The relationship between shaft vibration and bearing
vibration under imbalanced state based on homologous
information fusion under imbalanced state

Hongchao Wang!, Shijin Chen?

"Mechanical and Electrical Engineering Institute, Zhengzhou University of Light Industry,
5 Dongfeng Road, Zhengzhou, 450002, China

2MCCS5 Group Shanghai Co. LTD, No. 2501 Tieli Road, Shanghai, 201900, China
2Corresponding author

E-mail: 'hongchaol983@126.com, >3939542253@qq.com

Received 26 October 2024, accepted 23 February 2025, published online 11 March 2025 W) Check for updates
DOI https://doi.org/10.21595/jve.2025.24640

Copyright © 2025 Hongchao Wang, et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Abstract. Shaft vibration and bearing vibration are important parameters reflecting the dynamic
behavior of the rotor-bearing-supporting system, and they have a significant impact on the
operating state and safety of equipment. However, obtaining relevant signals of shaft vibration or
bearing vibration often faces many challenges in actual working conditions, mainly due to the
limitations of measuring equipment, environmental interference, and the complexity of operating
conditions. Therefore, understanding the correlation between shaft vibration and bearing vibration
can not only realize signal complementarity and improve the comprehensiveness and accuracy of
data, but also provide a more accurate basis for fault diagnosis and condition monitoring.
Therefore, this study constructs an unbalanced fault dynamics model based on the short-bearing
theory. The shaft vibration and bearing vibration signals predicted by the model are obtained
through the numerical integration technique. Secondly, the full-vector spectrum technology based
on homologous information fusion is adopted to conduct a two-channel fusion analysis of these
signals. Finally, a rotor experimental platform is constructed and corresponding experimental
verifications are carried out to verify the accuracy of these analysis results. The experimental
results confirm that obtaining this complementary relationship enables us to infer the operation
health state of equipment through the changing trend of some parameters even in the absence of a
certain measurement signal, and then formulate corresponding maintenance and management
strategies, thereby improving the reliability and operating efficiency of equipment.

Keywords: unbalanced state, shaft vibration, bearing vibration, homologous information fusion,
full-vector spectrum technology.

1. Introduction

In the operation of modern mechanical equipment, shaft vibration and bearing vibration are
key factors affecting the stability and reliability of equipment [1-2]. It is difficult to obtain relevant
signals of shaft vibration and bearing vibration simultaneously due to the limitations of measuring
points and the complexity of operating conditions. Therefore, it is particularly important to
conduct in-depth research on the relationship between the shaft vibration and bearing vibration.

Consequently, many scholars have conducted a series of research on the relationship between
shaft vibration and bearing vibration. Yang et al. emphasized the role of shaft vibration in the
RSDB system and the coupling relationship between shaft vibration and other vibration modes,
but lacked of comprehensive experimental verification [3]. Kuang et al. studied the mechanism of
frictional vibration and the coupling process of shaft vibration, indicating that the current research
on coupling mechanism of shaft vibration under unbalanced state is still imperfect [4]. Chen et al.
proposed a new four-degree-of-freedom (4-DOF) bearing support model to predict and control
shaft vibration more accurately, but there are relatively large prediction errors in some positions
[5]. Yang et al. revealed the coupling vibration mechanism of the RSDB system, and proposed
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that the super-harmonic components of shaft torsional vibration and the combined frequency
components of blade bending vibration and shaft bending vibration are all affected commonly [6],
but the accuracy of detection indicators need to be improved. Chandrashekar et al. found that
stainless steel for shaft materials is superior to low-carbon steel, but the research on the
relationship between shaft vibration and bearing vibration is relatively one-sided and lacks of more
extensive material comparison [7]. Wu et al. tested the bearing performance through shaft
vibration experiments under different load conditions, and proposed that increasing the offset
angle of the flexible structure is helpful to improve the running stability of the bearing-rotor
system [8], but the research lacks of robustness and experimental data support. Yang et al.
discussed the vibration of the shaft system and carried out shaft vibration coupling calculations
[9], but lacked of comprehensive practical application verification. Xuan et al. showed that the
friction between the rotor and the bearing causes high-order harmonic components within a certain
frequency range in the shaft vibration spectrum, which may cause mechanical resonance
section-start and reduce instability [10], but did not deeply explore the vibration source. Similarly,
Yang et al. studied bearing vibration [11], but the model” high complexity needs to be simplified.
Ma et al. showed that optimizing the bearing structure can improve bearing vibration [12], but still
needs to further improve the running stability. Du et al. studied bearing vibration and found that
there is a rubbing phenomenon between the static and dynamic parts [13]. Zhu focused on the
large shaft vibration phenomenon of steam-driven induced draft fans and solutions [14], but lacked
of systematic verification and practical case support. Zhou found that the high shaft vibration is
caused by the bearing bush paint film [15], but did not give a systematic solution. Xu et al.
introduced the reasons for instability of shaft vibration signals, and found that the problem lies in
the poor contact caused by dirty joints [16]. Wei et al. analyzed bearing vibration and found that
the phenomenon of refusing to operate needs to be prevented [17]. Zhu et al. carried out a
systematic study on the shaft vibration problem of the WX generator, and found that reducing the
vibration value is of great significance [18]. Jia et al. fully utilized the measured shaft vibration
and bearing vibration data to analyze and study the axis locus, the change of the journal center
position, and the proportional relationship between shaft vibration and bearing vibration [19], but
lacked of more extensive application verification. Ma et al. [20] studied the relationship between
shaft vibration and temperature anomalies and found that the problem lies in insufficient sphericity
and clearance. Li et al. [21] analyzed the impact of deep peak shaving conditions on shaft
vibration, providing reference for similar fault analysis, but there is insufficient research on the
causes of faults. Tian et al. [22] applied CEEMDAN, permutation entropy, and mathematical
morphology to denoise shaft vibration signals, achieving better results than wavelet soft
thresholding. Tao et al. [23] studied the effect of shaft vibration on tooth surface ripples by
comparing them in the frequency domain, but there is insufficient in-depth research on the
coupling mechanism.

In summary, many scholars have carried out a series of explorations and achieved certain
results, but there are still some deficiencies. Firstly, most of them only considered single shaft
vibration or bearing vibration for state monitoring or fault diagnosis, ignoring the importance
relationship between them. Secondly, there is also a lack of support from multiple data sources,
and single channel signal analysis will ignore the fusion of homologous information. To solve the
above problems, this paper proposes the research on the relationship between shaft vibration and
bearing vibration under the unbalanced state based on homologous information fusion. The
research in this paper has the following specific contributions:

1) A more comprehensive dynamics model is constructed based on the short-bearing theory to
better fit the actual working environment and better reflect the relationship between shaft vibration
and bearing vibration under the influence of different parameter changes.

2) The homologous information fusion technology, also known as full vector spectrum
technology is used to analyze the shaft vibration and bearing vibration signals to enhance the
accuracy of fault diagnosis, which compensates for the potential information loss caused by
traditional single channel information analysis methods.
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3) A rotor experimental platform is constructed to verify the accuracy of the simulation model
through actual experiment, improving the reliability of the research conclusions.

2. Theoretical basis
2.1. Full vector spectrum technology

Full vector spectrum technology was developed by the institute of vibration engineering,
Zhengzhou University, which is an advanced vibration monitoring technology. The full vector
spectrum technology regards the rotor whirling as the combined effect of multiple harmonic
frequencies and observes that the rotor whirling path is elliptical at these frequencies. Based on
this, this technology uses the semi-major axis of the elliptical trajectory as the main vibration
vector, and takes the rotor whirling intensity at different harmonic frequencies as the key indicator
for fault diagnosis. The full vector spectrum technology not only makes up for the deficiencies of
the full spectrum and holospectrum technologies, but also comprehensively shows the rotor
whirling state through parameters such as the main vibration vector, secondary vibration vector,
vibration vector angle, and vector phase.

Since the steady-state whirling of the rotor in its plane can be regarded as a combination of
several angular velocities, the motion differential equation of any whirling angular velocity w;
can be written as:

x; = X;cos(wit + ¢yp), |
Vi = Yicos(wit + qbyl-), (i=123,..,N). @

Among them, X; Y; are the vibration amplitudes of the single-harmonic i in the x and y
direction respectively, ¢,; and ¢,,; are the phase angles of the single-harmonic i in the x and y
direction respectively. Therefore, as for the center of a disk, the differential equation of motion
for any vortex angular velocity can be written as:

Xei = X;iCOS¢hy;,
Xsi = XiSingy,

2
Yei = Yicos¢xi1 ( )
Ysi = Y;singy;.
Then Eq. (1) can be simplified as:
{xi = XCosw;t — Xg;Sinw;t, 3
Vi = YciCosw;t — yg;Sinw;t. )

Make use of Euler's formula: et/“* = coswt + jsinwt. Then the complex form of Eq. (3) is:

{xi = Re[(x¢; + jxs)e™i], @
yi = Re[(ye; + jysi)e'®i].

Therefore, the equation of motion in the x and y directions can be written as:

x = ZXl-cos(wit + ¢.i) = Re (Z )?ief“’it> = Re Z(xa- +jxsi)ej“’itl,
i=1 i=1

= 1

)

Ly = Z Yicos(w;t + ¢,;) = Re (Z 17l-ej“’it> = Re
i=1 i=1
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Among them, X;, Y; are the complex amplitudes of the single-harmonic wave i in the x and y
directions respectively. Therefore, the equation of motion of the vibration component of any
single-harmonic wave i can be obtained as:

{x = Re()?iejwit) = Re[(xci +jxsi)ejwit]’ (6)
y= Re(Yiejwit) = Re[(yci +jysi)ejwit]-

Expand Eq. (6), and the following equation can be obtained:
{xi = (x cosw;t — xgsinw;t) + j(x.sinw;t + x5 cosw;t), R
Vi = (Yeicosw;t — ygsinw;t) + j(y.sinw;t + yscosw;t).

Since both x; and y; should be real numbers in engineering. The real motion relationship of
the node is shown in Fig. 1, from which it can be seen that the real motion of the node should be
described as:

x; = Re(X;e/®it) = x,;cosw;t — xg;sinw;t = fxczl- + xZcos(w;t + ¢yy),

®)
y; = Re(Y;e/®it) = y cosw;t — ygsinw;t = ,’yczi + yZcos(wit + ¢yy).
Among them, ¢,; = arctan(xg;/x;), byi = arctan(¥s;/ye)-
VA VA
n ‘9\ 7’\\
-3 v
Vsi xﬁ - \\ >
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Fig. 1. Rotor node motion sketch Fig. 2. Shaft centerline movement trajectory diagram

For Eq. (8), by eliminating the time parameter t, the elliptical trajectory equation of a single
harmonic i can be obtained as:

W& +y2dx} + (g + x2)yf — 2(xeVei + XsiVsi)XiYi
(xSini - xciysi)z

=1 ©)

Fig. 2 is the motion trajectory schematic diagram of the trajectory ellipse equation of the
single-harmonic i. The semi-major axis R;;, semi-minor axis Rg; of this ellipse, the angle a
between the semi-major axis R;; and the x-axis, and the phase angle ¢; when the disc shaft center
moves along its elliptical trajectory can be obtained by the method of analytic geometry. From the
elliptical trajectory Eq. (9), the above-mentioned parameters can be obtained respectively as
follows:
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N| =

1 1
Ry = E(xczi +xi+yi+yi)+ Z [(xZ +x2) — W4 + Y21 + (v + xys)?|

L
N =

1 1
Ry = E(xczi +x5+yi+yE) - 1 [(xZ 4+ x2) — W4 + 21?2 + (xeiyve + xys)? | 5 (10)

2 (xciyci + xsiysi)

tan2a; = ,
oG+ -k +yd)
Xsi + Vi
tan(i)i — St yCl ]
Xci + Ysi

In kinematics, a motion along an elliptical trajectory can be regarded as the composition of
two circular-trajectory component motions with the same frequency, and the precession directions
of these two component motions are exactly opposite, which is shown in Fig. 3. Since any point
on the ellipse can be represented by a point z (z = x + jy) in the complex plane, which can be
obtained as following:

Z; = )?pie]‘”it + J?n-e_]“’it. (11)

Among them, fpi = Xpci t JXpsis Xri = Xpei T JXpsi-

Fig. 3. Axle center trajectory diagram of ellipse composed of two circles

Let ¢y, ¢, be the initial phase angles of the pro-precession circle and the anti-precession
circle respectively, and let X,,; and X,; be the modulus of X,; and X,; respectively, then the
following relationships can be obtained:

= f 2 2 {
Xpl xp':i + xpSi' Xri = xici + x%‘si’

Xopsi Xysi
Gpi = arctan( p“), ¢ = arctan( m).

pci rci

(12a)

And the real part x; and the imaginary part y; of point z; can be expressed in the following two
forms:

{xl- = Re{(fpi + x—*;i)eja)it}’

; 12b
y = Re{ (7 + 5 e, .
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{xi = Ref(x,; + %7, )e/it},

; 12
y = Re{(—j%,; + j°, )eloi). (12¢)

Among them, x” . is the conjugate of X,;. From Eq. (6) and Eq. (12b), the following relations
could be obtained:

{xci +jxsi = fpi + Jzii, (13)
Yei tJYsi =j(_fpi + f*n- .
Therefore, it can be solved from Eq. (13):
_ . 1 1
Xpi = Xpci T JXpsi = E(xci —Ysi) ] E (Xsi + Yei),
1 1 (14)
Xri = Xpci +jxrsi = E (xci + ysi) _]E (xsi - yci)-
Then we can get:
1
r)()Oi = x?}ci + xisi = E\/(xci - ysi)z + (xsi + }’ci)z,
2 2 1 2 2
Xpp =[x, +x7,= E\/(xci + ¥si)? + (i — yed)?,
15
tan¢) :M:tan(ﬁ . ( )
P Xci = Vsi “
Xei — Xsi
tang,; = ——.
" Xei + Vsi

From Eq. (11), the parametric relationship between this ellipse and the two positive circles can
be obtained as:

Ry = Xpi + Xyt
Rsi = Xpi — Xri (16
bai = d’pi’ )

tan(2a;) = tan(q.')pi + (,bn-).

Therefore, when X, > X;., the obtained synthetic trajectory has the same movement direction
as the precession direction of the positive circle with radius X,,, this is called positive precession
at this time. when X,, < X,., the movement direction of the synthesized trajectory is the same as
the precession direction of the positive circle with radius X,., and this is reverse precession at this
time. and when X,, = X, the synthesized trajectory is a straight line.

In summary, the full vector spectrum technology has significant advantages in analyzing the
dynamic model under the unbalanced state: the traditional single channel signal analysis method
is prone to misjudgment due to incomplete information, and the full vector spectrum technology
can effectively fuse the vibration signals synchronously obtained from the two channels and
ensure the completeness of information through the characteristics of main vibration vector.

2.2. Construction of the dynamic model under unbalanced state

As shown in Fig. 4, it is a schematic diagram of a dynamic system under unbalanced state.
This system is supported by two symmetrical sliding bearings. Among them, the center O of the
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disc has a mass of 2m, the connection between the journal and the disc is assumed to be a
lightweight elastic shaft, and its elastic and damping characteristics are represented by coefficients
K and C. The concentrated mass at the center O; of the journal is m4, and the journal is subjected
to the oil-film forces of the sliding bearing in the x-axis and y-axis directions, which are
respectively recorded as Fy and F,. The equivalent mass of the bearing pedestal center O, is m,,
and the elastic and damping characteristics in the horizontal and vertical directions between the
bearing pedestal and the foundation are respectively represented by Ky, Cx, and Ky, Cy.

AF,

Ol
Fig. 4. Schematic diagram of the dynamic model in unbalanced state

The dynamic oil-film force model of the sliding bearing is crucial for accurately evaluating the
dynamic behavior of the dynamic system in unbalanced state. In traditional research, eight
linearized stiffness and damping coefficients are usually used to describe the bearing oil-film force
based on linear assumption. However, in practical applications, due to the influence of various
factors such as bearing design, lubricating oil characteristics, rotor dynamics, and environmental
factors, the oil-film force often exhibits obvious nonlinear characteristics. Therefore, we choose
to use the Capone model to simulate and analyze the constructed dynamic system in unbalanced
state. Under the theoretical framework of short bearing, the Reynolds equation can be simplified
into a dimensionless form to facilitate analysis:

R\? 0 ( ,op . . .
(L) e (h az> = xsinf — ycosf — 2(xcos@ + ysinh). (17)

Among them: R is the bearing radius, L is the bearing length, h is the dimensionless oil-film
thickness, that is h = h/§, h is the oil — film thickness, & is the radial clearance of the bearing, z
is the dimensionless longitudinal coordinate of the bearing bush, that is z = Z/L, 7 is the axial
coordinate of the bearing bush, p is the dimensionless oil-film pressure, that is
p =p/6uw(R/8)?%, p is the oil-film pressure, and u is the lubricating oil viscosity, x and y
represent the displacements in two directions in the plane coordinate system respectively, 6
represents the angle between the displacements in the x and y directions. Then from Eq. (17), the
dimensionless oil-film force p can be obtained as:

(422 - 1), (18)

1 /L\? (x — 2y)sinf — (y + 2x)cos@
»=3(5)

in which the meaning of each symbol is same as Eq. (17). Besides, D represents the bearing
diameter. After integrating and simplifying Eq. (18), the short-bearing oil-film forces in the x and
y directions in dimensionless form can be obtained respectively as following:

(1 — xcosf — ysinf)3

{fx} [(x —29)% + (y + 2x2)]Y/2 {3xV(x, y,a) — sinaG (x,y,a) — 2cosaS(x,y, a)

= . (19
fy 1—x2—y? 3yV(x,y,a) + cosaG(x,y, a) — 2sinaS(x, y, 0()} (19)

Among them:
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2 T Ycosa — Xsina
G(X, Y, 0!) = m [E + arctanﬁ] V(X, Y, (Z)
2+ (Ycosa — Xsina)G(X,Y, a) Xcosa + Ysina
- SKX,Y,a) = ——a
1-X2-Y2 1 — (Xcosa + Ysina)?
+2x m . (y + 2x

x—2y 2780

n

= arctan P 25/) > signsign(y + 2x),

is for the differential equations of motion of the system and dimensionless treatment. Suppose the
displacements of the disc center in the directions are x and y respectively. The displacements of
the shaft journal center in the x and y directions are x; and y; respectively. The displacements of
the bearing housing center in the x and y directions are x, and y, respectively. The disc
eccentricity is e, and the rotation angular velocity is w. Then the model of the dynamic system in
unbalanced state can be expressed as:

mi¥ + K(x — x;) + C(x — x;) = mew?coswt,
my + Ky —vy,) + C(y — y,) = mew?sinwt — mg,
myiy + K(xg —x) + C(y — X) = (% — X2, Y1 — Y2, % — X2, Y1 — V2),
my; + K@y —y) + CO — ) = B0 — X2, Y1 — Y2, %1 — X2, 51 — ¥2) — My g,
myX, + K(x —x) + C(x — x) = —F(xy — x5, 1 — ¥2, %1 — X2, Y1 — ¥2),
kmzyz +K(x —x)+C(x —x) = —=F,(x; — X2, y1 — Y2, %1 — X2, Y1 — ¥2) — My g.

(20)

For the convenience of analysis , dimensionless treatment is carried out on Eq. (20): let
T=wt, Y =6/R, f, = Y*F/uwlR, f, = Y*F,/uwlR, e = x> + y?, e = e/8§ = VX2 + Y2,
X=x/8 X=%x/6w, Y=y/5 Y=y/bw Y=3/6w? M, =mwp?/ulLR, M, =
my8wp? /uLR, n; = ki/myw?, & = ¢;/mw, G = g/85w?. Among them, p is the lubricating oil
viscosity, ¢ is the bearing clearance, 7 is the dimensionless time, L is the bearing length, R is the
bearing radius, g is the acceleration due to gravity, and G is the dimensionless gravitational load.
Then, in the dimensionless case, Eq. (20) can be written as:

X =-nX-X)—&X —X;) + ecost,

Y =-n-Y)—-&( —Y,) +esint — G,
X=X -X) - 51(X1 _X) + fx/ My,
V= - -Y) - 51(Y1 - Y) +fy/My -G,
Xy = =Xy — &Ko — f/ My,

Yz =-nyY, - S(sz - fy/Mz - G.

e2))

In actual production, the structural parameters of the equipment change with work loss and
changes in the external environment, and all of these may affect the vibration characteristics of
rotor system. Therefore, both theoretical research and practical applications must use the full of
full vector spectrum technology to analyze the influence of system parameters on shaft vibration
and bearing vibration in unbalanced state. Since the relative displacement signals in the horizontal
and vertical directions measured at the shaft journal can be expressed as: d, = X; — X,
d, =Y; —Y,, and the velocity signals in the horizontal and vertical directions obtained at the
bearing housing can be expressed as: v, = X,, v, = Y,, then the acceleration signals are a, = X,,
a, = Y, respectively. Based on Eq. (21), the relationship between shaft vibration signal and
bearing vibration signal can be obtained as:
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1. .
d, =X ——(X, +&X, - &X + a, +&v +( ) ,
x 771( 16X —& ) ( x T &) M, Mznx fx

1. . 1 1 11 (22)
dy=Y-—(V+ &Y — Y+—a+ v,) + +— ———]G.
Y m( 1 Hah - aY) ( v +ém) (M M Mzny>f (m ny>

Because the dynamic oil film force of the sliding bearing has strong nonlinearity, it is difficult
to obtain a satisfactory analytical solution. Therefore, the Runge-Kutta method is used to perform
numerical simulation analysis on the dynamic model system in unbalanced state. The parameter
values are set as follows: m = 32.1 kg, m; = 4 kg, m, = 50 kg, § = 0.11 mm, L = 12 mm,
d= 50 mm, £=0018 Pas, C=1050 N-s/m, C, =450 N-s/m, C, = 500 N-s/m,
K =2.5x10" N/m, K, =2.0x10° N/m, K,, =2.5x10° N/m, g =9.81 N/kg, n = 1500 r/min.

Therefore, the natural frequency of the rotor system can be obtained as w,, = y/k/m = 624 rad/s.

Research
Objectives

Research
Subjects

Constructing a dynamic model of
unbalanced fault based on short
bearing theory

Using homologous information fusion full-

spectrum technology to analyze shaft vibration
and bearing vibration signals

Fig. 5. Flow chart of the study

3. Research process on the relationship between shaft vibration and bearing vibration of
rotor system under unbalanced state

This study systematically explores the relationship between shaft vibration and bearing
vibration in rotor systems under unbalanced conditions. The research includes a complete process
from theoretical model construction to experimental verification. The specific steps of the study
as shown in Fig. 5 are as follows:

1) Initiate research process: Clarify research objectives and requirements and determine the
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relationship between shaft vibration and bearing vibration under unbalanced conditions.

2) Establish a dynamic model under unbalanced state based on the theory of short bearings.

3) The Runge Kutta method is used to solve the model equations and predict the dynamic
response of the rotor system.

4) Introduce the full vector spectrum technology to comprehensively analyze multi-channel
homologous signal data and gain a deeper understanding of the characteristics of vibration.

5) Build a rotor experimental platform, conduct systematic experiments to collect data, and
compare it with theoretical simulation predictions to verify the accuracy of the proposed method.

4. Results and analysis
4.1. The variation of eccentricity e on the shaft vibration and bearing vibration

By building a dynamic model and keeping other system parameters constant, simulation was
conducted to investigate the impact of eccentricity variation on the shaft vibration and bearing
vibration. The variation of eccentricity e ranges from 0.02 mm to 0.08 mm. The specific results
are shown in Fig. 6, based on which it can be observed that the main and secondary vibration
vectors increase linearly with the increase of eccentricity distance. The growth rate of the main
vibration vector is approximately 1.10003, and the growth rate of the secondary vibration vector
is approximately 0.390704. Due to the different growth rates of the main and secondary vibration
vectors, the vibration ratio exhibits a mild nonlinear increase with the increase of eccentricity
distance. The angle of the axial vibration vector slightly decreases with the increase of eccentricity
distance. However, in practical applications, this change is small, and it can be considered that the
vibration vector angle remains roughly stable. It could be observed that the main and secondary
vibration vectors increase linearly with the increase of eccentricity based on Fig. 6, indicating that
the intensity of vibration increases with the increase of eccentricity. The vibration vector ratio also
increases with the increase of eccentricity, further indicating the enhancement of vibration
intensity. Contrary to the trend of the main and secondary vibration vectors, the vibration vector
angle and phase decrease with increasing eccentricity, which may mean that the phase angle of
the vibration decreases with increasing eccentricity.

In all, it can be seen that both the main and secondary vibration vectors increase with the
increase of eccentricity, whether it is the shaft vibration signal or the bearing vibration signal. The
vibration vector ratio and vibration vector angle show different change trends. The vibration vector
angle of the shaft vibration signal is relatively stable, while the vibration vector angle and phase
of the bearing vibration signal decrease with the increase of eccentricity. Besides, it can also be
seen that the rate of change of the main and secondary vibration vectors of the shaft vibration
signal is greater than that of the bearing vibration signal, indicating that the influence of
eccentricity on the shaft vibration signal is more significant. Besides, this also indicates that the
shaft vibration is more sensitive to the change of eccentricity, and this characteristic could be used
in engineering application, for example, when the shaft vibration changes significantly more than
the amplitude of the bearing vibration change, more attention can be paid to eccentricity related
faults, such as rotation looseness and collision wear fault. The variation rate of the shaft vibration
signal changing with eccentricity is greater than that of the bearing vibration signal, and the vector
ratio of the shaft vibration signal is always greater than that of the bearing vibration signal. This
may mean that the trajectory ellipse synthesized by the bearing vibration velocity signal is closer
to a circle, while the true vortex trajectory ellipse of the shaft is flatter. At different eccentricities,
the vibration vector angle of the bearing is generally smaller than that of the shaft. Although their
values differ greatly, their changing trends are similar.
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Fig. 6. The variation of eccentricity on the shaft vibration and the bearing vibration
4.2. The influence of disk mass changes on the shaft vibration and bearing vibration

In the study, a series of simulation experiments were conducted using the designed dynamic
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model within the range of disk mass changing from 10 kg to 150 kg.

Based on Fig. 7, it can be observed that the main vector of shaft vibration signal increases with
the increase of the disk mass, and its trend tends to be stable when the mass exceeds 30 kg. The
secondary vibration vector reaches its peak at a mass of 30 kg and then decreases with increasing
of mass. The vibration vector ratio decreases with increasing of mass, indicating that the elliptical
shape of the rotor trajectory becomes flatter with increasing of disc mass. The vector angle
decreases with the increase of disk mass, and the variation between 10 kg and 150 kg exceeds 10°.
The main and secondary vibration vectors of the bearing vibration signal show a similar change
trend. The aspect ratio gradually decreases with the increase of mass. There is a strong nonlinear
relationship between the vector angle and the mass of the disk. When the mass is less than 30 kg,
the vector angle increases rapidly, then gradually decreases and tends to be stable.
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Fig. 7. The influence of disk mass change on shaft vibration and bearing vibration
By comparing the shaft vibration signal and the bearing vibration signal, we can find that
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although the main vibration vectors of both increases with the increase of disk mass, the trend of
the shaft vibration signal’ main vibration vector tends to flatten when the mass increases, while
the bearing vibration signals’ main vibration vector maintains a stable linear change. The variation
trend of the secondary vibration vector of shaft vibration and bearing vibration is completely
different. The secondary vibration vector of shaft vibration shows nonlinear changes after reaching
its maximum value at 30 kg, while the secondary vibration vector of bearing vibration continues
to increase. The similar trends in the variation of the vector ratio between shaft vibration and
bearing vibration indicate that monitoring the changes of vector ratio is crucial for studying the
relationship between shaft vibration and bearing vibration.

4.3. The influence of changes in support stiffness on the shaft vibration and bearing
vibration

When conducting simulation analysis, we set a condition that the system is isotropic, which
means that the support stiffness coefficients in the x and y directions are equal. Specifically, when
the support stiffness coefficient Kx = Ky varies between 2.0x10% N/m and 1.0x10'° N/m, the
damping coefficient Cx = Cy = 500 N-s/m. Under these conditions, we kept all other parameters
being constant to observe and analyze the dynamic response of the system at different support
stiffnesses.

In Fig. 8, it can be seen that both the main and secondary vibration vectors of the shaft vibration
signal show a decreasing trend with the change of support stiffness, and this decrease is not linear.
This phenomenon can be understood as a decrease in the amplitude of system vibration while
increasing the support stiffness. As the support stiffness increases, the vibration vector ratio of the
shaft vibration signal also exhibits a nonlinear variation pattern, which is obviously due to the
inconsistent response speed of the main and secondary vibration vectors to the changes in support
stiffness. Specifically, an increase in the ratio of vibration vectors means that the main vibration
vector is more sensitive to changes in support stiffness relative to secondary vibration vector. As
the support stiffness increases, the elliptical shape of the rotor trajectory gradually approaches a
circular shape. In addition, the variation trend of the vector angle of the shaft vibration signal is
roughly the same as that of the main and secondary vibration vectors, indicating that the variation
of the support stiffness has a similar impact on these parameters.

Based on the curve of the variation of the bearing vibration signal with the change of support
stiffness, it can be seen that the trend of the bearing vibration signal is similar to that of the shaft
vibration signal. Specifically, although the vector angle of the bearing vibration signal also
decreases with the increase of the support stiffness, its descent speed is faster than that of the shaft
vibration signal, indicating that the influence of the support stiffness on the vector angle of bearing
vibration is more significant in the process of vibration transmission. Further comparison between
shaft vibration and bearing vibration signals reveals that the main and secondary vibration vectors
of bearing vibration signals are more significantly affected by changes in support stiffness than
shaft vibration signals. For example, when the support stiffness is 2.0x10% N/m, the values of the
main and secondary vibration vectors of the shaft vibration signal are 0.0559 and 0.0190,
respectively, while the values of the main and secondary vibration vectors of the bearing vibration
signal are even smaller. When the support stiffness increases by 50 times to 1.0x10'° N/m, both
the main and secondary vibration vectors of the shaft and tile vibration signals increase, but the
amplification of the bearing vibration signal is significantly greater than that of the shaft vibration
signal.

Besides, it can be seen that as the support stiffness increases, the amplitude of the variation of
the bearing vibration signal is more sensitive than that of the shaft vibration signal, especially in
terms of the vibration vector angle and magnitude. This difference reflects the important role of
support stiffness in vibration transmission and system dynamic response, as well as the
amplification effect of bearing vibration signals relative to shaft vibration, and this characteristic
could be applied in monitoring support loosening fault effectively in engineering application,
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which means that it should be paid more attention to bearing vibration signal when support
loosening fault arises.
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Fig. 8. The influence of support stiffness changes on shaft vibration and bearing vibration
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4.4. The influence of changes in support damping on the shaft vibration and bearing
vibration

The stiffness coefficient of the support is equal in the x and y directions, both being
2.5x10° N/m. Meanwhile, the damping coefficient Cx = Cy of the support varies between
300 N-s/m and 1200 N-s/m. Under these conditions, simulation experiments were conducted to
investigate the influence of changes in support damping on the shaft vibration and bearing
vibration.

From Fig. 9, we can observe that as the damping coefficient of the support changes, the main
vector and vector phase of the shaft vibration signal show a decreasing trend, but the change is
small and can be understood as maintaining stability. Similarly, the vector phase of the bearing
vibration signal remains unchanged. However, as for the secondary vibration vector and vibration
vector angle of the shaft vibration signal, as well as the main vibration vector, secondary vibration
vector, vibration vector ratio, and vibration vector angle of the bearing vibration signal, although
the change amplitude is not large, these parameters show certain fluctuations with the increase of
the support damping coefficient. In addition, the vector ratio of the bearing vibration is greater
than that of the shaft vibration, which means that the trajectory of the bearing vibration signal is
closer to a circle than that of the shaft vibration signal. This indicates that the influence of support
damping on bearing vibration is more significant than on shaft vibration. At the same time, the
vibration vector ratio and vector angle of the shaft vibration signal are more susceptible to changes
in support damping compared to bearing vibration signal, exhibiting small-scale fluctuations.
However, from the overall trend, both shaft vibration and bearing vibration are relatively less
affected by the changes in support damping.
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Fig. 9. The influence of damping changes on shaft vibration and bearing vibration
4.5. The influence of speed changes on the shaft vibration and bearing vibration

The rotational speed plays an important role in both the dynamic characteristics of the rotor
bearing system and the efficiency of the rotor system. Therefore, under the condition of keeping
the other parameters unchanged, the impact of speed changes on shaft vibration is analyzed using
the established model, and the speed varies between 5x102 r/min and 1x10* r/min.

Based on Fig. 10, it is shown that at a rotational speed of 5.5x10* r/min corresponding to the
natural frequency of the system, both the main and secondary vibration vectors of shaft and
bearing vibrations reach their peak values. At different speeds, the secondary vibration vectors of
them are positive, indicating that both the bearing vibration and shaft vibration can accurately
indicate that the precession direction of the rotor is positive. However, when the speed exceeds
5.5x10° r/min, which is beyond the natural frequency of the system, the main and secondary
vibration vectors of shaft vibration decrease with the increase of speed, indicating the occurrence
of automatic centering phenomenon. For bearing vibration, the main and secondary vibration
vectors reach their minimum values at 8.3x103 r/min and increase with the increase of rotational
speed. This indicates that in a rigid rotor system, both the main and secondary vibration vectors
of the bearing vibration can effectively reflect the basic vortex information of the rotor. In flexible
rotor systems, the bearing vibration does not always decrease with the decrease of shaft vibration,
but increases after decreasing to a certain extent.

Based on Fig. 10, it can also be seen that the vector angles of the shaft vibration signal and the
bearing vibration signal reach their maximum and minimum values at 3.1x10° r/min and
5.5x103 r/min, respectively. Especially between 8.5%10° r/min and 8.7x10° r/min, the vibration
vector angle of the shaft vibration changed nearly 180°. The vector angle of the bearing vibration
also underwent a similar change between 7.7x103 r/min and 7.8x10° r/min, and then tended to be
stable. This indicates that when the rotational speed matches the natural frequency of a component
in the system, there will be significant changes in the vector angles of the shaft and bearing
vibrations, reaching maximum or minimum values. For the vector angle, the trend of changes in
shaft vibration and bearing vibration is similar at lower speeds. However, as the rotational speed
increases, there are significant differences in the variation trends of the vibration vector angles of
shaft vibration and bearing vibration, as well as the rotational speed at which they reach their
maximum and minimum values.
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Fig. 10. The influence relationship of speed changes on shaft vibration and bearing vibration

The vector phase of bearing vibration and shaft vibration decreases with the increase of
rotational speed, but the fluctuation of shaft vibration is slightly greater than that of bearing
vibration. The vibration vector ratio of shaft vibration fluctuates more than that of bearing
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vibration, indicating that the oil film stiffness and damping characteristics of the bearing will vary
at different speeds, which will affect the vibration vector ratio of shaft vibration and bearing
vibration. At certain speeds, the stiffness and damping of the bearing oil film may decrease,
leading to increased fluctuations in shaft vibration.

4.6. The influence of variation of shaft stiffness coefficient on the shaft vibration and bearing
vibration

During the operation of the model system, various factors such as loads, unbalanced forces,
and temperature may cause a certain degree of variation in the stiffness of the shaft. Therefore, we
conducted a simulation analysis on the stiffness coefficient of the shaft between 2x10° N/m and
1x10% N/m. The corresponding results are presented in Fig. 11, on which the
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Fig. 11. The relationship between the variation of the stiffness coefficient
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When analyzing the shaft vibration signal based on Fig. 11, we noticed that the changes in the
main and secondary vibration vectors exhibit similar patterns, both of which decrease with the
increase of axial stiffness. Specifically, within the shaft stiffness ranging from 2x10° N/m to
9x10% N/m, both parameters undergo a rapid decline phase, with the main vibration vector
decreasing from 0.0559 to 0.05562 and the secondary vibration vector decreasing from 0.019 to
0.01897. Afterward, their change trend became relatively flat. The vibration vector ratio reaches
its lowest point when the stiffness reaches 4x10° N/m, and then gradually increases with the
further increase of stiffness. When the stiffness exceeds 7x10° N/m, the vibration vector ratio
remains constant. This indicates that once the stiffness of the shaft exceeds a certain threshold, the
changes in the main and secondary vibration vectors will tend to be consistent, indicating that the
trajectory shape of the rotor tends to be stable. The variation trend of the vector angle is consistent
with the variation trend of the main and secondary vectors.

As for the bearing vibration signal, we observed that the main and secondary vibration vectors
tend to be stable after the axial stiffness exceeds 5x10° N/m. In addition, the variation amplitude
of the secondary vibration vector is smaller than that of the main vibration vector, indicating that
the main vibration vector is more sensitive to the stiffness of the shaft. As the stiffness increases,
the vibration vector ratio shows an upward trend. The variation trend of the vector angle is
consistent with the variation trend of the main and secondary vectors.

Furthermore, it can be seen that the trend of vector phase change is similar between them.
Although the main and secondary vibration vectors of the bearing vibration and the shaft vibration
show similar trends with the increase of shaft stiffness, there is a significant difference in their
change speed. Specifically, as the stiffness of the shaft increases, the aspect ratio of the bearing
vibration signal continues to rise, while the aspect ratio of the shaft vibration signal first sharply
decreases after reaching a minimum value, then increases with the continued increase of stiffness,
and finally stabilizes. In addition, the vector ratio of the bearing vibration signal is always greater
than that of the shaft vibration signal, which means that the velocity trajectory synthesized by the
bearing vibration signal is closer to a circle, while the trajectory of the shaft vibration signal is
relatively elliptical. The vector angle reflects the direction of force acting on the rotor. With the
stiffness of the shaft increasing, the difference in vector angle between shaft vibration and bearing
vibration signals gradually stabilizes. This indicates that at higher shaft stiffness, the two signals
can more consistently indicate the force direction of the rotor.

4.7. The influence of shaft damping changes on shaft vibration and bearing vibration

We conducted a series of simulation experiments on the established dynamic model when the
damping coefficient of the shaft varied from 900 N-s/m to 3600 N-s/m. Through these
experiments, we can evaluate the impact of changes in shaft damping on the dynamic
characteristics of the system.
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Fig. 12. The influence of shaft damping change on shaft vibration and bearing vibration

From the axial vibration signal diagram as shown in Fig. 12, it can be seen that the changes in
the main vector, secondary vector, and vector phases are positively correlated with the increase of
the axial damping coefficient. That is, as the damping coefficient increases, the values of these
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parameters gradually decrease, and this trend of change is roughly linear. This phenomenon is
mainly due to the proportional relationship between damping force and angular velocity, and the
damping torque is closely related to the system's moment of inertia, damping coefficient, and
angular velocity. As the damping coefficient increases, the damping torque also increases, leading
to a decrease in the angular velocity of the rotating system. As a result, the amplitudes of the main
and secondary vibration vectors decrease, and the trend of change is approximately linear. At the
same time, the vector ratio and vector angle increase with the increase of the damping coefficient,
which may be closely related to the influence of damping on the energy dissipation of the vibration
system. The damping ratio is a key parameter for measuring the damping level of a system, which
is related to the amplitude attenuation rate of the system’s free vibration. The increase in damping
ratio means that the attenuation speed of system vibration accelerates, which may be the reason
for the increase of vibration vector ratio and vibration vector angle, as these parameters are closely
related to the vibration energy and vibration mode of the system. In short, as the damping
coefficient of the shaft increases, the vibration characteristics of the system are significantly
affected, manifested as a decrease in amplitude and a change in vibration mode.

From the bearing vibration signal diagram as shown in Fig. 12, it can be seen that the changing
trends of the main vibration vector, secondary vibration vector, vibration vector angle, vector
phase, and vibration vector ratio are similar to those of the axial vibration signal. This similarity
arises from the fact that both bearing vibration and shaft vibration are caused by shaft vibration,
where shaft vibration represents the radial vibration of the shaft and bearing vibration represents
the vibration of the bearing seat. Because the vibration of the shaft is transmitted to the bearing
seat, there is a correlation between the shaft vibration and the bearing vibration in terms of
amplitude, phase, and frequency. As the damping coefficient of the shaft increases, the dissipation
rate of system vibration energy accelerates, resulting in a decrease in the amplitude of the main
and secondary vibration vectors. At the same time, the vector ratio and vector angle may increase
due to changes in vibration modes. These changing trends reveal the influence of damping on the
vibration characteristics of rotating machinery, which is of great significance for fault diagnosis
and predictive maintenance.

By comparing the shaft vibration and bearing vibration signal diagrams, we noticed that there
are significant similarities between them in terms of the variation trends of the main vector,
secondary vector, vector ratio, vector phase, and vector angle. However, the range of values for
the bearing vibration signal is relatively small, indicating that the influence of shaft damping on
shaft vibration and bearing vibration is limited. In short, although the trend of changes in shaft
vibration and bearing vibration signals is similar, the amplitude of changes in bearing vibration
signals is relatively smaller, indicating that damping does not have a significant impact on these
two types of vibrations.

4.8. The influence of changes in bearing quality on shaft vibration and bearing vibration

The selection of bearings has a significant impact on vibration characteristics. In the simulation
analysis, a detailed study was conducted on the established model when the mass of the bearing
varied between 20 kg and 300 kg.

By analyzing the relationship between the shaft vibration signals and the changes in bearing
mass based on Fig. 13, we can observe that both the main and secondary vibration vectors increase
with the increase of bearing mass, but this growth is shown as basically stable in the graph,
indicating that the growth amplitude is not significant. Meanwhile, the vector angle, vector phase,
and vector ratio decrease with increasing of bearing mass, but remain relatively stable, indicating
that the changes in these parameters are not significant. Overall, the impact of changes in bearing
quality on shaft vibration signals is relatively limited. This means that within this mass range, the
shaft vibration characteristics have not undergone significant changes due to an increase in bearing
mass.
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Fig. 13. Relationship between changes in bearing mass and shaft vibration and bearing vibration

By observing the curve of the bearing vibration signal changing with the bearing mass as
shown in Fig. 13, we can find that the trend of the bearing vibration signal is similar to that of the
shaft vibration signal, and it is approximately linearly related. This similarity is due to the reason
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that both of them are controlled by the vibration characteristics of the shaft. However, the
amplitude of changes in the secondary vibration vector, vector angle, vector phase, and vector
ratio of the bearing vibration signal is more significant than that of the shaft vibration signal. This
is because the vibration of the shaft is transmitted to the bearing seat through the bearing, causing
bearing vibration, which not only reflects the vibration characteristics of the shaft but also may be
affected by the stiffness and mass distribution of the bearing seat. Therefore, the variation of the
bearing vibration signal amplifies the variation of the shaft vibration signal to a certain extent,
making the bearing vibration more sensitive to changes in bearing quality.

By comparing the signals of shaft vibration and bearing vibration, it can be observed that the
trends of their changes are similar. Moreover, the impact of changes in bearing quality on bearing
vibration is significantly greater than its impact on shaft vibration.

4.9. Experimental verification

To verify the accuracy of the simulation results, we built a rotor test bench as shown in Fig. 14.
The rotor test bench is driven by an asynchronous motor, and the rotor system is supported by two
sliding bearings with the same structure. A disk is arranged in the middle of the shaft, and the
natural frequency of the rotor is about 2600 r/min, while the natural frequency of the bearing
system is about 3600 r/min. Two eddy current sensors of the same model are arranged at the shaft
neck of the rotor test bench, and two speed sensors of the same model are arranged at the bearing
seat. The relative displacement signal at the shaft neck and the absolute velocity signal at the
bearing seat are obtained through acquisition instruments.

X

Measuring point 1
Measuring
point 2
’ J "
Y

Y
b) Schematic diagram of rotor test bench
Fig. 14. Rotor test bench

- o

a) Physical image of the test bench

Conduct experimental research on the relationship between shaft vibration and bearing
vibration of the rotor system when the speed varies between 600 r/min and 4200 r/min. Among
them, 32 points are collected per cycle for a total of 32 rotations. From the full vector spectrum of
the shaft vibration signal and the bearing vibration signal in Fig. 15, it can be seen that below
2500 r/min, the main vibration vectors of the bearing vibration and the shaft vibration both
increase with the increase of speed, and at 2500 r/min, the main vibration vector of the shaft
vibration reaches a maximum value of 35.21 pum, and the main vibration vector of the bearing
vibration reaches a maximum value of 0.16 mm/s. When the speed is above 2500 r/min, the main
vibration vector of the shaft vibration decreases with the increase of the speed, while the main
vibration vector of the bearing vibration reaches its minimum value at 3100 r/min and increases
with the increase of the speed. It reaches its maximum value of 0.447 mm/s at the natural
frequency of 3600 r/min of the bearing and then decreases again. Under the condition of a rigid
rotor, the main vibration vectors of the bearing vibration signal and the shaft vibration signal show
similar trends with respect to speed, while under the condition of a flexible rotor, the trends of the
two are significantly different. The secondary vibration vectors of the shaft vibration signal and
the bearing vibration signal correctly reflect that the rotor precession direction is positive
precession, which is consistent with the simulation analysis results. The axial vibration vector
angle exhibits a significant abrupt change with the variation of rotational speed, while the variation
of the bearing vibration vector angle is relatively stable, which is also consistent with the
simulation analysis results.
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Fig. 15. Experimental result
5. Conclusions

This article constructs a dynamic model under unbalanced conditions by integrating the
characteristics of shaft vibration and bearing vibration, and uses full vector spectrum technology
to perform dual-channel source information fusion analysis on shaft vibration and bearing
vibration signals under different system parameters. Finally, the simulation results were verified
by building a test bench, and the following conclusions were drawn:

1) The main and secondary vibration vectors of the shaft vibration signal and the bearing
vibration signal are linearly related to the eccentricity. However, the rate of change of the vibration
vector of the shaft vibration signal is faster than that of the bearing vibration signal. The quality
of the disc, the quality of the bearings, and the damping of the shaft and support have a relatively
small impact on the shaft vibration and bearing vibration.

2) As the support stiffness increases, the main and secondary vibration vectors, as well as the
vibration vector angle, the shaft and bearing vibration signals decrease, and this change exhibits
significant nonlinear characteristics. Compared to shaft vibration, bearing vibration is more
sensitive to changes in support stiffness, especially when the vector angle of bearing vibration
signals exhibits a certain degree of uncertainty.

3) Under the condition of a rigid rotor, the main vibration vectors of the shaft vibration and
bearing vibration signals will increase with the increase of rotational speed. Under flexible rotor
conditions, the main vibration vector of the shaft vibration signal decreases with increasing speed,
while the main vibration vector of the bearing vibration signal shows a trend of first decreasing
and then increasing. There is a significant difference between them. Therefore, when conducting
on-site dynamic balancing of flexible rotor systems, it is necessary to fully consider the complex
relationship between bearing vibration and shaft vibration.
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4) The experimental results are consistent with the simulation results, which proves the
effectiveness and reliability of the adopted method.

Although the proposed method has achieved satisfactory results, there is still a significant gap
between the constructed dynamic model and the model in practical applications, and the model is
influenced by various external factors. Therefore, in future research, we will focus on making the
model more in line with the needs of the actual working environment. Besides, the following two
issues will be also addressed in future research:

1) Due to the many types of faults that occur in the rotor-bearing-foundation system, such as
rotor misalignment, oil film oscillation, rotor cracks, etc., this article only analyzes and studies
common unbalance faults, which is obviously insufficient for the study of the relationship between
shaft vibration and bearing vibration. Therefore, further in-depth research is needed on the
relationship between shaft vibration and bearing vibration of the rotor-bearing-foundation system
under other types of faults, as well as the similarities and differences in the fault information
expressed.

2) Although the relationship between shaft vibration and bearing vibration under unbalanced
conditions has been analyzed using full vector spectrum technology, it can be seen from the
analysis that there are significant similarities in the main and secondary vibration vectors as well
as the vibration vector ratio between the shaft vibration signal and bearing vibration signal.
Therefore, in conventional state monitoring and fault analysis, full vector spectrum technology
can be applied to contact detection to improve fault identification capability. However, when
conducting precise fault diagnosis, there are significant difficulties in determining the relationship
between the shaft vibration vector angle and the bearing vibration vector angle, and further
research is still needed.
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