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Abstract. For the looseness-rubbing coupling fault rotor-bearing system caused by pedestal
looseness, the mechanical model and finite element model of dual-disk triad-supported
looseness-rubbing coupling fault rotor-bearing system were established in this paper. The research
of dynamics characteristics about the effect of rubbing stiffness and looseness stiffness on the
system was done with equivalent stiffness model on the loose support, nonlinear finite element
method, contact theory and the wavelet packet decomposition principle. It was demonstrated that
alternating high and low peaks exist in the time domain while the trapezoidal shape appears in the
orbit diagram of the signal. It was also found that the double frequency (2X) has a high energy
distribution in the vibration signal. It could be used as fault frequency band of the
looseness-rubbing coupling fault. These two characteristics (trapezoidal shape and double
frequency) could serve as a basis in diagnosing looseness-rubbing coupling fault.

Keywords: pedestal looseness, rubbing, dual-disk rotor, coupling fault, equivalent stiffness.
1. Introduction

Pedestal looseness fault of rotating machinery is usually caused by low installation quality and
long-term vibration. The fault can generally be divided into rotating parts looseness and pedestal
looseness, where the looseness between bearing seat and pedestal is more common. Rotor system
with looseness fault can easily lead to collision and friction of the rotating parts and the statics,
causing cyclical rubbing in operation and cyclical changes of the stiffness of the system, which
will further lead the system to a looseness-rubbing coupling fault state. And if the situation
worsens, it will cause unstable motion of the system or even shaft damage.

For years, relevant studies on the sophisticated dynamic phenomena in looseness and rubbing
problems have been carried out by researchers both at home and abroad, and important results
have also been achieved. Agnhes Muszynska [1], by doing numerical simulation of the rotor system
with pedestal looseness or rotor-stator rubbing fault and by carrying out experiment of rotor
vibration characteristics, studied on the nonlinear dynamic action of the rotor system, and then
provided a theoretical basis for the study on the pedestal looseness and rotor-stator rubbing fault.
Yuegang Luo [2] established the local rubbing dynamic model of rotor system with pedestal
looseness fault, conducted numerical simulation on the rotor system by numerical integration and
the Poincaré mapping method and analyzed the impact of pedestal looseness quality on dynamic
behaviors of the rotor system. Changli Liu [3], based on the nonlinear dynamic equations of the
rotor bearing system with looseness-rubbing coupling fault, and by using the continuation
shooting algorithm for solving the periodic solutions of nonlinear non-autonomous system,
studied the stableness of the system’s periodic motion and its instability laws, and found the
bifurcation set of the system within parameter domains such as unbalance-speed and rubbing
gap-speed. Yanjun Lu [4] established the mechanical model and finite element model for the
dual-disk vertical cantilever rotor-bearing system with looseness-rubbing coupling fault, and
based on the nonlinear finite element method and the contact theory, studied the impact of two
important coefficients (looseness stiffness and rubbing gap) on the system’s dynamic
characteristics. A model of triad-supported dual-disk rotor-bearing system with looseness-rubbing
coupling fault was established in this paper. By using the Newmark-8 method for solving the
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numerical solution of nonlinear non-autonomous system, this paper analyzed the dynamic
characteristics of the periodic motion of the middle bearing looseness-rubbing rotor system when
it is in different rubbing and looseness stiffness coefficient domains and obtained the main
characteristics of the looseness-rubbing coupling fault of the rotor system, which serves as a
theoretical reference for fault diagnosis of the rotor-bearing system.

2. Mathematical model of looseness-rubbing coupling fault rotor
2.1. Mechanical model of rotor system

The object of this paper is a simplified dual-disk triad-supported rotor-bearing system, which
consists of 2 disks and 3 elastic supporting bearings. And the middle bearing incurs pedestal
looseness, as shown in Figure 1. The span of the 3 bearings between every two is 21; the distances
between disk 1 and the left bearing and that between disk 2 and the right bearing are both [; the
distance between the middle bearing and disk 1, 2 is I; kyq, kp2, kb3, Ch1, Ch2, Cp3 are equivalent
supporting stiffness and damping respectively for the left, middle and right three bearings; k¢, cf
are equivalent supporting stiffness and damping respectively between the bearing block and
pedestal; m; (i = 1,2, ...,5) from left to right is the mass of bearing and disk; m, is the equivalent
mass of the middle bearing; there is a casing with disk 2.

left diskl middle E/diskz right
bearing — bearing — bearing
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Fig. 1. Mechanical model of rotor bearing system
2.2. Equivalent stiffness model of the looseness part

Suppose that the tensile stiffnesses of the loose bolt and unloose bolt are k¢4, ky,, that of the
pedestal is kg3, as shown in Figure 2.

-
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gap oy
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Fig. 2. The schematic diagram of pedestal looseness

When the vibration amplitude is large, the bearing supports and pedestal separates temporarily,
the unloose bolt is in a state of elastic deformation, the equivalent stiffness of the loose part is
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ks = k¢,; as the vibration amplitude further increases and the displacement of bearing support
exceeds &, loose bolts with other bolts will generate tension to the bearing support, the equivalent
stiffness is k ~ kg + kr,; when the vibration amplitude is small and after the bearing block
contacts with the pedestal, the pedestal generates deformation and shift, the equivalent stiffness is
that of the pedestal k; = kg3. Take the looseness in the y direction for example, the equivalent
stiffness of the middle bearing with looseness fault [5-7] is:

ks + kpa ¥ > 6,
ke = ks, 0<y<5§, 1)
ks, y <0.

Suppose that the pedestal stiffness is approximately equal with tension stiffness, which is
kes = ke + kya, S0 the Eq. (1) can be simplified as:

k 0<y<$é
_ f2; = y =0,
ke = {kf3, the rest. 2

2.3. Rubbing model based on Hertz contact theory

According to the Hertz contact theory, it can be considered that with two surfaces in contact
and compression the pressure F acts along the z-axis. Near the initial contact point, local material
deformation forms a small oval-shaped flat whose oval long axis is in the x-axis and minor axis
in the y-axis. In the oval-shaped contact surface the unit pressure in each point has relation to the
material deformation amount. The greatest unit pressure generates along the z-axis because the
largest deformation emerges in this direction. The distributions of unit pressure in other points are
based on the oval ball law, and then the following assumptions can be made to simplify the
research [8-10]: 1. With the rotor and stator in contact, the contact pressure E. is perpendicular to
their common tangent plane; 2. When the rubbing occurs between the rotor and stator, with the
damping effect in the compression process ignored, the local elastic deformation exists only in the
contact area; 3. The tangential friction force is in line with the Coulomb law, namely Fy = f - F,
as shown in Figure 3.

Ay

——
| —
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Fig. 3. Rubbing force model between rotor and stator

According to the Hertz contact law the normal force caused by the collision of two elastomer’s
is:

w=(2)

in which &, is radial embedding depth; a is structure constant, whose expression is:
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59 (1—v2 1-v2\°/1 1
a=08 —( Ly 2) (———). (4)
16\ E; E, P1 P2

v;, E;, p; (i = 1,2) are Poisson’s ratio, Young’s modulus and curvature radius of the rubbing
surface respectively. In practical engineering the radius gap ¢ between rotor and stator is only one
over one thousand of the p, in general, so a is:

319 (1—v2 1-—0v2\°
a=08 |— Tt (£ ®)
16\ E; E, pi

In the rubbing process of rotor and stator, whose radial rubbing stiffness k,. can be expressed
as the following nonlinear form brief:

3/2

k, = H(5,) (%) , (6)

in which 6, = r — ¢, r is the rotor’s radial displacement, r = \/x2 + y2, H(§,) is step function,
whose expression is:

1, 6,20,
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Fig. 4. The trend of rubbing stiffness with embedded depth under different models

According to the Eq. (6) the relationship curve between rubbing stiffness k,. and the embedded
depth &, of the rotor and stator in the Hertz contact model is shown in Figure 4. The parameter 6,
depends on the rotor radial displacement r, when the radius gap c between rotor and stator is a
constant. And it is also found that the relationship in the linear contact model is linear [11].

The components which are the rubbing force between rotor and stator in the X, Y coordinates
are:

Frx kT 1 _f X
{Fry} T [f 1 ] {y} (8)
Through the Eqg. (5) and Eg. (6) it was known that the essential characteristic of elastomer
radial collision was mainly decided by structure constants a. Structure constant a is a geometry
parameter related with curvature radius of collision point p; and material properties v;, E;. For
example, the material of rotor is cast iron, its Young’s modulus E; = 2.07x10*! Pa, Poisson’s ratio

v; = 0.3; the material of stator is copper, its Young’s modulus E; = 2.15x10 Pa, Poisson’s ratio
v; = 0.3. So the rubbing stiffness k, can be got.
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2.4. Mathematical model of rotor system

Figure 5 shows the finite element model of the rotor system shown in Figure 1 which is made
discrete. The dots in the figure denote nodes with their numbers. The left, middle, right three
bearings are born on the node 1, 3 and 5, the three supporting bearings are simplified as
springs-dampers. The masses of the disks are born on the nodes 2 and 4, the looseness fault of the
support is simulated by the node 6 with a piecewise linear spring-damper element. The rubbing
force uses Hertz model. The whole rotor system’s motion equation can be described as:

Mii + Dt + Ku = F(t) + F,5, 9)

in which M includes the mass matrix of the axis and the disk; D is the damping matrix of rotor
bearing and gyroscopic moment; K is the whole stiffness matrix; F(t), F,;, are the unbalanced
force and rubbing force; u is the displacement vector,u =[x 6, y 6]

X left middle _ bright ’
earing beaﬁng earing
y C% disk1 ke

Xl @

Fig. 5. Element model of rotor bearing system

As shown in Figure 5, due to the horizontal displacement of loose bearing it is very small
compared to the vertical direction, so the analysis only considers vertical displacements. Eq. (10)
and Eq. (11) respectively are the system movement differential equations in the horizontal
direction and vertical direction:

My Xy + CXy + (kqg + ky)xy + k1201 + kisx, + ki40,, =0,

]dléyl - w]p19x1 + kyix, + k229y1 + kosx, + k249y2 =0,

myX, + kgixq + k329y1 + k33x, + k349y2 + k3sx; + k369y3 =K,

]dzéyz - w]pzéxz + k4, + k429y1 + ky3x; + k449y2 + kasxs + k469y3 =0,
M3X3 + CumX3 + Ks3Xy + Ksa0yp + (kss + kyp)x3 + ksgOys + ks7xs + ksg0y4 = 0,
]dSéyS - w]p39x3 + ke3x, + k649y2 + kesxs + k669y3 + kerxs + k689y4 =0,
My Xy + Kysx3 + k760y3 + K774 + K780y4 + k79X + k71005 = Fy + Fy,

]d4éy4 - w]p49x4 + kgsxs + kgeOyz + kgrxy + Kgglys + kgoXs + kg106,5 = 0,
MsXs + CopXs + Ko7Xs + KogBys + (koo + kyr)Xs + kg 106y5 = 0,

]dséys - w]pséxs + kq0,7%4 + k108034 + k109%s + k101060y5s = 0,

(10)
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my ¥ + ¢y + (ki + kyl)Yl — k12051 + ki3y, — k1462 =0,

]dléxl + w]p19y1 — koY1 + ka0 — ko3ys + kpu0y, = 0,

MyY, + k31Y1 — K30y + k33, — K3a0yp + k3sys — k3ebis = F,

Jaz0xz + w]p29y2 — ka1 Y1+ Kap0x1 — Ka3Yz + kgaOyp — kusys + ka3 = 0,

M3V3 + CymY3 + ks3V2 — ksaOsxz + (Kss + kym)Ys — KseOxs + ksyVa — ksgOxa — kymys = 0,
JazBs + w]p39y3 —ke3ys + kealxz — kesys + keOxs — Ko7V + Kegbes = 0, (11)
MyYs + K75Y3 — K760x3 + k77Ys — k750xa + K795 — k7100xs = E, +F,,

]d4éx4 + w]p49y4 — kgsys + kgeOys — kg7Va + Kgglxa — kgoYs + Kg106xs = 0,

MsYs + CprVs + KozVs — kogBys + (Koo + Ky )Vs — kg 100xs = 0,

JasBs + w]pséys —ko7ys + kogOyxa — KooYs + ko 100xs = 0,

MY + V6 — kymys + (kym + kp)ys = 0,

in which m; (i = 1,2,...,5) from left to right are the masses of bearings and disks; m, is the
equivalent mass of the middle bearing; w is rotational speed; J;; (i = 1,2, ...,5) are moments of
inertia of the radial; /,,; (i = 1,2,...,5) are polar moments of inertia; ky;, ky;, kym, Kym, Ky Ky,
Cxt» Cyls Cxm» Cym» Cxr» Cyy Are equivalent supporting stiffnesses and dampings respectively for the
left, middle and right three bearings; kf, c; are equivalent supporting stiffness and damping
respectively between the bearing block and pedestal, its equivalent looseness stiffness is shown in
Eq. (2). x; (i = 1,2,...,5), y; (i = 1,2, ...,6) respectively are the displacements of node i in the
horizontal direction and vertical direction. 6,; (i = 1,2, ...,5), 8,; (i = 1,2, ...,5) respectively are
the rotation angles of node i around the x axis and y axis. k; ; (i,j = 1,2, ...,10) can be got in the
literature [12]. F,, F,, is the unbalanced force in the x direction and y direction respectively. And
F., F, is the rubbing force in the x direction and y direction respectively. It is shown in Eq. (8).

3. Non-linear dynamic analysis of coupling fault rotor system

In order to study the dynamic behavior of the dual-disk triad-supported rotor system fully, we
need to study the nonlinear dynamic response of the system. Because the system’s non-linear
characteristic is significant, this paper chooses the Newmark-£ method [13-16], which does not
require high precision for the integral step, to do the numerical integration and acquire rotor
response, mainly studying the influence of rubbing stiffness and looseness stiffness to system’s
dynamic characteristics.

The main parameters are as follows: shaft diameter is 10 mm, shaft length is 640 mm, disk
diameter 80 mm, disk thickness 15 mm, bearing stiffness k = 2e5 N/m, damping ¢ = 2e3 N/m,
rotation velocity w = 4500 r/min that is between first-order and second-order critical rotation
velocities, friction coefficient f = 0.3, rubbing clearance ¢ = 210 um, foundation stiffness
kg3 = 1x10° N/m, bearing pedestal mass ms = 1.1 kg, looseness gap § = 10 um.

3.1. Influence of rubbing stiffness

Suppose that the eccentric mass is only applied on the two disks, the unbalance quantity is
156e-6 kg'm, the bolt tension stiffness (looseness stiffness) is ky, = 8x10° N/m. Rubbing fault
occurs in the right side disk 2. In order to better observe the influence of the rubbing stiffness
changes to the system, the (a)~(c) in Fig. 6 are the time-domain graph, orbit diagram, frequency
spectrogram and Poincare graph on rubbing disk (node 4) with the rubbing stiffness being
k, = 2x10% N/m, 5x108 N/m and 8x107 N/m.

As shown in Figure 6(a), the rubbing stiffness is 2x10% N/m, the impact of the looseness part
vibration on disk is small, the rubbing between disk and stator is light, movement of the disk did
not show significant direction, time-domain waveform and the axis of the track did not show
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significant changes, the rubbing stiffness is relatively low and the system mainly does working
frequency motion, but there has been some high frequency multiplication composition, the double
frequency is most obvious, which shows that it produces a stiffness mutation because of collision
when the looseness bearing blocks contact with the pedestal. There is a single dot that appears in
Poincare graph, which shows that the system is doing cycle 1 motion. Figure 6(b) is the
time-domain graph, orbit diagram, frequency spectrogram and Poincare graph with the rubbing
stiffness being k, = 5x10° N/m. At this time the increased rubbing stiffness makes the axis orbit
evolve to two nested oval curves, the high and low peaks appear alternately in time-domain
waveform, frequency components are more abundant and the high frequency peak increases
significantly with a 1x/2 frequency division, the Poincare graph shows two single dots, all of
which indicate the system’s frequency division motion characteristics, changing from cycle 1 to
cycle 2 motion. When the rubbing stiffness shifts to 8x107 N/m, the time-domain waveform and
axis orbit are in confusion. Seeing from the Poincare graph and frequency spectrogram, there
appear many dispersed dots. The axis orbit becomes complicated “8” shaped and the frequency
spectrogram appears with continuous spectra, which can be observed by enlargement, all
indicating that the system is doing chaotic motion.
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x
£ £ £
0.2
£ £ £ £
£ 02 £ o2 £ E o1
5 5 20 5
e 0 E 0 ] E 0
3 8 £ 01 8
s = s £
[=% o &
2202 202 %005 2 201
’0‘%3 085 .09 095 1 ’0;%5 0 0 100,200 300 400 500 ’0;20 0 0.5
: T timé” s displacement x/mm frequency - #/Hz displacement x/mm
(a) rubbing stiffness k, = 2x105 N/m
0.6 06 0.4 0.1
£ £ £ .
£E 04 £ 04 g03p 1x g%
X > £ =
- = = 2006
= =
2 02 202 802 £
£ ] S 8
3 g E 8004
8 = 8
g o0 Z o £ 01172 2
2 2 S 2002
A
-02 02 0 100 200 300 400 500 %
06 07 .08 09 1 —-0.5 .0 0.5 1 -02 -01 0 0.1 0.2
time t/s displacement x/mm frequency f/Hz displacement x/mm
(b) rubbing stiffness k,, = 5x108 N/m
1 1 0.5 0.6
£ 1x/2
£ £
£ £ g 04 1x E o5 .
= 05 >os £ > r/"
g g 03 g -
g £ 8 g 04
g g S02 g
S o < 0 = g .
= £ &
2 3 S0 2031
05 05 l b, o
06 07 .08, 09 1 - -0 2 4 0 100 200 300 400 500 o8 1. 12 14 16
time t/s displacement x/mm frequency f/Hz displacerient x/mm

(c) rubbing stiffness k, = 8x10” N/m
Fig. 6. Time-domain graphs, orbit diagrams, frequency spectrograms and
Poincare graphs of rotor system with the change of rubbing stiffness

3.2. Influence of the looseness stiffness

Because of rubbing force, the influence of the looseness stiffness change on rubbing disk
(node 4) is not very obvious, that on the system’s dynamic response directly reflects in the loose
node (node 6). In order to observe easily, Figure 7(a)~(c) are the time-domain graphs, orbit
diagrams, frequency spectrograms and Poincare graphs of rotor system at the looseness node
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(node 6) with the looseness stiffness k¢, = 1x10° N/m, 5x10° N/m and 5x10® N/m when rotation
speed is w = 4500 r/min, rubbing stiffness k, = 5x108 N/m.

As shown in the time-domain waveform in Figure 7(a), when the looseness stiffness is small,
the nodal displacement peak is high. Bearing pedestal hits the loose bolt and appears “cutting peak
microseism”, two ends of the axis orbit are suppressed and appears trapezoidal shape similarly,
when displacement peak is larger than the looseness gap § = 10 um, which is in accordance with
the result of literature [17-18], there are 1x/4 harmonic waves appearing in frequency spectrogram,
double frequency peak is relatively large, which shows that the system is doing cycle 4 motion.
When the looseness stiffness shifts to 5x10° N/m, there is a phenomenon that the high and low
peaks appear alternately in the time-domain waveform Figure 7(b), it shows the segmentation
features of support stiffness with the typical fault characteristic of pedestal looseness, the axis
orbit is in confusion, there appear multiple nested semi-elliptical orbits, the frequency spectrogram
appears with continuous spectra, but in the Poincare graph there appear many dispersed dots, the
system changes to cycle n motion. When the looseness stiffness further increases to 5x10® N/m,
the nodal displacement peak decreases sharply, the high and low peaks maintain appearing
alternately, period of motion is not changing obviously, axis orbit appears as two nested semi-
elliptical orbits, the vibration response frequency spectrogram appears as abundant discrete
spectrum, the energies of working frequency and 1x/2 frequency division are large, working
frequency is remaining as dominant frequency. There are two single dots in Poincare graph, which
shows that the system is doing cycle 2 motions.
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Fig. 7. Time-domain graphs, orbit diagrams, frequency spectrograms and

Poincare graphs of rotor system with the change of looseness stiffness
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3.3. Influence of the rotational speed

Rotational speed has a direct influence on the dynamic behavior of the rotor system. In order
to observe the system’s dynamic response easily, we choose the loose node (node 6) as the
observation point. Figure 8(a)~(c) are the time-domain graphs, orbit diagrams, frequency
spectrograms and Poincare graphs at the loose node (node 6) with rotational speeds being
w = 3500 r/min, 4000 r/min, 6000 r/min, when the looseness stiffness k, = 8x10° N/m and the
rubbing stiffness k, = 5x108 N/m.
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(c) rotational speed w = 6000 r/min
Fig. 8. Time-domain graphs, orbit diagrams, frequency spectrograms and
Poincare graphs of rotor system with the change of rotational speed

As shown in Figure 8(a) when the rotational speed is 3500 r/min, at this time, the rubbing fault
between rotor and stator just has occurred. And with the existence of looseness fault the high and
low peaks appear alternately in the time-domain waveform. There appear two nested semi-
elliptical trajectories in the axis orbit. The vibration response frequency spectrogram appears
abundant as of discrete spectrum. The energies of working frequency and 1x/2 frequency division
are large. But the working frequency is remaining as dominant frequency. And through observing
the Poincare graph we can see that the system is doing cycle 2 motions. With the further increase
of rotational speed, the rubbing between rotor and stator further enhances. The phenomenon that
the high and low peaks appear alternately in the time-domain waveform in Figure 8(b) is more
apparent. There is a little change in the axis orbit diagram. At the same time there are still two
single dots in the Poincare graph. And the system’s movement is in cycle 2. When rotational speed
goes up to 6000 r/min, which is far surpassing the first-order critical speed of the system, the
rubbing fault of rotor and stator is serious. And both the time-domain waveform and orbit graph
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become chaotic and distortion degree is becoming larger. Continuous spectrum appears in the
frequency spectrogram. The 1x/3 frequency division has occurred. Three points appear in the
Poincare graph and the system goes into cycle 3 motion. If the rotational speed continues to
increase, the system will go into chaos through cycle 3 motion.

3.4. The fault characteristic frequency band

As shown in Figure 8(a)~(c), basic axis orbit, time-domain waveform and frequency
spectrogram can judge the fault degree of rotor system roughly. But the fault characteristic cannot
be judged in detail quantitatively.

In order to obtain looseness-rubbing coupling fault characteristic further, auxiliary
experiments were performed. The experiment is the continuation of the simulation. The dual-disk
rotor bearing system was constructed for auxiliary experiments with the Bently RK-4 rotor test
bench. Test bench is shown in Figure 9. All the parameters of test bench are same as the material
parameters in the simulation calculation. So it can be seen that the experimental result verified the
correctness of the simulation calculation results in the section 3.3 as shown in Figure 10. And then
the experimental data within four different rotational speeds (1000 r/min, 2000 r/min, 3000 r/min,
4000 r/min) can be got. Based on the wavelet packet decomposition principle, the characteristics
of looseness-rubbing coupling fault can be confirmed in detail with the experimental data.
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Fig. 10. The amplitude-frequency three-dimensional waterfall figure changing with the rotational speed
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For a comprehensive study of the looseness-rubbing coupling fault characteristic of the rotor
system, based on the wavelet packet decomposition principle, fault data within four different
rotational speeds (1000 r/min, 2000 r/min, 3000 r/min, 4000 r/min) adopt “db44” wavelet function
to carry out four layers wavelet decomposition [19-22]. Thus 16 independent and equal bandwidth
bands are obtained. For the purpose of collecting the fault frequency band effectively, re-sampling
of vibration data is performed and the sampling frequency is 1024 Hz, namely the analysis
frequency is 1024 Hz, so bandwidth of every band frequency is 32 Hz.

Through further application of the energy proportion computation method of the wavelet
packet decomposition, vibration data wavelet packet decomposition of each frequency band
energy ratio are obtained, which are shown in Figure 11. And the detailed ratio value of the
frequency band energy is shown in Table 1. In Figure 11 we can see the vibration characteristics
of the vibration signal in each frequency band and the distribution of energy ratio within different
rotational speeds clearly. Apart from the basic frequency (1X), all the vibration data in double
frequency (2X) have the high energy distribution. So the double frequency (2X) is the
characteristic frequency band of looseness-rubbing coupling fault. The band 2, band 3, band 4,
band 5 are the characteristic frequency bands of looseness-rubbing coupling fault in four different
rotational speeds (1000 r/min, 2000 r/min, 3000 r/min, 4000 r/min) respectively. Through the
comparison of the detailed frequency band energy ratio values of fault features, it can be accurately
described and distinguished the severity of the system fault. When the rotational speed is a little
lower as well as there is the existence of looseness fault, fault frequency band has a certain amount
of ratio value (0.0271). With the increase of rotational speed, it will cause the rubbing fault of
rotor system. At the same time, the fault frequency band ratio value rises increasingly. When the
rotational speed reaches 4000 r/min, the ratio value of fault frequency band goes up to 0.1142,
which shows that the system has reached a very serious fault degree. In a word, the increase of the
rotational speed causes the system fault degree to become more serious.
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Fig. 11. Signal band energy proportion figure with different rotational speeds
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Table 1. Each band energy proportion numerical values with different rotational speeds
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1000 r/min | 2000 r/min | 3000 r/min | 4000 r/min

1 0.9729 0.0206 0.0738 0.1309

2 0.0271 0.9284 0.5349 0.1905

3 2.183e-9 0.0506 0.2945 0.5141

4 3.43e-10 3.149¢-5 0.0607 0.0497

5 1.138e-11 1.778e-5 0.0354 0.1142

6 | 3.789¢-12 2.929¢-4 1.722e-4 1.023e-5
7 1.319¢-12 8.917¢-7 2.686e-5 4.45¢e-4
8 5.044¢-12 6.815e-6 1.577e-4 9.981e-6
9 | 5.418e-12 3.761e-6 8.185¢-5 2.909e-5
10 | 1.135e-13 9.149¢-6 2.538e-4 1.873e-6
11 | 3.976¢-14 5.44e-9 1.351e-5 6.973e-5
12 | 4.363e-15 5.732¢-7 1.74e-5 3.169¢-6
13 | 5.758e-15 1.091e-7 4.902e-6 4.67¢-5
14 | 2.961e-14 8.028¢-8 2.849e-7 1.036e-6
15| 1.091e-14 4.918e-8 1.555e-6 1.481e-6
16 | 1.807e-15 1.151e-7 9.944¢-6 5.699¢-7

4. Conclusions

(1) The looseness-rubbing coupling fault of rotor-bearing system was studied in this paper.
The rubbing between the rotor and stator can reduce the lower frequency vibration which is caused
by looseness. However it was demonstrated that the frequency component was very much due to
the effect of rubbing force in the frequency spectrogram of the signal.

(2) It could be found that the following characteristic could serve as a basis in diagnosing
looseness-rubbing fault: the high and low peak appears alternately in time-domain waveform
while the trapezoidal shape appears in the orbit diagram.

(3) Based on the wavelet packet decomposition principle, each frequency band energy ratio of
vibration signal can be obtained. We can see that the double frequency (2X) has a high energy
distribution in the vibration signal. It could be used as fault frequency band of the looseness-
rubbing coupling fault. It also could serve as a basis in diagnosing looseness-rubbing coupling
fault.
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