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AN ANALYSIS OF VIBRATION CHARACTERISTICS OF A ROTOR
SYSTEM WITH COUPLING FAULTS OF BEARING LOOSENESS AND
BEARING PEDESTAL LOOSENESS

Summary

Frequent disassembly of bearings leads to wear of the bearing pedestal hole, and a loose
bearing impacts the bearing pedestal, causing it to loosen. To identify this type of malfunction,
a dynamic model of the rotor system with the coupling faults of bearing looseness and bearing
pedestal looseness was established based on the concentrated mass method of the rotor system.
Also, the mapping relationship between the collision force and the vibration peak value was
established and the coupling mechanism was described. The results indicate that when the
coupling fault existed, the new frequency components were generated in the spectrum, and the
frequency amplitude was positively correlated with the amount of looseness. Meanwhile, the
increase in looseness would cause an increase in the amplitude of the fault characteristic
frequency. Identifying the characteristic frequency and amplitude of looseness faults plays an
important role in monitoring faults in rotor systems.
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1. Introduction

As a key component of the rotating equipment, the rotor system is widely used in
precision machining, mining and metallurgy, transportation, wind power generation, and other
fields [1-4]. As an important part, the operational status and fault characteristic recognition
technology of the safe operation and maintenance of rotor systems has always been the focus
of relevant studies [5-7]. Generally, the operational status of the rotor system can be
determined by applying the frequency recognition technology, and this method usually
requires dynamic models to be developed [8-11]. However, due to the occasional disassembly
and assembly of bearings and manufacturing errors occurring from time to time, the wear of
the bearing pedestal hole leads to the loosening of the bearing, which significantly reduces the
operational accuracy and service life of the rotor system [12-14]. Wang [15] pointed out that
bearing loose clearance and bearing clearance are typical nonlinear factors, and their existence
leads to the nonlinearity of bearing vibration. Inagaki [16] explored nonlinear factors such as
clearance and oil film between non-rotating and rotating components and obtained self-
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excited oscillation conditions for various nonlinear vibrations. He also studied the
characteristics and mechanism of self-excited vibration. Shi [17] considered the bearing
loosening problem caused by material in a system, described the outer ring motion as an
independent model, and set temperature as an independent variable to describe the motion
state of the outer ring. When the bearing is loose, it will constantly produce impact force on
the bearing pedestal hole, and the vibration characteristics of the system will change. To solve
the problem of anchor bolt looseness caused by bearing pedestal deformation, Guo [18]
established a coupling dynamic model of the loosening-impact mode and analysed the
reflection of the gap, eccentricity, etc. on the system's time-frequency spectrum. The research
ideas provided great significance for fault diagnosis of a rotating subsystem.

Looseness faults will be reflected in the time-frequency characteristic curve of the rotor
system, which is a rule summarised by many scholars [19-21]. Ma [22] established a support
looseness model in which the anchor bolts were loose causing the bearing pedestal to loosen,
and the relationship between the clearance and the system stiffness was obtained. However,
since the gaps between the bearing and the bearing pedestal as well as between the bearing
pedestal and the foundation cannot be ignored, the stiffness and damping of the system will be
related to contact conditions, rather than always being the same value. Therefore, there are
significant differences in the operating characteristics of the system. Thus, a more accurate
dynamic response can be obtained [23, 24].

In the existing dynamic models of bearing looseness fault and pedestal looseness fault,
the two faults were usually considered separately, without realizing that the bearing loosening
fault might be the cause of the pedestal looseness fault. Furthermore, the pedestal looseness
fault might cause the fault characteristics of the bearing looseness fault, thus ignoring the
coupling effect between the two faults, which reduces the accuracy of fault monitoring.
Therefore, in this paper, a dynamic model considering the coupling of the bearing i.e. bearing
pedestal-foundation multiple looseness faults, was established, and the dynamic
characteristics and the coupling mechanism of the system with the coupling of multiple
looseness faults were discussed, which provided certain reference significance for ensuring
the accuracy of condition monitoring of the rotor system. Section I introduces the topic of this
paper; Section II describes the main steps of the model building; Section III and Section IV
present the main results of the model and experimental validation, respectively.

2. Coupled dynamics modelling of multiple looseness faults

2.1 Loose bearing model

When a bearing runs in the worn pedestal, it will vibrate in the pedestal bore due to the
excitation of the rotor. As shown in Fig. 1, after the bearing pedestal wears out, the bearing
becomes loose, and the contact relationship between the bearing and the pedestal is equivalent
to a contact pair composed of the spring-damping force.

Fig. 1 Loose bearing model
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For quantifying the movement of bearings, the bearing outer ring diameter is assumed
to be db, and the bearing pedestal hole diameter is Do. D1 is the outer diameter of the bearing
pedestal. Assuming that the wear of the bearing pedestal hole is uniform, that is, that there is
no roundness and cylindricity error on the inner surface of the bearing pedestal, or is defined
as the amount of bearing loosening gap after the wear of the bearing pedestal. The mass of the
bearing is mr. {Xv, Ob, v} are defined as the position coordinate system of the bearing
pedestal, and {X;, O, Y;} as the motion coordinate system of the bearing. kr, cr represent the
coefficient of the equivalent spring-damping contact pair between the bearing and the pedestal.
F; is the jth contact force due to the contact deformation between the rigid bodies. According
to the force decomposition theory and Hertzian contact theory, the bearing support force can
be expressed as [25]:

Ny Ny
F; :Z_,':l ij :ijl FjCOSHj
(1
F,=>"F =>"Fsin0,
y j=17 j=17J J
where Ny represents the number of rolling elements in this type of bearing. Therefore, due to

the mutual influence of vibration between the bearing and the bearing pedestal, the movement
displacement of the bearing centre can be expressed as

e =y, =%, + (3, — ) )

It can be concluded that the relationship between the motion angle positions of the
bearing is:

xr _xb
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Considering the movement of the bearing and the bearing pedestal, the total
deformation between the bearing and the bearing pedestal can be expressed as [26]:

o, =(x, —x,)cos@, + (¥, —y,)sing, —o; (4)

Based on Hooke's law, F'y, can be expressed as:

)

F, =ko" 5,50
F,=0 &,<0

Therefore, the component of the collision force Fw between the bearings in different
directions can be expressed as:

F, =F cosg,
{F =F sing ©)
wy =Ly o

The manufacturing error is ignored, and wear occurs only on the inner surface of the
bearing pedestal hole wall, and there is no wear on the outer surface of the bearing outer ring.
When the radial movement of the bearing is less than the gap, the loose bearing and the
bearing pedestal are not in contact, cr, kr are 0. When the bearing radial movement is greater
than the gap, the outer ring will produce a collision force on the bearing pedestal, and it is
considered that the spring-damping coefficients are both contact stiffness and equivalent

damping. Therefore, cr, kr can be expressed as:
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0 -0, <e <0,
¢ = { . =% f (7)
e else
0 -0, <¢, <9,
k, = { ., t 0 t (8)
. else

2.2 Bearing loosening-pedestal loosening coupling dynamics model

The bearing-shaft-pedestal system shown in Fig. 2 was set up, showing the positional
relationship between bearings, bearing pedestals, foundation, and shaft to obtain a more
realistic vibration response of multiple looseness coupling faults [27, 28]. The two bearings
have the same model and rotate synchronously, letting the gap between the left-end bearing
pedestal and the foundation be 1.

Fig. 2 Bearing-pedestal-foundation multi-loose coupling system

Gap o1 between the bearing pedestal and the foundation was added according to the
concentrated mass law [29, 30]. At this point, the performance of the main components of the
system is as follows: loose left-end bearing, fixed right-end bearing, loose left-end bearing
pedestal, fixed right-end bearing pedestal, rotor disc vibration. The dynamic equation system
can be expressed as:

my X +k(x, —x,)+k(x, —x;)+c(x, —x,)+c(x, —x,)= mrpea)2 cos wt 9
mo Vo k(v = v) +k(y, = v+ (B, = V) + eV, = V) = mrpea)2 coswt —m, g (10)
my X, +k, X, +k,(x, —x, )+c, %, +c (%, —X,)=—F, (11)
My Ve + K Vg + K D = Vi) + Ca Vi + 5 (D = V) = —F, =1, 8 (12)
my X, + kyxy + kg (x5, —x,)+c %, + ¢y (%, —x,)=—F, (13)
My Py + kg Yo + kg (Vg = Ya) + €V + €Oy = V) = =F, —myg = F, (14)
m X + kg (%, — X)) + o (8, —X,) +Hh(x, —x,) +e(, —x)=F, (15)
MV + ke (Ve = Vo) + (D = P0) +h (Y =y )+ (D =) = F,, —m, g (16)
my X, + kg (o, —x,) + ¢ (X, — X)) +k(x, —x,) +e(x, —x,)=F, (17)
My + kg (Vg = Vo) +a(g = ) + k(g =) + (g = 3p) = Fy — g (13)
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In the above model, the mass of the shaft is assumed to be i, and the mass is assumed
to be concentrated on the disk. m1 and my are the masses of two identical bearings; my and
my: are the masses of the same type of bearing pedestals in the system; e is the eccentricity.
Let the impact between the bearing pedestal and the foundation be Fy, then this force is
related to the bearing support force and the impact force between the bearing and the bearing
pedestal, that is:

F,=F,-F, (19)
When the bearing pedestal leaves the foundation, there are two types of looseness faults

in the system: loose bearing and loose bearing pedestal. Fig. 3 shows that the bearing
loosening and the bearing pedestal loosening occur simultaneously in the system.

Fig. 3 Model with gaps between bearing and bearing pedestal
as well as between bearing pedestal and foundation

Therefore, according to the rigid body contact situation and the stiffness-damping
coefficient relationship, the stiffness and damping between the foundation and the left-end
bearing pedestal, respectively, are represented as:

' l
¢, = { Cy else (20)
0 0<yy <d,
i - k, else @1)
“ o 0<yy <9,

3. Simulation and analysis of a multi-looseness coupled dynamics model

To study the coupling principle of various looseness faults in a multi-loosening model
and vibration characteristics at locations where multiple looseness faults occur, the simulation
calculation first simulates the situation with only bearing looseness fault and then adds a
0.1 mm gap between the bearing pedestal and the foundation to simulate the dynamic
response of the system when two faults exist. The selected bearing model is JIS6306 when
there is no looseness fault in the system, the damping coefficient is 2,100 N-s/m, and the
contact stiffness is 2.5x10% N/m. Assuming & =0.1 mm, the system speed is 1,980 r/min, and
both my: and my are 4.6 kg. The partial dimensions of the bearing and the bearing pedestal are
listed in Table 1, mainly including the structural parameters.
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Table 1 Dimensions of bearing and pedestal

Name Value
Outer ring inner raceway radius (mm) 31.95
Rolling element number 8
Inner ring outer raceway radius (mm) 20.05
Outer diameter of pedestal (mm) 170
Bearing clearance (mm) 0.005
3.1 Bearing looseness fault

According to the parameter requirements of the simulation settings, the mass of the
rotor disc is about 9 kg, the mass of the two bearings is about 2 kg, and the time step of the

simulation calculation is 107, The vibration curve of the bearing with the looseness fault at
the left end is shown in Fig. 4.
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Fig. 4 Bearing looseness displacement

As shown in Fig. 4, the loose bearing presents an uneven distribution of vibration
displacement in the vertical direction. The main manifestation is that the negative half-axis
vibration displacement of y is large, and the positive half-axis vibration displacement of y is
small. This is mainly because the centrifugal force provided by the system and the impact
force are not enough to overcome the gravity and load, and the loose bearing has a smaller
range of trajectory in the bearing bore and cannot reach the top of the bearing bore. The

numerical results are transformed by the Fast Fourier Transform (FFT) to obtain the
frequency representation of the loose bearing, and the spectrum is shown in Fig. 5.
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Fig. 5 FFT spectrum of bearing looseness
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The vibration spectrum containing the looseness fault is shown in Fig. 5, where the
main components are f; and its octave components. At the same time, f/2 appears in the
spectrum as a characteristic of the rotor system touch-friction fault, indicating that the bearing
and pedestal had a touch-friction effect. In addition, the amplitude of f; is the highest in the
spectrum, which indicates that the contribution of the looseness fault to the spectrum is
smaller than the rotation frequency at this time, but it is still possible to judge the bearing
looseness fault by the appearance of £i/2.

3.2 Loose bearing-pedestal coupling fault

To distinguish between the response to bearing looseness fault and the response to
bearing pedestal looseness fault, the fault response of bearing pedestal looseness is obtained
after bearing looseness occurs and a gap of 0.1 mm between the bearing and the bearing
pedestal is maintained, as well as between the bearing pedestal and the foundation. In the
rotor system shown in Fig. 2, the left-end bearing is loose and the left-end bearing pedestal is
loose; the right-end bearing is fixed and the right-end bearing pedestal is fixed. By solving the
dynamic model again, the response of the left-end bearing pedestal under the above
conditions was obtained as shown in Fig. 6.
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Fig. 6 Time domain of left-end bearing pedestal
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Fig. 7 Fast Fourier transform result of Fig. 6

As shown in Figs. 6 and 7, the bearing pedestal vibrated due to the amount of looseness
between the foundation and the left-end bearing pedestal. Similarly to the vibration as shown
in Fig. 4, the reason for the vibration of the bearing pedestal in the y-axis is that the impact of
the bearing on the bearing pedestal is greater than the gravity of the bearing pedestal. This
impact force is opposite to the gravity of the bearing pedestal, the distance the bearing
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pedestal moves upwards depends on the difference between the instantaneous impact force
and gravity. The curve located on the y-negative half-axis is derived from the fact that the
impact force of the bearing on the bearing pedestal is consistent with the direction of gravity.
The reason for the significant negative vibration of the bearing pedestal is that the
displacement at this time depends on the sum of the gravity and the impact force. Therefore,
the amplitude of the negative y-axis is greater than that of the positive y-axis.

In addition, a new frequency component 5f/2 appeared in the spectrum in addition to f;
and its octave components, and the amplitude of 5//2 is the highest in the spectrum at this
time, which can be considered as the characteristic frequency of the bearing pedestal
looseness based on the experience presented in a previous study [11]. At the same time,
because f; and its octave components are mainly related to the rotation of the rigid body and
the bearing pedestal does not rotate with the rotor’s rotation, the appearance of f; and its
octave components in the spectrum is due to the bearing rotation frequency caused by
eccentric excitation, which is transmitted to the bearing pedestal vibration through the
bearing. However, due to vibration attenuation, their amplitude is less than 5f/2’s.

To further explain the coupling mechanism of bearing loosening and bearing pedestal
loosening, the collision force and the support force between the bearing and the bearing
pedestal were compared and analysed by calculating the dynamic model of the bearing at
multiple loose positions. Also, the collision force between the bearing and the bearing
pedestal, the bearing force, the impact force between the bearing pedestal and the foundation,
and the impact on the vibration waveform were described, revealing the reasons for waveform
changes. The overall relationship diagram is shown in Fig. 8.
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Fig. 8 (a) Influence of various forces on waveform (b) Frequency spectrum of left-end bearing vibration

Collision force Fyy, supporting force F), and collision force F, between the foundation
and the loose bearing pedestal correspond to major wave peaks in the vibration curve of the
left-end bearing as shown in Fig. 8(a), revealing the cause of fluctuations in the time-domain
waveform, i.e. these forces are the cause of the curve fluctuations. In addition, the vibrations
of the bearing pedestal and the bearing restrict and affect each other after the bearing pedestal
is loosened, and the realization form is that the moving boundary of the loose bearing
changes, resulting in a decrease in amplitude.

Compared with Fig. 7, more frequency components appear in the spectrum of Fig. 8 (b),
among which 3//2 is more obvious. However, when a bearing looseness fault occurs, the
spectrum shows an increase in the f/2 amplitude, and 5//2 is the frequency representation of
the bearing pedestal looseness after multiple looseness occurrences. Both of them are
reflected in the spectrum, so it can be inferred that 3£/2 is the characteristic frequency of the
coupled fault after the two types of faults occur simultaneously.
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3.3 Effect of gap coupling fault characteristics

3.3.1 Influence of bearing pedestal gap on coupling fault characteristics

As shown in Fig. 9, the initial value is changed, the gap between the bearing pedestal
and the foundation is set to be 0.1 mm, 0.2 mm, 0.3 mm, and 0.4 mm, and the vibration
spectrum of the bearing is calculated in the y-direction.
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Fig. 9 Bearing vibration spectrum for different amounts of pedestal looseness

With the loosening between the foundation and the bearing pedestal increasing, the
main frequency in the bearing vibration spectrum of the bearing is still £ and its octave,
manifested as the rotational frequency amplitude, is always the greatest. At the same time, the
51/2 and 3f;/2 amplitudes increase, but the £/2 amplitude barely changes.

This is because the increase in the amount of bearing pedestal looseness leads to the
intensification of collisions between the bearing pedestal and the foundation, causing the
amplitude of the characteristic frequency 5//2 (for bearing pedestal looseness faults) to
increase; and f/2 is mainly associated with bearing looseness, although the amount of bearing
pedestal looseness leads to the vibration boundaries changing, affecting the bearing's
trajectory, but the amount of bearing looseness does not occur in addition to the elasticity of
the deformation of the growth, so in the case of the f/ 2 amplitude there is not a large
difference. Also, from the above-presented data, when it comes to the coupling effect of the
two kinds of faults, it appears that there is a large increase in the amplitude of the coupling
fault frequency 3//2.

3.3.2 Influence of bearing gap on coupling fault characteristics

As shown in Fig. 10, the initial value is changed in the simulation, the gap between the
bearing and the foundation is set to be 0.1 mm, 0.2 mm, 0.3 mm, and 0.4 mm, and the
vibration spectrum is calculated in the vertical direction.
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Fig. 10 Vibration spectrum of bearing with different bearing looseness amount

Although the bearing looseness increases, the main frequency component of the bearing
vibration spectrum is still f; and its harmonic components, which shows that the rotation
frequency amplitude is always the greatest. At the same time, the £/2, and 3f/2 values
increase, but 5£/2 values barely change. This is because the increase in bearing looseness
leads to the intensification of collisions between the bearing pedestal and the bearing, causing
the amplitude of the characteristic frequency fr/2 for bearing looseness faults to increase. 5f/2
is mainly related to the looseness of the bearing pedestal. Although the change of the bearing
looseness changes the vibration boundary of the system and affects the movement trajectory
of the bearing pedestal, the main contribution to the variation of the gap between the
foundation and the bearing pedestal still comes from a negligible elastic deformation, so the
5£/2 amplitude has no great difference. Then, from the data presented above, in the coupling
effect of the two kinds of faults, the amplitude of the coupling fault frequency 3f/2
significantly increases.

4. Experimental verification

To investigate the characteristic frequency of multiple looseness faults in the rotor
system and to test the correctness of the model presented in this paper, an experimental
program was established and the model was validated on a rotor experimental bench. The
experimental facility is shown in Fig. 11.

__________________ | .
l Speed control device | r Gear box r R0t0r dise |

|-\ ._,_  \,_.

Fig. 11 Coupling fault verification test bed
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As can be seen in Fig. 11, the speed is controlled by a speed controller. The output speed
of the motor ranges from 0 to 10,000 r/min, and the output is stable. The bearing model
selected in the experiment is the same as the simulation calculation, as shown in Table 1. The
y-displacement signal is collected by a contact displacement sensor at the sampling frequency
of 1,024 Hz and collected by a data collector.

The bearing pedestal hole was polished with sandpaper, during which the circumference
size was measured by a vernier caliper and a roundness meter many times so that the gap
between the bearing pedestal and the bearing was 0.1 mm, 0.2 mm, 0.3 mm, and 0.4 mm, and
the arc degree of the bearing pedestal hole was ensured. To ensure that the gap between the
foundation and the bearing pedestal was consistent with the simulation, a vernier caliper was
used to measure the screw length of the anchor bolt of the bearing pedestal and the screw hole
length of the anchor bolt, and the screw length was controlled so that the gap between the
foundation and the bearing pedestal was 0.1mm, 0.2mm, 0.3mm, and 0.4mm.

First, the speed of the rotor was 1,980 r/min and the mass of the rotor disc in the middle
position of the shaft was 9 kg, so that the gap between the bearing pedestal and the bearing
was 0.1 mm, 0.2 mm, 0.3 mm, and 0.4 mm, the gap between the foundation and the bearing
pedestal was 0.Imm, and the spectrum of the multi-loosening coupled rotor system was
computed, as shown in Fig. 12. The results showed that the amplitude of the bearing
looseness fault characteristic f/2 and the amplitude of the coupling fault characteristic 3f/2
increased with the gap expansion, while the amplitude of 5//2 remained almost unchanged.
This indicates that the bearing looseness aggravates the coupling fault characteristics but has a
negligible influence on the bearing pedestal looseness fault, which is confirmed by the
simulation analysis in Section 3.

12.0

105

Amplitudex1 0%m

Fig. 12 Vibration spectrum of system with different bearing gaps

As shown in Fig. 13, by setting the system speed to 1,980 r/min so that the gap between
the foundation and the bearing pedestal was 0.1 mm, 0.2 mm, 0.3 mm, and 0.4 mm, and the
bearing gap was 0.1 mm, the spectrum of the multi-loosening coupled system was obtained.
The results showed that the 5£/2 amplitude of the bearing pedestal looseness fault
characteristic, the coupling fault characteristic 3//2 amplitude increased with the gap, but the
f/2 amplitude related to the bearing looseness fault characteristic was almost unchanged,
indicating that the bearing pedestal looseness exacerbates the coupling fault characteristic,
and the influence on the bearing looseness fault can be ignored, which was confirmed by the
simulation analysis in Section 3.
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Fig. 13 Vibration spectrum of system with different bearing pedestal gaps

5. Conclusion

In this paper, the multi-loosening coupling dynamics model of bearing looseness and
pedestal looseness was established, and the coupling mechanism and characteristic frequency
of bearing looseness and pedestal looseness were explored. The main conclusions of the study
are as follows.

(1)  When bearing looseness fault occurs, the fault characteristic frequency is mainly
f/2; when bearing pedestal looseness fault occurs, the fault characteristic
frequency is mainly 5£/2.

(2) When both bearing looseness and pedestal looseness faults occur at the same time,
changing the degree of one fault has little impact on the characteristics of the
other fault.

(3) The mutual influence between the bearing looseness faults and the pedestal
looseness faults is mainly manifested by the impact force at different locations
leading to the appearance of wave peaks related to the impact force on the
vibration time domain, and the coupled fault frequency is 3f/2 components. The
results of the study provide a theoretical basis for a fault diagnosis of coupled
multiple looseness faults of a rotor system.
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