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Abstract. For the diagnosis of misalignment-rubbing coupling fault of rotor-rolling bearing
system caused by misalignment fault, the mechanical model and finite element model of dual-disc
rotor system with misalignment-rubbing coupling fault were established based on the nonlinear
finite element method, rolling bearing force, equivalent misalignment torque and contact theory
in this paper. And then its accuracy was validated by related experiment. According to research
on dynamic characteristics of the rotor system with different rubbing stiffness, misalignment
angles and rotation rates, it was found that the misalignment-rubbing coupling fault is often
characterized by rubbing fault, and that double frequency appeared early, and that peak value
increased rapidly. It could be used as a theoretical basis for diagnosing misalignment-rubbing
coupling fault of rotor-rolling bearing system.
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1. Introduction

The misalignment fault in rotor system will cause axial and radial alternating force, which will
in turn cause axial and radial vibration. When the misalignment magnitude is large, it will cause
faults such as over vibration of the shaft system, bearing wearing-out, large deflection and
deformation of shaft system, rubbing of the rotor and stator. For relatively complicated rotor
system, rubbing faults occur concurrently, i.e. rubbing faults occur at once at several places, which
in turn cause unstable movement of rotor system and shaft system damages. Thus, the study on
the dynamic characteristics of rotor with misalignment-rubbing coupling fault is of great
significance in knowing the features of the movement of rotor with the fault and lowering the
malfunction probability of large rotary machine.

At present, scholars both domestic (China) and abroad had done related studies on the
complicated dynamic phenomena and the establishment of mechanical model of rolling bearing
in the rotor system with misalignment-rubbing coupling faut, and had made some important
achievement. Patel [1] and others had done experiment on the vibration response of the
misalignment rotor and obtained the method for diagnosing misalignment fault, but the model was
simple and needed further research. Bouaziz [2] and others, by studying the dynamic response of
the misalignment rotor system, found that the rotation frequency of 2 and 4 times were the main
components in the frequency spectrogram of angular misalignment fault. Guo Chen [3] established
the dynamic model of unbalanced-rubbing coupling fault of the rotor system supported by rolling
bearing, studied the system bifurcation and chaotic characteristic and found the way towards
double-period bifurcation of chaos and intermittent bifurcation. Lee [4] and others, by studying
on the mislignment rotor-bearing system, found the reason for the increase of inherent frequency
of rotor system is the increased stiffness of related bearing in the misalignment direction.
Xingyang Li [5] and others, based on the coupling misaligned rotor model supported by rolling
bearing, analized the cause of the misalignment force and the influence upon the system by the
misalignment rubbing fault. Zhiwei Huang [6] and others, using numerical integration method,
studied the dynamic behaviors of the rotor system with misalignment-rubbing coupling fault,
which vary as the misaligned parallel volume and angle parameter. The double-disc rotor model
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with misaignment-rubbing coupling fault supported by rolling bearing was established based on
the finite element method in this paper. The numerical solution for non-autonomous nonlinear
system was solved to obtain the steady state response of respective nodes on the rotor system with
the Newmar-f method. The dynamic characteristics of the rotor system with
misalignment-rubbing coupling fault supported by rolling bearing was analyzed in different
parameters domain such as rubbing stiffness and misalignment angle. And then the main dynamic
characteristics of misalignmeng-rubbing coupling fault was obtained when the rotor system
supported by rolling bearing. It provided a theoratical basis for diagnosing faults of the
rotor-rolling bearing system.

2. Mechanical model of faulty rotor-rolling bearing system
2.1. Misaligned moment

As shown in Fig. 1, the misaligned angle between rotation shaft and motor shaft, i.e. the
rotation angle is  in the misalignment faulty of the rotation angle, projects the motor shaft onto
the x-y plane, producing the f [7] as the angle of projection plane and y axis. The torque T can
be decomposed into two parts after being passed to rotor via resilient coupling, T, and Ty:

T, = Tcosa, T, = Tsina, (1)

where T, is the torque passed to rotor; Ty is the moment perpendicular to rotor’s radial direction.

Fig. 1. Mechanical model of misaligned moment
Further decomposed into two bending moments alongside the y and x axis:
T, = Tsinacosp, T, = Tsinasing. 2)
According to Euler’s motion equations, Ty, T,, T, can be expressed as:

T, = Ly, + wyw, (I, — 1),
T, = Ly, + w,wy, (I, — 1), 3)
T, = L, + wyw, (I, — 1),
where w; is the angular speed of rotor and I; is the rotation inertia of the rotor around shaft i,
i=x,Y,Z.

Because rotor only has motion around x axis, Eq. (3) can be simplied:
Tcosa = Ipep, (4)
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where I is the pole rotation inertia of rotor, € is the angular acceleration of rotor.
For rotor system with a angle, its angular speed satisfies the following relation:

wpg C

Wy - (1 4+ Dcos28y) )

where wy, is the angular speed of rotor, w,, is the angular speed of motor and 8, is the corner of
the motor shaft, C = 4cosa/(3 + cos2a), D = (1 — cos2a)/(3 + cos2a).
Differentiate Eq. (5) directly and we have:

wy  (1+D-cos26,)? "’ ©)
2-C-D-sinwyt) 5
= . . 7
K [1+ D - cos(Rwyt)]? “n )
Substitute Eq. (7) into Eq. (4) and we have the misaligned moment T
_ 2Ig - wy?®- C- D -sinQRQuyt) ®

" cosa-[1+ D -cosRuyt)]?’
2.2. Mechanical model of rolling bearing

The rolling bearing model established by reference [8] was adopted in this paper (as in Fig. 2).
The rolling bearing consists of inner ring, outer ring, balls and retainer. It is set that the outer ring
of the bearing is fixed on the rigid foundation, the inner ring fixed on the rotation shaft, the balls
equally spaced between the inner and outer path. Because the rolling bearing takes forced vibration
caused by the unbalance excitation of rotor, its vibration frequency is the working frequency of
rotor; at the same time, the rolling bearing will have VC (Varying Compliance) vibration due to
the periodic variation of the stress put on the balls, thus the vibration is parametric excitation and
the underlying cause of vibration comes from the continuous periodic variation of the overall
stiffness of the bearing.

Fig. 2. Ball bearing model

If the linear speed of the contact point of the ball and outer ring is v,, that of the contact point
of the ball with the inner ring being v;, the rotation angular speed of the out ring of the bearing
being w,, that of the inner ring being w;, outer raceway radius being R and the inner raceway
radius being r, we have:
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VU, = w, X R,
{Ui = w; XT. (9)

The linear speed of the reainer, i.e. the center of the ball is:

v, + v;

v, = 2 5 L (10)

Because the outer ring of the bearing is fixed, we have:

Vi w; X1

v, =0, vc=7= >

So the retainer’s angular speed is:

v w; X1)/2  w; Xr

b oV _@XD/2_w -

“R+n/2 R+1/2 R+r

Because the inner ring of the bearing is fixed on the shaft, we assume that the rotation speed
of the bearing’s inner ring w; is equal to the shafts working speed. Assume that the number of the
balls is N and the VC vibration frequency (frequency of the ball passing) is:

wye = w x N =awx( XN)=wxP. (12)

r
R+r

The P of the equation is the ratio of VC frequency and rotating frequency. Assume the angular
location of the jth ball is 6;, we have:

21
szwcxt+ﬁx(j—1),j=1,2,...,N. (13)

Assume that the vibration displacement of the inner ring center at X and Y direction is x and
¥, and that the interval of the bearing is y, so the normal contact deformation of the jth ball and
raceway is:

6; = xcosB; + ysinf; — ;. (14)

Through non-linear Hertz contact theory, we have, with rolling contact, the contact stress F;
cause by the jth ball and raceway, and considering that the ball and raceway can only produce
normal positive pressure, there can be force only when §; > 0. Using Heaviside function H, we
have:

3
F; = ¢,6;*% = ¢, (xcosb; + ysing; — 14)2 x H(xcos8; + ysing; —1,), (15)

where ¢, is Hertz contact stiffness, relative to the type and shape of contact material. The
component of F; in X and Y dierction is:

{ij = F]-cosej,
F]-y = F]-smﬁj.

The bearing force produced by the rolling bearing is:
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( N N

| o = D Fre= ) Fcost),
=1 =1

quy = Z Fjy = Z Fjsin®;
=1 =1

The rolling bearing selected by this paper is GB/T 276-1994 6304, whose parameters are
shown in Table 1.

Table 1. Ball bearing main parameters

Paremeter name (unit) Value
Outer ring radius R (mm) 26
Inner ring radius r (mm) 10
Number of balls N 12
Contact stiffness ¢, (N/m*?) | 1.34x10°
Clearance of bearings (Lm) 5
P 3.33

2.3. Dynamic model of rotor system

As shown in Fig. 3, the double-disc rotor system with misalignment-rubbing coupling fault
goes through the discrete finite element model. The dots in the fiture denote nodes and the numbers
denote number of the nodes. The whole rotor system consists of 20 nodes and 19 shaft segments;
the coupler locates at the shaft segment 1. The diameter of the disk is 60 mm at shaft segment 9
and 14; the left bearing and right one locate at shaft segment 4 and 20 respectively. The two
supporting bearing use the dynamic model of rolling bearing introduced by the foregoing text.

The parameters of each shaft segment unit of the rotor system are shown in Table 2.

y

shaft Fgye Ftde
coupling
Fig. 3. Mechanical model of rotor system

Table 2. Ball bearing main parameters
Shaft segment 1 2 1314516171819 ]10
Length (mm) 40 [ 40 |40 | 1540 |40 |40 |40 |20 |40
Diameter (mm) | 32.5 | 20 | 20 | 20 | 20 | 20 | 20 | 20 | 60 | 20
Shaft segment 11 12 |13 |14 15|16 |17 | 181920
Length (mm) 40 [ 40 [ 40 [ 20 [ 40 | 40 | 40 | 40 | 40 | 15
Diameter (mm) | 20 | 20 | 20 | 60 | 20 | 20 | 20 | 20 | 20 | 20

The dynamic model of misalignment-rubbing rotor system under rotating coordinates was
established with finite element method in this paper. Assume that the generalized coordinates of
the rotor system under fixe coordinate and rotating coordinate are ug and u respectively, whose
relationship is shown as Eq. (17):

u; = Tu, (17)
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where T is transfer matrix, whose details are shown as follows:

r coswt  sinwt 0 0 0 0 0 0 1
—sinwt coswt 0 0 0 0 0 0
0 0 coswt sinwt 0 0 0 0
T = 0 0 —sinwt coswt 0 0 0 0
0 0 0 0 coswt  sinwt 0 0
0 0 0 0 —sinwt coswt 0 0

0 0 0 0 0 0 coswt  sinwt

L0 0 0 0 0 0 —sinwt coswt-

The mass matrix, stiffness matrix, damping matrix, gyroscopic matrix and activation vector of
the shaft segment under fixed coordinate are M, K¢, CS, G¢, F¢ respectively, as shown in
referency [9]. Because the structure of rotor system is axial symmetry, the mass matrix, stiffness
matrix, damping matrix, gyroscopic matrix and activation vector of the shaft segment under fixed
coordinate are respectively [10]:

{M“’ = M¢,

K¢ = —w?M¢ + wC¢H + K¢,

C® = 2wM¢H + C&, (18)
lGe =G,

Fe = T'F¢,

where H is transfer matrix, details shown as follows:

r0 1 0 0 0 0 0 O
-1 0 0 0 0 O O O
0 0o 01 0 0 O O
0 0 -1 0 0 0O O O
H= 0 0 0 0 0 1 0 of (19)
0O 0 0 0 -1 0 O O
0O 0 0 0 0 0 0 1
-0 0 0 0 0 0 -1 o

Rubbing force model using misaligned moment to simulate misalinment fault can be found in
reference [11]. The motion equation of the whole rotor system under fixed coordinate can be
expressed as:

M;ii; + (Cs + Gyu, + Ksug = F(t) + Fypy + Fy + Ty = F,

where Mg, Cg, G, K, are respectively the system’s mass matrix, stiffness matrix, damping matrix;
F(t), Fryp, Fy, Ty are respectively the unbalanced force, rubbing force, rolling bearing force and
misaligned moment.

Make the mass matrix, stiffness matrix, damping matrix, gyroscopic matrix and activation
vector under the rotating coordinate constitute the whole finite element matrix of the rotor system,
so the differential equations of motion of the rotor system under rotating coordinate is:

Mii + (C+ wG)a + Ku = F,

where M, K, C, G, F are respectively the mass matrix, stiffness matrix, damping matrix,
gyroscopic matrix and activation vector of the rotor system.
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3. Dynamic analysis in rolling bearing rotor system with coupling fault

Because the rotor system is supported by rolling bearing, with relatively low speed, the
frequency spectrogram of the rotor system without fault will have VC frequency, i.e. the balls’
passing frequency; while with high speed, the VC frequency disappears and there is only working
frequency, which coinsides with what referency [12] describes. Fig. 4 shows the frequency
spectrogram of rotor system without fault when the rotating speed is w = 700 r/min and
6000 r/min.

8x1o-3 0.25 -
1x E 02
E6 £
= vC =015
2 3
2 £ o
= a
£2 £005
<
0 A 0
0 200 0 100 200 300 400 500

frequezr%()y fHz frequency f/Hz
a) b)

Fig. 4. Frequency spectrogram of trouble-free rotor system when w = 800 r/min and 6000 r/min
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c) Rotational speed w = 8000 r/min
Fig. 5. Time-domain graph, orbit diagram, frequency spectrogram and Poincare graph of rotor system with
the change of rotation speed under the rolling bearing support

3.1. The influence of rotation speed on the rolling bearing rotor system with
misalignment-rubbing coupling fault

Rotation speed affects directly the dynamic behavior of rotor system, and it’s an important
factor for studying the dynamic behavior of faulty rotor system supported by rolling bearing.
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When the other parametes are: unbalance amount m,, = 156 g'mm, rubbing stiffness
k, = 5x107 N/m, rubbing clearence ¢ = 200 um, misaligned angle a = 15°, friction coefficient
f = 0.3, the dynamic behaviors of the faulty rotor system with different rotation speed are as
shown in Fig. 5.

The Fig. 5(a)-(c) show the time-domain graph, shaft center orbit graph, frequency spectrogram
and Poincare sectional graph of the left disc (node 9) of the system when the rotation speed is at
® = 2000 r/min, 5000 r/min and 8000 r/min. From Fig. 5(a) we can see that because of low
rotation speed, single point rubbing fault [ 13-16] occurs between the rotor and stator of the system,
and because of the existence of misalignment fault an the influence of rolling bearing force, the
orbit of shaft center and wave shape of time-domain vary slightly, at which time the Poincare
sectional graph is two isolated points, and the system shows period 2 motion. As the rotation speed
accelerates further, the rubbing between rotor and stator is more severe and the frequency
spectrogram appears many high — frequency components with high double frequency peak.

The orbit diagram shows motion orbit of ‘8’ shape. Poincare sectional graph shows that the
two isolated points gradually turned into several accumulative points and the system entered the
bifurcation phase. When the rotation speed reaches 8000 r/min, far exceeding the system’s
first-order critical rotation speed of 1500 r/min, the rubbing of the stator is severe, and the
time-domain wave shape and shaft center orbit are muddled and further distorted. The frequency
spectrogram shows continuous frequency, Poincare sectional graph shows many scattered points,
indicating that the system is in chaos.

3.2. The influence of rubbing stiffness on rolling bearing rotor system with misalignment-
rubbing coupling fault

Assume that the eccentric mass only affects the two discs. The unbalanced amount
m,, = 156 g'-mm. The misaligned angle is fixed at @ = 15°. The rotation speed w = 5000 r/min
is between the first and second order critical rotation speed. The Fig. 6(a)-(c) are respectively the
time-domain graph, shaft center orbit diagram, frequency spectrogram and Poincare sectional
graph of the left disc of the system when the rubbing stiffness is at k, = 1x107 N/m, 6x107 N/m
and 1x10% N/m.

Because the rotation speed reaches 5000 r/min, far exceeding first order critical speed, and the
unbalanced force is great at the disc and there is the radial misalignment torque, the rubbing of
rotor and stator occurs easily. From Fig. 6(a) we can see that the time-domain wave shape is
distorted, and the shaft center orbit crosses with the dashed circle (where the stator is), forming
‘8’ shape, showing distinct single point rubbing character. At this time, the rubbing stiffness is
small and the system is in working frequency. With the misalignment torque, the double-frequency
peak is large and the other peak values of high frequency component are small. Poincare sectional
graph shows an isolated point and the system is in period 1 motion.

Fig. 6(b) is the time-domain graph, shaft center orbit graph, frequency spectrogram and
Poincare sectional graph when rubbing stiffness is 6x107 N/m. At this time, the increase of rubbing
stiffness makes the shaft center orbit shows complicated petal shape and ample frequency
components. The high frequency peak value increases remarkably and double frequency exceeds
working frequency and becomes the main frequency. Poincare sectional graph shows an
aggregation of points, indicating that the system turns from period 1 motion into bifurcation. When
the rubbing stiffness reaches 1x108 N/m, the time-domain waveshape and shaft center orbit are
chaotic. From the Poincare sectional graph and frequency spectrogram we can see that there are
many scattered points in the Poincare sectional graph and the shaft center orbit becomes
complicated, and the frequency spectogram shows countinuous frequency, all of which indicating
that the system enters into chaotic motion period.
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Fig. 6. Time-domain graph, orbit diagram, frequency spectrogram and Poincare graph of rotor system with
the change of rubbing stiffness

3.3. The influence of misalignment angle on the rolling bearing rotor system with
misalignment-rubbing coupling fault

With rotationg speed w = 5000 r/min, unbalanced amount m,,, = 156 g-mm, rubbing stiffness
k, = 6x107 N/m, rubbing clearence ¢ = 50 um and rubbing coefficient f = 0.3, Fig. 7(a)-(c) are
the time-domain graph, shaft center orbit graph, frequency spectrogram and Poincare sectional
graph of the left disc of the system when the misalignment angle is at @ = 10°, @ = 15° and
a =20°.

From the shaft center orbit of Fig. 7(a) we can see that when the misalignment angle is 10°,
under the force of rolling bearing, the system already has slight rubbing with the orbit showing
‘U’ shape and the time domain wave shape distorted, and the system is in period 1 motion. And
because of the misalignment moment, double frequency component appears, but at this time the
peak value of working frequency is still higher than the double frequency, it still the main
frequency. When the misalignment angle increases to 15°, the rubbing intensifies with the shaft
center orbit showing pentagram. The double frequency amplifies evidently, whose amplitude
exceeds double frequency and becomes the main frequency, and the graph shows evident
misalignment fault characters. At the same time, 1/2 frequency division appears in the spectrogram
and the Poincare sectional graph shows two isolated points and the system enters period 2 motion
from period 1 motion.

When the misalignment angle further increases to 20°, the shaft center orbit turns very chaotic.
Because of the rubbing, the stiffness of the system increases. The peak value of the time-domain
at this time is small and the period is even smaller, compared with that of the Fig. 7(a). Because
the misalignment angle enlarges, the disc 1 is in whole circle rubbing condition and the radial
misalignment moment applies more influence. The high order component of double frequency is
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the main frequency, vibration response frequency spectrum is abundant discrete spectrum. And
the energy of high-order harmonic component is large, under which condition the contact stiffness
is small and non-resilient. The Poincare sectional graph shows many scattered points, showing
that the system is in chaotic motion period.
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¢) Misaligned angle a = 20°
Fig. 7. Time-domain graph, orbit diagram, frequency spectrogram and Poincare graph of rotor system
with the change of misaligned angle

4. Research on the experiment of the rolling bearing rotor with misalignment-rubbing fault

The test-bed of double-disc rotor misalignment-rubbing fault supported by rolling bearing was
established with Bently rotor test-bed in this paper. It chose the BK3560D portable analyzer of
B&K company as the equipment for data collection and analysis, whose sampling frequency is
3.2x10° Hz [17]. In order to avoid mutual interference between eddy-current sensors, the y
direction testing point is 315 mm from the beginning end of the coupling; the z direction testing
point is 330 mm from the beginning end of the coupling. The 10th node in the rotor model of
Fig. 3 is the nearest to the testing point, and we can assume that the displacement sensor is fixed
at the 10th node (the left disc of the model). Use several gasket of different thickness to enhance
the pedestal and the system’s misaligned angle reaches 10°. Select brass as the material for rubbing
stator and C45 for the rotor, rolling bearing GB/T 276-1994 6304 for the bearing. The rotor
test-bed is shown in Fig. 8.

The distribution of measurement points and the collected vibration signal from a type of
compressor with sensor was as shown in Fig. 9. The working speed of the shaft of the unit is
1320 rad/s. Sensor was installed on the front and back bearings to collect vibration signal. The
fault reason of the shaft of the unit is mainly misaligned bearing. Thus it caused the leaf rubbing
slightly. It stimulated the double frequency vibration and their combination frequency.
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a) The experimental field and layout of measuring oints
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b) Time-domain graph and frequency spectrogram
Fig. 9. The figure of the experimental field

Compare the characters of combination frequency of each rotation speed section obtained from
simulation and experiment, whose results are shown in Table 3. According to the table, the results
of the experiment are basically in accordance with that of the simulation. f,. denotes rotation
frequency, f,,. denotes the passing frequency of bearing balls.

5. Conclusion

1) Based on non-linear finite element method, rolling bearing force, equivalent misaligned
moment and contact theory, the finite element model of the rotor-rolling bearing system with
misalignment-rubbing coupling fault was established in this paper. Through simulation the
dynamic characters of rotor system with misalignment-rubbing coupling fault was analyzed. And
its accuracy was varified by related experiment.

2) By researching on the dynamic characters of the system with different rubbing stiffness,
misaligned angle and rotation speed, it was found that the misalignment-rubbing coupling fault
supported by rolling bearing is mainly rubbing fault. Thus it is often misunderstood as single
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rubbing fault and the typical ‘8’ or ‘banana’ shape of the shaft center orbit do not appear. On the
contrary it bringing difficulty for diagnosing rotor fault. Apart from signal analyzing method such
as harmonic wave decomposing to identify misalignment fault, the rubbing fault caused by the
misalignment fault of rotor system supported by rolling bearing has the typical characters of early
double frequency and fast-accelerating peak value. It can be the evidence for diagnosing
misalignment-rubbing coupling fault supported by rolling bearing.

Table 3. Frequency comparison of simulation and experiment

The simulation
based on finite
element method

100 < w <760

frs foc

760 < w <1250

frs 2frs 3fr

1250 < w <4320

12f, fry 321, 21, 51217, 3¢

4320 < w <7630

Vaf,, 112f., 3/Af., f, SIAf., 312f,, T/Af,,
2f., 9/Af., 512f,, 1U/Af,., 3f,

7630 < w < 12000

Continuous spectrum

100 < w <890

frs fvc

890 < w <1360

frs 2frs 3frs 4fr

1360 < w <4080

12fy, frr 302, 2y, 512f3 3y 112fr, 4,

Ttgft_rg;‘c’f VUSS,, 1Afy, 3/8f., 12f,, 518, 3/4f.. 1/8f,, fr 9I8fr, 54 fr,
4080 < w <7360 | 11/8f,, 3/2f,, 13/8f., T/Af., 15/8f,, 2f, 17/8f,, 9/4f,., 19/8F.,
5/2f., 21/8F,, 11/4f,, 23/8f., 3f.
7360 < w < 12000 | Continuous spectrum
0<w<620 |ffo
The 620 < w <860 | f.. 2f. 3f. 4f,. 5.
experimental 1/Af,., 12f,., 3/Af,, fr, 5/Afr, 3121, T/4f;,

field 860 <@ <1030 15 "our. 5% 11/4f,. 3f,

1040 < w <1500 | Continuous spectrum
Acknowledgments

This work was financially supported by the National Natural Science Foundation of China for
Young Scientists (Grant No. 51105065), the Fundamental Research Funds for the Central
Universities from Ministry of Education of China (Grant No. N140304005), National Science
Foundation for Postdoctoral Scientists of China (Grant No. 2014M551105).

References
[1]
2]

Patel T. H., Darpe A. K. Experimental investigations on vibration response of misaligned rotors.
Mechanical Systems and Signal Processing, Vol. 23, Issue 9, 2009, p. 2236-2252.

Bouaziz S., Messaoud N. B., Mataar M., et al. A theoretical model for analyzing the dynamic
behavior of a misaligned rotor with active magnetic bearings. Mechatronics, Vol. 21, Issue 6, 2011,
p. 899-907.

Chen Guo Nonlinear dynamic study on a rotor-ball bearing system with unbalance-rubbing coupling
fault. Journal of Vibration and Shock, Vol. 27, Issue 4, 2008, p. 43-48, (in Chinese).

Lee Y. S., Lee C. W. Modeling and vibration analysis of misaligned rotor-ball bearing systems.
Journal of Sound and Vibration, Vol. 224, Issue 1, 1999, p. 17-32, (in Chinese).

Li Xingyang, Chen Guo The dynamic analysis of rotor/ball bearings systems misalignment-rubbing
coupling faults. Aircraft Design, Vol. 29, Issue 3, 2009, p. 71-80, (in Chinese).

Huang Zhiwei, Zhou Jianzhong, Zhang Yongchuan Dynamic analysis on hydraulic generator rotors
with coupling faults of misalignment and rub-impact. Proceedings of the CSEE, Vol. 30, Issue 3, 2010,
p- 88-93, (in Chinese).

Han Qingkai, Yu Tao, Wang Deyou, et al. Nonlinear Vibration Analysis and Diagnosis Methods of
Fault Rotor System. Beijing, Science Press, 2010, (in Chinese).

Tiwari M., Gupta K. Effect of radial internal clearance of a ball bearing on the dynamics of a balanced
horizontal rotor. Journal of Sound and Vibration, Vol. 238, Issue 5, 2000, p. 723-756.

131
[4]
[5]
[6]

(7]

(8]

298

© JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. FEB 2015, VOLUME 17, ISSUE 1. ISSN 1392-8716



1513. IDENTIFICATION TECHNIQUE OF MISALIGNMENT-RUBBING COUPLING FAULT IN DUAL-DISK ROTOR SYSTEM SUPPORTED BY ROLLING

91
[10]
[11]

(12]

[13]

[14]

[15]

[16]

[17]

BEARING. YANG LIU, JING-XIN Dou, BANG-CHUN WEN

Wen Bangchun, Wu Xinghua, Ding Qian, et al. The Nonlinear Dynamics Theory and Experiment
of Fault Rotating Machinery. Beijing, Science Press, 2004, (in Chinese).

Nandi A. Reduction of finite element equations for a rotor model on non-isotropic spring support in a
rotating frame. Finite Elements in Analysis and Design, Vol. 40, Issue 2004, 2004, p. 935-952.

Ma Hui, Zhao Xueyan, Teng Yunnan, et al. Analysis of dynamic characteristics for a rotor system
with pedestal looseness. Shock and Vibration, Vol. 18, Issue 1, 2011, p. 13-27.

Chen Guo Nonlinear dynamic response analysis of unbalance-rubbing coupling faults of rotor-ball
bearing-stator coupling system. Journal of Aerospace Power, Vol. 22, Issue 10, 2007, p. 1771-1778,
(in Chinese).

Bachshmid N., Pennacchi P., Vania A. Identification of multiple faults in rotor systems. Journal of
Sound and Vibration, Vol. 254, Issue 2, 2002, p. 327-366.

Bruzzese C., Mazzuca T., Torre M. On-line monitoring of mechanical unbalance/misalignment
troubles in ship alternators by direct measurement of split-phase currents. IEEE Electric Ship
Technologies Symposium (ESTS 2013), Vol. 2013, Issue 1, 2013, p. 379-386.

Gandhi A., Corrigan T., Parsa L. Recent advances in modeling and online detection of stator
interturn faults in electrical motors. IEEE Transactions on Industrial Electronics, Vol. 58, Issue 5,
2011, p. 1564-1575.

Lee An Sung, Green Itzhak Higher harmonic oscillations in a noncontacting FMR mechanical face
seal test rig. Journal of Vibration and Acoustics, Vol. 116, Issue 2, 1994, p. 161-167.

Peng Z., He Y., Chen Z., Chu F. Identification of the shaft orbit for rotating machines using wavelet
modulus maxima. Mechanical Systems and Signal Processing, Vol. 16, Issue 4, 2002, p. 623-635.

Yang Liu received the B.S. degree in Mechanical Engineer from Beijing Institute of
Technology, China, in 2004, and his M.S. and Ph.D. degrees in Mechanical Engineer from
Chonggqing University, China in 2008 and Northeastern University, China in 2011
respectively. Presently he is a lecturer at the School of Mechanical Engineering and
Automation, Northeastern University. And his current research interests include
mechanical vibration and rotor dynamics.

Jingxin Dou received the B.S. degree in Computer Science from Hebei University of
Engineering, China, in 2005, and the Master degree in Computer Application from
Northeastern University, China, in 2008. From August 2008 to May 2012, he was an
engineer in Tangshan Railway Vehicle Company. Now he is a Ph.D. student with School
of Mechanical Engineering and Automation, Northeastern University, China. Presently his
research interests include active disturbance rejection control, attitude control and
controlled synchronization.

Bangchun Wen, Professor, the tutor of doctor, Academician of the Chinese Academy of
Sciences. Now he is working at the School of Mechanical Engineering and Automation,
Northeastern University, where he leads a small research group working on the theory of
comprehensive design in modern mechanical product. Presently his particular interests
include vibration utilizing engineering and nonlinear dynamics in mechanical system.
Until recently, he has obtained two international awards, published more than 700 papers
'L (SCI, EI and ISTP papers were more than 150).

© JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. FEB 2015, VOLUME 17, ISSUE 1. ISSN 1392-8716 299




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages true
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth 8
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [4000 4000]
  /PageSize [612.000 792.000]
>> setpagedevice


