtration and persistence
A filtration of a simplicial complex k is a nested sequence of sub complexes of x:
p=K,SK, S CK, =K. (7)

When the simplicial complex k is filtrated, it is possible to generate topological attributes for
each member in the sequence by deriving the homology group of each simplicial complex. The
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topological features that are long lasting through the filtration sequence, are appropriate to capture
a significant property of the object. Intuitively, non-boundary cycles that are not mapped into
boundaries too fast along the filtration are considered possibly involved in major features or
persistence. Equipped with a proper derivation of filtration and a wise choice of threshold to define
persistence, it is practicable to filter out the topological noise and acquire attributes of interest.
The p-persistent kth homology group of K; is defined as:

Zy

ip _ .
(B nzi)

k

®)

where Z} = z,(K;) and B} = ByK;. The consequent p -persistent k th Betti number is
P = rank(H,?). A well chosen p promises reasonable elimination of topological noise.

2.1.4. Barcode plots

Barcode plots are used to reflect the topological characteristics of the complex filtration
duration of the point cloud set in the process of increasing the connected radius.

It is represented by a collection of finite intervals on the real axis R, which can generally be
expressed as [a, b] or [a, +], where a, b € R. If to draw the Betti interval in a two-dimensional
coordinate system, a visual description of PH can be gotten [27]. The traditional output of
continuous coherence is a “barcode” plot, as shown in Fig. 1.

. . /\ : N
\\ : \\. .s"
a) Homology group changes b) Homology group changes ¢) Homology group changes
with € =0.05 with € =0.12 with € =0.26
£

€ :
o a

0 0.65 0.1 0.‘15 0.‘2 0.‘25 0 0. 65 0.1 0. ‘15 0,‘2 D.éS

d) 0 D barcode ¢) 1 D barcode

Fig. 1. PH barcode

2.2. SVM algorithm

The SVM [31] is a machine learning method developed on the basis of statistical learning
theory, and has been widely used in geotechnical engineering. It has inherent advantages for
solving small samples, high dimensionality, nonlinearity, and local minima. However, traditional
methods are required to solve a quadratic programming problem, which is often very slow and
computationally complex. The SVM transforms the inequality constraints in the SVM into
equality constraints, ensuring the accuracy and speed of learning. The derivation of the SVM is as
follows:

inF(w, b L LN 2 9
,%2 (w, ,e)—EW W+§yZei, 9
=1

where, e = [ey, e, ..., e,,] is deviation vector; y is weight; Eq. (9) must meet the following
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constraints:
yi=[wlo(x)+bl=1-¢, i=12--,m (10)

Define the Lagrange function and solve the maximum condition of the function, which is the
minimum condition of Eq. (9). The Lagrange function is:

L(w,b,e,a) = F(w,b,e) — Z @ W o) + bl — 1 + e, (a1

i=1

where, «; is Lagrange multiplier, the optimal conditions are:

oL ¢
ow 0=>w =Z“iyifp(xi),
i=1
m
oL 0= z
ET ayi
db L )
daL .
a—ei: O0=>a;=ye, i=12,-,m,
oL , .
5o =0 yiwTo(; +b) —14¢]=0, i=12--,m,
L
Eq. (12) is transformed into the following linear Eq. (13):
I 0 0 -ZMw 0
0 0 0 -—YT||b 0
ol 13
0 0 yI —I||e 0 (13)
Z'Y 1 0 lla I

where, Z =[p()",0() 2,000 Yml, Y =y yml, I=1[11,1],
e = [61, €y em]9 a = [a1; Az, (lm].

According to the above derivation, it can be seen that the SVM converts the inequality
constraints in the SVM into equality constraints, and the training process is also transformed into
the solution of linear equations, which simplifies the complexity of calculations and ensures the
accuracy.

2.3. Selection and establishment of topological features

Under the action of load and water lubrication, the stern bearing block will produce
elastic-plastic deformation and stick-slip phenomenon, resulting in chatter. Therefore, it is
necessary to find its topological features in the Barcode diagram of PH, and search for useful
features from these features, so as to find the vibration characteristics. The features used in the
SVM are listed in Table 1.

Table 1 show the 14 features commonly used in the SVM. The second column indicates
whether each feature corresponds to a 0-dimensional or a 1-dimensional Betti number. The last
column is an explanation of the precise topological significance of this feature. Since the features
in Table 1 are divided into 14 items, which are relatively desterned and complex, Table 2 classifies
14 features from a large level and is divided into 3 categories, reflecting the intensity distribution,
physical characteristics, and geometric characteristics respectively.
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Table 1. List of Features used in support vectors [32]

Feature | Betti Description

1 0 The sum of the lengths of all 0-dimensional barcode images

2 1 The sum of the lengths of all 1-dimensional Betti numbers

3 0 The length of the second longest Betti number is 0 bar

4 0 The length of the third longest Betti number is 0 bar

5 0 The sum of lengths of all Betti number is 0 bar except for those that exceed the max
filtration value

6 0 The average length of Betti number is 0 bar except for those that exceed the max
filtration value

7 1 The onset value of the longest Betti number is 1 bar

8 1 The length of the longest Betti number is 1 bar

9 1 The smallest onset value of the Betti number is 1 bar that is longer than 1.5 times

10 1 The average value of the middle point values of all the Betti number is 1 bar that are

longer than 1.5 times
11 1 The sum of the lengths of all 1-dimensional Betti numbers is beyond the filter value
12 | The average value of the barcode length of the 1-dimensional Betti number exceeds
the filtered value
13 0 Sum of the number of 0-dimensional barcode graphs
14 1 Sum of the number of bars in a 1-dimensional barcode graph

Table 2. Categories corresponding to features

Feature Feature number
. o . 1-2
Interaction strength and distribution between units 13-14
Physical characteristics 3-6
Geometric Features 7-12

Firstly, the machine vision technology is used to collect the vibration displacement image of
the stern bearing test block. At the same time, the B&K Pulse acceleration sensor is used to collect
the vertical vibration acceleration’s time-domain signal and frequency-domain signal of the stern
bearing. Then, the vibration displacement image of the stern bearing test block is calculated by
using the PH theory, and the barcode map is generated to obtain the topological features. Then,
the topological features obtained from the PH are extracted and identified by using the SVM. The
main features reflecting the stick-slip vibration process are inputed into the SVM, and appropriate
samples are selected for training and testing to realize the SVM and stick-slip vibration and
persistence. Finally, the classification and identification of stick-slip vibration of the stern bearing
test block are realized. The main process is shown in Fig. 2. The specific process description of a
combination of SVM with vibration characteristics and PH basis of stern bearing test block is
specified in Section 4.
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Fig. 2. Classification and identification of stick-slip vibration of stern bearing blocks
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3. Stick-slip vibration test of stern bearing

The water-lubricated rubber material is processed into a cuboid test block, vulcanized with the
copper outer lining, and fixed on the fixture, as shown in Fig. 3. Then the fixture is installed at a
SSB-100 stern bearing test bench, as shown in Fig. 4. Point T is taken on the friction surface of
the sample as the tracking point (about 1 mm away from the lower surface of the test block), points
Ra and Rb are reference points (TRa = RaRb = 10 mm), the shaft speed is 20, 60, and 100 r/min,
and the specific bearing pressure of the test block is 0.29 MPa. Ten tests are made at each speed,
and the vibration displacement and acceleration amplitudes of point T in X and Y directions are
recorded. Specifically, when the rotating speed is 20 r/min, ten tests are carried out, and the
experimental data are recorded as 20-D1, 20-D2, ..., 20-D10; when the rotating speed is 60 r/min,
ten tests are carried out, and the experimental data are recorded as 60-D1, 60-D2, ... , 60-D10;
when the rotating speed is 100 r/min, ten tests are carried out, and the experimental data are
recorded as 100-D1, 100-D2, ..., 100-D10. At each test 600 sampling points are taken with a
high-speed camera, scatter plots of measuring point displacement, (20-D1, 60-D1, and 100-D1)
are shown in Fig. 5.

Fig. 3. Tracking point location Fig. 4. Test bench of after stern bearing [2, 17, 18]:
1 — high-speed camera; 2 — LED white light;
3 — accelerometer; 4 — test block and shaft;
5 — weight; 6 — torque meter;
7 — infrared speedometer; 8 — motor; 9 — Photron 3,
TEMA2.6; 10-B&K PULES

The B&K acceleration sensor is used as an acceleration sensor, which is arranged above the
test block, as shown in Fig. 4. The corresponding vibration acceleration time-domain signal and
frequency domain signal of stern bearing test block in the vertical direction measured by the
acceleration sensor are listed in Table 3.

Table 3. Vertical vibration acceleration time domain signal and frequency domain signal block
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Fig. 5. Scatter plots of measuring point displacement

As shown in Fig. 5(a), 20 r/min, the dispersion degree of displacement from scattered
measuring points is high, and the displacement value fluctuates in both X direction (horizontal
direction) and Y direction (vertical direction). The amplitude of displacement fluctuation of the
measuring point in the X direction is mainly concentrated between —0.2 mm and 0.2 mm, and is
mainly between —0.2 mm and 0.3 mm in the Y direction. The fluctuation amplitude is large. It is
preliminarily assessed that the lubrication of the stern bearing is bad, and the bad lubrication can
easily lead to stick-slip vibration and cause “squeal” sound. Furthermore, as shown in Table 3, the
vibration acceleration time-domain signal and frequency-domain signal of stern bearing have large
fluctuations in 20 r/min. When the time domain signal is 0.15-0.40 s, the amplitude of vibration
acceleration in 20 r/min mode is significantly higher than that in 100 r/min operation mode;
compared with the frequency-domain curve, the amplitude of vibration acceleration at 0-3 k is
higher than that under 100 r/min operation mode. In the frequency range, the peak number of
vibration acceleration under 20 r/min is significantly higher than that under 100 r/min, and the
maximum amplitude of vibration acceleration under 20 r/min is 14.5 mm/s?, that is greater than
9.7 mm/s? under 100 r/min. The time-domain signal and frequency-domain signal have a large
range of fluctuations, and during the test, the stern bearing can be heard to emit a harsh “squeal”,
so far, it can be determined that under this condition, the stern bearing has occurred stick-slip
vibration.

As shown in Fig. 5(c), the displacement concentration of 100 r/min stern bearing measuring
point is high, and the displacement value fluctuation is mainly concentrated in the X direction
(i.e. horizontal direction), and the amplitude of displacement fluctuation of measuring point in the
X direction is mainly between —0.1 mm and 0.1 mm, so the fluctuation amplitude is small. In
addition, there is no “squeal” sound of the stern bearing during the test, so it is preliminarily
determined that the stern bearing is well lubricated. Furthermore, as shown in Table 4, at
100 r/min, the time domain signal and frequency domain signal of the stern bearing are relatively
stable without high fluctuation, and no “squeal” sound is heard during the test; it can be determined
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that under this condition, the stern bearing does not have stick-slip vibration.

As shown in Fig. 5(b), and Table 3, 60 r/min, the amplitude of measured point displacement
scatters diagram in the X-direction and Y -direction is between 20 r/min and 100 r/min; the
amplitude of vibration acceleration time-domain signal and frequency domain signal of stern
bearing is also between 20 r/min and 100 r/min, and no “squeal” sound is heard during the test, so
no stick-slip vibration of stern bearing occurs under this operating condition.

4. Vibration analysis of stern bearing based on PHML

The contact between water-lubricated rubber stern bearing and shaft during operation leads to
stick-slip vibration and “whistling” noise, which seriously affects the concealment of the
underwater vehicle and is one of the bottlenecks for the underwater vehicle to achieve the level of
silence. The traditional methods to establish the relationship between loads, speeds, and the
stick-slip vibration of the stern bearing are mainly statistical and parametric. These methods do
not consider the local topological characteristics of vibration and cannot identify the vibration
characteristics completely.

In this paper, the topological method and artificial intelligence are combined to establish the
relationship between loads, speeds, and the stick-slip vibration of the stern bearing. The vibration
signal of stern bearing is obtained by computer vision. The measurement space description of the
stick-slip vibration of stern bearing is mapped to the topological space description by using PHML
which has strong robust characters [33, 34]. In topological space, the vibration signals of the stern
bearing are identified and classified. The relationship between loads, speed, and service
performance of stick-slip vibration is explored, and the mechanism of stick-slip vibration is
revealed, and a new scheme is provided to solve the bottleneck of vibration reduction and noise
reduction of the stern bearing. PHML in computation can be divided into four steps, i.e., simplicial
complex construction, PH analysis, topological feature extraction, and topology-based SVM
analysis [35].

The main feature 8 (listed in Table 1, the length of the longest Betti number is 1 bar.) reflecting
the vibration of the stern bearing is inputted into a SVM, 90 % of the data are used as training
samples, and 10 % of the data are taken as test samples.

4.1. Stick-slip vibration mechanical based on barcodes of PH

The barcode diagrams of the stern bearing samples are obtained by using the PH theory tool
of JavaPlex [36] to characterize and analyze the network topology characteristics of the sample
measurement points, and to explore the evolution law of the sample vibration characteristics. The
vibration barcode diagrams of 20-D1, 60-D1, and 100-D1 test data under the operating conditions
of 20 r/min, 60 r/min, 100 r/min, and 0.29 MPa for the stern bearing sample are shown in Fig 6.
Since the test results under other conditions are not much different from the above three results,
only the barcode diagrams of 0D and 1D Betti numbers under 20-D1, 60-D1, and 100-D1
conditions are listed here.

It can be seen from Fig. 6(a) that under the operating condition of 20 r/min and 0.29 MPa, the
0D Betti number is distributed in a ladder shape. Most of the points of € which are greater than
0.01 are located in the upper layer and the maximum value of € is 0.042. Therefore, the
displacement data of measuring points becomes lower and the amplitude is higher; The lower
layer data € of the measuring point is in the range of [0-0.01], which indicates that the
displacement data of the measuring point is close and the amplitude is low. The displacement
amplitude of measuring points is random. The results show that at the speed of 20 r/min (the lowest
speed that the test bench can reach), the shaft-stern bearing friction pair is in the mixed lubrication
state, the shaft-stern bearing friction pair has intermittently shafting holding phenomenon, so the
friction pairs produce stick-slip phenomenon and then induce chatter and sound.

The 1D Betti number is a linear distribution, and having many pieces with different lengths,
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that indicates many 1D rings are formed around the original point. As the stern bearing belongs to
high viscoelastic material, stick-slip motion occurs between the stern bearing and the shafting
during the test. In the rotational speed direction, the measuring point is pulled away from the origin
under the action of friction, and then pulled back to the origin under the elastic restoring force of
rubber, thus forming a ring in the 2-dimensional plane; due to the existence of stick-slip
phenomenon, the distance between the measuring point and the origin is different, resulting in the
length of the lines in the 1D Betti number diagram. In 1D Betti number graph, the maximum radius
of 1D ring is 0.018, and the minimum is 0.001.

rrrrrrrrrrrrr st — s
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b) 60 r/min
I ——D
£ —=
[s] —
0 0.005 0.01 0015 0 0.005 0.01 0.015

¢) 100 r/min
Fig. 6. Barcode chart of after stern bearing

According to Fig. 6(b), it is found that the € of 0-dimensional Betti number in Fig. 6(b) is less
than 0.0125 compared with the barcode diagram of 0.29 MPa, at 20 r/min, and the amplitude
becomes lower. This indicates that with the increase of the rotating speed, the lubrication state of
stern bearing changes after mixed elastohydrodynamic lubrication, and no stick-slip vibration and
sound will occur. The 1D Betti number is more compact than that at 30 r/ min, and the maximum
value of ¢ is reduced to 0.005. Besides, when the ring is more tightly lubricated, the amplitude
distribution is more concentrated.

According to the barcode diagram under the operating condition of 100 r/min and 0.29 MPa,
in Fig. 6, it is found that the lower layer data of OD Betti number is slightly increased, and the
change is not obvious, that indicates the lubricating film of stern bearing has been completely
established, the lubrication condition of stern bearing is well, and no stick-slip vibration and sound
occurs. The difference between the 1D Betti number at 60 r/min is not significant, and it is still
relatively close. More Betty numbers fall in the range of [0-0.05], that indicates that the radius of
the 1D ring formed around the original position of the measuring point is smaller, and the stern
bearing operates more stably.

Generally speaking, the 0D Betti number of the three stages changes at different lengths to
gradually regular order number, which indicates that with the increase of speed, the amplitude of
stern bearing decreases from mixed lubrication to complete lubrication, from vibration to no sound
condition. The changing trend of 1D Betti number is that the lines are long and sparse at the
beginning, and the formation of 1D holes is less and lasting for a long time. With the increase of
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the rotational speed, the lines become shorter and more compact. It shows that with the increase
of rotating speed, the stern bearing forms a fully lubricated state, the amplitude is smaller, and the
operation tends to be stable gradually.

4.2. Classification and identification of stick-slip vibration

Nine groups of test data, i.e. 20-D1, ..., 20-D9, were calculated and analyzed, and the threshold
value of longest 1D Betti number was 0.181. When the longest 1D Betti number is greater than or
equal to the threshold value, the stern bearing will produce stick-slip vibration. When the longest
1D Betti number is less than the threshold value, the stern bearing will not produce stick-slip
vibration.

Similarly, when the rotating speed of the shaft is 60 r/min, the threshold value of 0.0056 is set
as the assessment index of whether the lubrication state of the stern bearing is good and whether
the stern bearing has stick-slip vibration. When the longest 1D Betti number is less than the
threshold value of 0.0056, the stern bearing can be assessed to be well lubricated. When the longest
1D Betti number is greater than or equal to the threshold value of 0.0056, the stern bearing can be
assessed to be poorly lubricated. When the stern bearing makes a “squeal”, it can also be identified
as “stick-slip vibration of the stern bearing”. If the stern bearing does not make a “squeal”, it can
be identified as “poor lubrication of the stern bearing, but without stick-slip vibration”.

When the stern bearing-shaft system has a high speed, such as 100 r/min, the lubrication effect
of the stern bearing is good. Under this operating condition, the threshold value of the longest 1D
Betti number is not set. When the lubrication water pressure and flow rate remain unchanged and
the load is less than the maximum allowable specific pressure, it can be considered that the stern
bearing is always in a good lubrication state and has no stick-slip vibration.

The training set data used for training are 20-D1, 20-D2, ... , 20-D9; 60-D1, 60-D2, ..., 60-D9;
100-D1, 100-D2, ..., 100-D9. The prediction set data used for prediction are 20-D10, 60-D10, and
100-D10. The PHML method is used to forecast the longest 1D Betti number of 20-D10, 60-D10,
and 100-D10, and the forecast values are 0.0187, 0.0057, and 0.0036 respectively. 1D Betty
numbers of the experimental data values of 20-D10, 60-D10, and 100-D10 are shown in Fig. 7.
From Fig.7, it is known that the longest 1D Betty numbers of the experimental data of 20-D10,
60-D10, and 100-D10 are 0.0187, 0.0057, and 0.0036 respectively, and the relative error of the
longest 1D Betty numbers of the experimental data and forecast data are 0.538 %, 1.724 %, and
2.857 %.
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a) 20 r/min, 20-D10 data b) 60 r/min, 60-D10 data

o - —— £

— i

; The longest 1D Betti number

-~

0 0.005 0.01 0.015

¢) 100 r/min, 100-D10 data
Fig. 7. 1D Betti numbers of experimental data

Dim 1

The longest 1D Betti number is feature 8, which reflects the stick-slip vibration of
water-lubricated rubber stern bearing test block under the same load and different rotating speeds.
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It can see that the relative error value of feature 8 is less than 3 %, that shows that the accuracy of
classification and prediction of chatter caused by stick-slip of water-lubricated rubber stern
bearing test block is high when the persistent homology-based machine learning is used.

5. Conclusions

The results of PHML analysis are highly consistent with the vibration process of water-
lubricated rubber stern bearing, which can be used to describe the stick-slip phenomenon, chatter
phenomenon, lubrication state, and topological characteristics.

In this paper, the topological data analysis method (PHML) is introduced into the field of stern
bearing stick-slip vibration and combined with ML, to carry out an intelligent research.

The results show that 0D and 1D Betti numbers are feasible and can reflect the stick-slip
vibration characteristics better.

By means of PH, the corresponding relationship between stick-slip vibration amplitude of
water-lubricated rubber stern bearing and its topological characteristics of the barcode diagram is
established. Then, the topological features are identified and extracted by ML, and accurate and
intelligent research on the vibration sound prediction of the stern bearing is carried out. This
provides a new idea for eliminating the vibration sound of stern bearing. After that, in the actual
engineering operation of the stern bearing, the amplitude of the measuring point is obtained by
means of testing, and then the occurrence of vibration sound can be predicted and assessed by
using the PHML and by comparing it with the barcode diagram and the characteristic value shown
in Table 1, to realize the classification, recognition, and prediction of vibration sound.
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