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Abstract 

The rotor misalignment fault, which occurs only second to unbalance, easily occurs in the practical rotating 

machinery system. Rotor misalignment can be further divided into coupling misalignment and bearing 

misalignment. However, most of the existing references only analyze the effect of coupling misalignment on the 

dynamic characteristics of the rotor system, and ignore the change of bearing excitation caused by misalignment. 

Based on the above limitations, a five degrees of freedom nonlinear restoring force mathematical model is 

proposed, considering misalignment of bearing rings and clearance of cage pockets. The finite element model of 

the rotor is established based on the Timoshenko beam element theory.  The coupling misalignment excitation 

force and rotor unbalance force are introduced. Finally, the dynamic model of the ball bearing-coupling-rotor 

system is established. The radial and axial vibration responses of the system under misalignment fault are 

analyzed by simulation. The results show that the bearing misalignment significantly influences the dynamic 

characteristics of the system in the low-speed range, so bearing misalignment should not be ignored in modeling. 

With the increase of rotating speed, rotor unbalance and coupling misalignment have a greater impact. 

Misalignment causes periodic changes in bearing contact angle, radial clearance, and ball rotational speed. It also 

leads to reciprocating impact and collision between the ball and cage. In addition, misalignment increases the 

critical speed and the axial vibration of the system. The results can provide a basis for health monitoring and 

misalignment fault diagnosis of the rolling bearing-rotor system.  

Keywords: Ball bearing-coupling-rotor system; Misalignment fault; Axial vibration; Rotor dynamics; Finite 

element 
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List of symbols 

Aj Relative distance between curvature centers of inner and outer raceways after initial 
misalignment 

Aj′ Relative distance between curvature centers of inner and outer raceways after vibration 

cc Clearance of cage pocket 
cr Initial radial clearance of rolling bearing 

crj′ Radial clearance at the position of the j-th ball after misalignment 
Cs Rotor damping matrix 

db Ball diameter 
dm Bearing pitch diameter 
Ddp Disc element gyro matrix at the node p 

edp Disc eccentricity at the node p 

fi, fo Curvature radius coefficient of inner and outer raceway 

fr Rotating frequency 

fvc Varying compliance vibration frequency of rolling bearing 

Fb Nonlinear force vector of rolling bearing 

Fbj Contact force between the j-th ball and the raceway 

Fbx, Fby, Fbz Nonlinear restoring force component of rolling bearing along X, Y and Z directions 
Fc Coupling misalignment force vector 
Fcx, Fcy Misalignment force component of coupling along X and Y directions 

Fe Rotor unbalance force vector 
Fepx, Fepy Unbalance force component of rotor along X and Y directions 

G Rotor gravity vector 
hd Disc thickness 

Jd Disc gyro matrix 

Jdp, Jpp Diameter /polar moment of inertia of the disk at node p 

Js Gyro matrix of shaft 
Jsq Gyro matrix of the q-th shaft element 
kbj Hertz contact stiffness between the j-th ball and the raceway 

Ks Stiffness matrix of shaft 
Ksq Stiffness matrix of the q-th shaft element 
l Length of rotor 
Mbx, Mby Nonlinear restoring torque of rolling bearing around X and Y axes 

Md Disc mass matrix 

mdp Disc mass at node p 

Mdp Disc mass matrix at node p 

Ms Shaft mass matrix 

Msq Mass matrix of the q-th shaft element 
Nb Number of bearing balls 

rb Raceway radius of bearing inner ring 

rd Inner radius of disc 

rdj Radial distance of curvature center of inner raceway at the j-th ball angle position 

ri, ro Curvature radius of inner/outer ring of bearing raceway 

Rb Raceway radius of bearing outer ring 

Rd Outer radius of disc 



U Rotor displacement vector 
Uq Displacement vector of the q-th shaft element 
αj Initial contact angle of the j-th ball after misalignment 
αj′ contact angle of the j-th ball after vibration 

δ Misalignment of coupling 

δj Contact deformation between the j-th ball and the raceway 

θ01 Initial position angle of the first ball 
θj Position angle of the j-th ball 
φ Misalignment angle 

φx, φy Misalignment angle of bearing ring around X and Y axes 

ωbj Revolution angular velocity of the j-th ball 
ωc Rotating angular velocity of cage 

ωr Rotating angular velocity of rotor 
Δj The normal clearance caused by the angular position of the j-th ball. 
Δl Distance between two coupling halves 

∑ρin, ∑ρout Sum of curvature of inner/outer raceway of bearing. 

1. Introduction 

As the core component of modern aero-engine, the rotor system often uses rolling bearing as its supporting 

element. Misalignment faults often occur in rolling bearing-rotor systems due to improper machining and 

assembly, load, or temperature changes during operation. According to statistics, misalignment, as a fault form 

second only to rotor unbalance, can account for 70% of the whole rotor system faults [1]. Rotor misalignment can 

be divided into coupling misalignment and bearing misalignment according to the fault location. The coupling 

misalignment can be further subdivided into deflection angle misalignment, parallel misalignment, and 

combination misalignment. Harris [2] subdivided the misalignment of rolling bearing into out-of-line, tilted outer 

ring, tilted inner ring, and shaft deflection. If the assembly coaxiality error of the rotor system is large, the 

misalignment fault of coupling and rolling bearing may coincide. Misalignment of the coupling not only 

aggravates the system vibration but also causes other faults such as rub impact between rotor and casing, shaft 

crack, and so on. It has been pointed out clearly in the standard ISO 15243 that the bearing misalignment will also 

lead to fatigue fracture of bearing cage [3] and finally cause bearing failure, as shown in Fig. 1. In severe cases, 

the misalignment fault will further lead to engine shutdown and then cause great losses of aircraft destruction and 

human death. Therefore, it is of significant significance to study the dynamic characteristics of the rolling 

bearing-rotor system under the combined action of coupling and bearing misalignment for dynamic design, fault 

detection and diagnosis of the system during installation and operation.  



 

Fig. 1 Fracture failure of rolling bearing cage of aero-engine [4] 

The research literature on coupling misalignment and rolling bearing misalignment can be dated back to the 

1970s. In the study of rotor-coupling misalignment, the most important thing is to establish a mathematical 

expression that can simulate coupling misalignment. At present, the main modeling methods of coupling 

misalignment can be divided into the following three types: (1) According to the geometric relationship and force 

analysis of misalignment, the expression of excitation force generated by coupling misalignment is obtained 

[5-10]. (2) Based on the Lagrange energy method, the dynamic equation of misalignment coupling-rotor system is 

established [11-13]. (3) The coupling is regarded as shaft element or lumped mass point, and it is grouped with the 

finite element model (FEM) of rotor [14-18]. Gibbons [5] established the coordinate system of coupling parallel 

misalignment, and then proposed the calculation formulas of additional force and torque under the action of 

parallel misalignment. Subsequently, Sekhar and Prabhu [6] further gave the excitation force expression of 

coupling angular misalignment on this basis. Lee and Lee [7] gave the decomposition formula of coupling 

misalignment force, and combined with the nonlinear rolling bearing force model of five degrees of freedom 

(5-DOF). The nonlinear vibration characteristics of the rolling bearing-rotor system under coupling misalignment 

fault were discussed by experiment and simulation. In addition, Zhao et al. [8] proposed a meshing force model of 

spline coupling under misalignment fault, and numerically simulated and analyzed the influence law of spline 

coupling misalignment on the dynamic characteristics of the rotor system. Wu et al. [9] proposed the equation for 

calculating the excitation force of elastic coupling under dynamic spatial misalignment (DSM), and analyzed the 

vibration response of rotor system with DSM and unbalance. Al-Hussain [11] established a symmetrical 

double-span Jeffcott rotor with angular misalignment fault through Lagrange energy equation, and analyzed the 

internal relationship between the misalignment degree of coupling and the stable operation of the system. Patel 

and Darpe [14] proposed a method to determine the magnitude of misalignment excitation and harmonic 

excitation based on experiments, established the FEM of a coupled rotor with the Timoshenko beam element, and 

simulated the coupling misalignment effect of rotor by node force vector. Then, they studied the steady-state 



response of the rotor at subcritical speed, and compared the difference between parallel misalignment and angular 

misalignment in the bending-axial-torsional coupling vibration characteristics of the rotor system.  

In terms of the research on the influence of coupling misalignment fault on the dynamic characteristics of the 

rotor system, Bouaziz et al. [19] studied the dynamic characteristics of misalignment rotor system supported by 

active magnetic bearing numerically. They found that the frequency spectrum of angular misalignment fault is 

mainly 2 times of rotating frequency (2fr) and 4 times of rotating frequency (4fr). Patel and Darpe [20] carried out 

an experimental study on the misalignment problem of the rotor-coupling system. It was found that the axis 

trajectory showed outer looped orbits under the angular misalignment fault, while the axis trajectory showed inner 

looped orbits under the parallel misalignment fault. The full spectrum is better than the FFT Spectrum for 

coupling misalignment fault diagnosis. Lu et al. [21] built a simple aero-engine dual-rotor test-bed, established the 

FEM of the test-bed system, introduced the nonlinear force of rolling bearing and coupling misalignment fault, 

reduced the dimension of the system by the proper orthogonal decomposition method, and discussed the spectral 

characteristics of misalignment fault of the dual-rotor-bearing system. In fact, once the misalignment fault occurs, 

other coupling faults may further occur in the rotor system, and the most common is the unbalance and 

misalignment coupling faults [22-24]. In addition, rubbing and misalignment coupling faults [25,26], loosening 

and misalignment coupling faults [27], fluid excitation of sliding bearing and misalignment coupling faults 

[25,28,29] may also occur. For example, taking the turbine generator rotor system as the research object, Fu et al. 

[25] established the nonlinear dynamic model of rubbing-unbalance-misalignment coupling fault under the action 

of nonlinear oil-film force, and verified by experiment. The results showed that the system moves periodically at 

low speed, and the vibration energy is mainly the frequency of fr and 2fr. However, with the increase of rotating 

speed, the vibration energy of the system is gradually dominated by subharmonic frequency components under the 

action of oil film force and rubbing force. Jin et al. [26] further analyzed the nonlinear vibration characteristics of 

blade-casing rubbing caused by misalignment of the aero-engine dual-rotor-rolling bearing system. Ma et al. [28] 

simulated and studied the oil film instability law of the cantilever rotor system with parallel and angular 

misalignment during speed up and down, and found that the coupling misalignment delays the occurrence of 

first-order oil-film instability. 

In terms of the research on the misalignment of rolling bearing, Hinton's literature [30] showed that in the 

late 1940s, the Royal Air Force had many cases of cage fracture caused by misalignment of bearing assembly, 

which led to the failure of ball bearing in aero-engine. Crawford [31] found through experimental tests that when 

the misalignment angle of rolling bearing increased from 0.26° to 0.61°, the dynamic stress of the cage soared 

from 0.172 MPa to 3.45 MPa, which increased by about 2006%. This further indicated that abnormal cage stress 



caused by bearing misalignment is the main cause of cage fatigue fracture. Xu et al. [32] analyzed the failure of 

the ground bench test of an aero-engine, and found that the first broken part of bearing was the cage, and the 

bearing tilt after engine assembly was the main cause of bearing failure. Ertas and Vance [33] built a liquid 

hydrogen fuel turbopump test-bed. The test found that static misalignment will increase the radial stiffness of 

angular contact ball bearing, while dynamic misalignment would reduce the radial stiffness of bearing. At present, 

the modeling methods of bearing misalignment can be mainly divided into stiffness model calculated by static and 

quasi-static methods [34-42], and nonlinear force model [43, 44]. Zhang et al. [35] derived an improved 

quasi-static angular contact ball bearing model, discussed the influence of misalignment on bearing load 

distribution, stiffness and life under axial load and combined load. The influence of two kinds of bearing 

misalignment on the natural frequency of the bearing-rotor system was compared and analyzed. At present, many 

references give the misalignment value directly. But in fact, the value of bearing misalignment is uncertain. Yang 

et al. [37] studied the influence of angular contact ball bearing on raceway wear in spindle system under initial 

uncertain misalignment, and found that the wear depth of inner raceway is significantly greater than that of the 

outer raceway. Yi et al. [43] took the machine tool spindle-angular contact ball bearing as the research object. A 

relatively simple 2-DOF nonlinear force model of rolling bearing with parallel misalignment was proposed. The 

research found that bearing misalignment significantly impacts the dynamic characteristics and amplitude of the 

system. Taking double-row angular contact ball bearing as the research object, Parmar et al. [44] considered the 

influence of bearing outer ring defects and bearing angular misalignment, and proposed the expression of a 

3-DOF nonlinear restoring force model considering bearing angular misalignment. The vibration response of 

bearing was studied, and relevant experimental research was carried out. 

From the current research situation, the research on the dynamics and vibration of the misaligned rotor 

system mainly focuses on coupling misalignment. Many scholars have carried out a lot of theoretical and 

experimental researches in this field, and achieved fruitful research results. However, there is relatively little 

research on the misalignment of rolling bearing. The existing reference mainly focuses on the impact of bearing 

misalignment on its static performance, such as the stiffness, contact problem and fatigue life of bearing itself. 

However, there is relatively little research on its dynamic performance, especially in the impact of bearing 

misalignment on the dynamic characteristics of the rotor system. Besides, because the interference fit is generally 

adopted between the rolling bearing and the rotating shaft, once the coaxiality error of the rotor assembly is too 

large, the rotating shaft tilt may also cause a certain tilt of the bearing inner ring relative to the outer ring, and then 

induce the bearing misalignment fault. However, in the dynamic response study of misalignment fault of ball 

bearing-coupling-rotor system, only misalignment excitation of coupling is considered, and the change of bearing 



excitation caused by misalignment is ignored. There are few reports on the dynamic characteristics of rolling 

bearing and coupling misalignment. 

Based on the limitations of existing research, this paper firstly deduces a 5-DOF nonlinear bearing force 

model based on the Hertz contact theory, which can take angular misalignment into account. At the same time, the 

model also includes uneven ball distribution caused by the cage pocket clearance. Secondly, the finite element 

dynamic model of the rotor system is constructed based on the Timoshenko beam element theory. The coupling 

misalignment force and the rolling bearing misalignment force are introduced into the rotor dynamic model. 

Finally, the radial and axial vibration responses of the rotor system under the combined action of angular 

misalignment of coupling and rolling bearing are analyzed. The research results can provide theoretical support 

for dynamic monitoring and fault diagnosis of misalignment fault in the rolling bearing-rotor system. 

2. Dynamic model of ball bearing-coupling-rotor system with angular 

misalignment 

In the actual aero-engine rotor system, since the mass is mainly concentrated in the compressor and turbine, 

the low-pressure rotor of the aero-engine is simplified into a single-span double-disc rotor system supported by 

rolling bearings. The structural diagram is shown in Fig. 2(a). Due to improper installation and other reasons, the 

coaxiality error between the rear support bearing seat and the rotor center is large, and there is a height difference 

Δ between the two ends of the bearing seat. If the bending deformation of the rotor is ignored, the misalignment 

angle φ can be approximated by the relation between the length of the rotor l and the height difference Δ. Besides, 

the interference fit is generally used for bearing inner ring and the rotating shaft, so in this case, the system should 

have two fault forms: angle misalignment of coupling and inner ring tilt misalignment of bearing. Given that the 

total length of the rotor is 597 mm, it is divided into 27 shaft segments by the finite element method, and each 

shaft segment is simulated by the Timoshenko beam element, as shown in Fig. 2(b). There are two discs at the 

front and rear of the rotor, which are arranged asymmetrically. The diameter of each disc is 190 mm, and the 

thickness is 10 mm. The disc is simplified as a lumped mass point, as shown in Fig. 2(c), and it is placed at nodes 

11 and 18 of the rotor, respectively. Both the rotor ends are supported by the 6205 deep groove ball bearings at 

nodes 7 and 24 of the rotor. 



 

Fig. 2 (a) Schematic of bearing-rotor system, (b) schematic of shaft segment element, (c) schematic of disc 

element 

2.1. Misalignment model of bearing 

The schematic of the deep groove ball bearing is shown in Fig. 3. It is assumed that the number of bearing 

balls is Nb. The inner and outer raceway radii are rb and Rb, respectively. The ball diameter is db. The bearing pitch 

diameter is dm, and its size is the sum of the inner and outer raceway radii. The initial radial clearance of the 

bearing is cr, and the clearance of the cage pocket is cc. For the convenience of research, the following 

assumptions are made: (1) The ball in the bearing makes pure rolling between the inner and outer raceways. (2) 

The effects of lubricating oil, temperature and ball centrifugal force are not considered. 

 

Fig.3 Schematic of deep groove ball bearing 



Without loss of generality, this paper first assumes that there is an initial misalignment in the installation 

process of the rotating shaft, which leads to the bearing inner ring tilting along the X-axis at an angle of φx, as 

shown in Fig. 4(a). The geometric relationship after misalignment of the bearing inner ring is shown in Fig. 4 (b). 

Where, the angular position of the j-th ball is θj, and the central position point of the ball is Obj. The contact point 

between the j-th ball and the curvature center of the outer raceway is Ooj, and the contact point with the curvature 

center of the inner raceway is Oij. The curvature center trajectory of the inner raceway also changes when the 

inner raceway tilt is misaligned. The contact point between the j-th ball and the inner raceway becomes Oij′, and 

the center point of the ball becomes Obj′. 

 

Fig.4 Schematic of bearing inner ring misalignment 

 

Fig.5 Schematic of bearing geometric relationship 

In Fig. 4 (b), the radius of curvature center of the inner and outer raceway is ijOO  and ojOO  

respectively. Combined with the geometric relationship shown in Fig. 5 (a), they can be expressed as: 



i b i o b o,j jOO r r OO R r= + = −                                                         (1) 

In Eq. (1), ri and ro are curvature radii of inner and outer raceways respectively, and the curvature radius 

coefficient fi/o of the inner/outer raceway is introduced. Therefore, the curvature radius of inner/outer raceway of 

the bearing can be expressed as the product of their curvature radius coefficient and ball diameter: 

i i b o o b,r f d r f d= =                                                                  (2) 

Therefore, the geometric relationship can be obtained according to Fig. 4 (b) as follows: 

( )i i b i sin sinj j xD O r r   = +                                                            (3) 

i i i i i i b i= ( )sin (1 cos )j j j xDO GO G D r r  − = + −                                          (4) 

o o o i i o b r= cos ( )cosj j j j jO N O O r r d c = + − −                                            (5) 

o i o i i i i o b r b i= [( ) ( )(1 cos )]sinj j x jN D N O DO r r d c r r  − = + − − − + −                       (6) 

( ) ( )
( )

2 2

o i o o o i

2 2 2 2

i o b r i o b r b i

=

cos [( ) ( )(1 cos )] sin

j j

j x j

O D O N N D

r r d c r r d c r r  

+

= + − − + + − − − + −
         (7) 

According to Fig. 4(b) and Fig. 5(b), the contact angle αj and normal clearance Δj generated at the angular position 

of the j-th ball due to bearing misalignment can be expressed as: 

i i

o i

arctan
j

j

j

D O

O D


  
=  

  
 

                                                                 (8) 

( )
2

2

i o b i i o i+
j j j

r r d D O O D  = + − −  
 

                                                (9) 

Since the curvature radius of the ring is much larger than the normal clearance, combined with Fig. 5(b), the 

bearing radial clearance crj′ at the j-th ball position can be approximately expressed as: 

( )
2

2

i o b i i o i

r

i i

o i

+

cos

cos arctan

j j

j

j

j

j

j

r r d D O O D

c

D O

O D




 + − −  
  = =

    
  
      

                                      (10) 

Substituting Eqs. (3) and (7) into Eqs. (8)-(10), the expressions of the contact angle and bearing clearance of the 



j-th ball caused by misalignment can be derived. 

On this basis, the misalignment angle φy of the rotating axis along the Y-axis is introduced. Then Eqs. (3) and 

(4) can be further rewritten as: 

( )i i b i sin sin cos sinj j x j yD O r r      = + −                                             (11) 

2 2 2 2

i i b i=( ) sin (1 cos ) +cos (1 cos )j j x j yDO r r    + − −                                 (12) 

Substituting Eq. (12) back into Eqs. (6) and (7), the result is as follows: 

2

i o b r

2o i
2 2 2 2

i o b r b i

( )cos

=

( )sin ( ) sin (1 cos ) cos (1 cos )

j

j

j j x j y

r r d c

O D

r r d c r r



    

 + − − + 

 + − − − + − + − 

     (13) 

Then substitute Eqs. (2), (11) and (13) into Eqs. (8) and (10). Therefore, when the inner ring of the bearing tilts 

along any direction, the generalized expression of the contact angle and bearing clearance is as follows: 

( )
( )

b i b

22 2

r r b i b

arctan

cos ( )sin ( )
j

j j

r f d

c c r f d




    

 
+ =  

  − + − − +  

                          (14) 

( ) ( ) 22 22 2

b i b r r b i bcos + ( )sin ( )
j j j

r f d c c r f d        = − + + − − − +                 (15) 

( ) ( )

( )
( )

22 22 2

b i b r r b i b

r

b i b

22 2

r r b i b

cos + ( )sin ( )

cos arctan

cos ( )sin ( )

j j

j

j j

r f d c c r f d
c

r f d

c c r f d

      



    

 − + + − − − +  =
  

+  
  

  − + − − +    

              (16) 

where,  

i o b( 1)f f d = + −                                                                    (17) 

sin sin cos sin
j x j y

    = −                                                         (18) 

2 2 2 2sin (1 cos ) cos (1 cos )j x j y    = − + −                                           (19) 

Further, according to Ref [45,46], since the outer ring of bearing is matched with the bearing seat, the outer 

ring does not rotate. At this time, the rotational angular velocity of the bearing cage can be written as: 

r b
c

b b

r

R r

 =
+

                                                                        (20) 

where, ωr is the rotational angular velocity of the rotor. Due to the existence of pocket clearance in the cage, the 

angular position of each ball bearing is non-uniform distribution. Therefore, the angular position θj of the j-th ball 



bearing can be expressed as: 

( ) c
c 01

b m

2
1 2 arcsin( )

2
j j

c
t j

N d
   

= + − + +                                             (21) 

In Eq. (21), the initial position angle of the first ball is θ01, and τj is a random number evenly distributed between 

-1 and 1 (j=1,2,……,Nb). Further, in the initial misalignment state, the geometric relationship after bearing 

movement is shown in Fig. 6. The contact point between the j-th ball and the inner raceway changes from Oij′ to 

Oij′′. The distance between the curvature center of the inner and outer raceway after initial misalignment is Aj, and 

the distance between the curvature center of the inner and outer raceway after vibration is Aj′. Then the contact 

deformation δj between the j-th ball and the raceway can be written as: 

o i o ij j j j j j jO O O O A A   = − = −                                                       (22) 

where, 

j j
A  = −                                                                          (23) 

( ) ( )2 2

r zcos sin
j j j j j j j

A A A    = + + +                                             (24) 

The contact angle αj′ of the bearing after vibration can be written as follows: 

z

r

sin
arctan

cos

j j j

j

j j j

A

A

 


 
 + =   + 

                                                         (25) 

In Eqs. (24) and (25), δrj and δzj are radial and axial contact deformations respectively, which can be expressed as 

follows: 

r rcos sinj j j jx y c   = + −                                                            (26) 

( )z d sin cos
j j x j y j

z r    = + −                                                       (27) 

Therefore, according to the Hertz contact theory, the expression of 5-DOF nonlinear bearing force 

considering deep groove ball bearing misalignment and cage pocket clearance is [47,48]: 
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                                                (28) 

where, H(δj) is Heaviside function. rdj represents the radial distance of the curvature center of the inner raceway at 

the j-th ball position. kbj is the Hertz contact stiffness between the j-th ball and raceway. Their expressions are 

shown as follows [2,46-48]: 

1, 0
H( )

0,

j

j
else





= 


                                                                 (29) 
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4
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                                           (32) 

In Eqs. (31) and (32), k  represents the sum of inner/outer raceway curvature, and the parameters can also 

be obtained according to Ref [2]. 

 

Fig. 6 Geometric deformation relationship of bearing after movement 



2.2. Misalignment model of coupling 

The diagram of coupling misalignment is shown in Fig. 7, in which points O1 and O2 are the rotation centers 

of right halve-coupling and left halve-coupling, respectively, and points O and P are the static center and dynamic 

center of the coupling housing, respectively. δ represents the misalignment of the coupling. When misalignment 

fault exists in the coupling, an additional exciting force, Fc, will be applied to the rotor system. If the exciting 

force Fc is projected onto the OXY coordinate system, its component can be expressed as [21,23,26]: 

( )
( )

2

c c r r

2

c c r r

2 sin 2

2 cos 2

x

y

F m t

F m t

 
 

 =
 =

                                                            (33) 

where, mc is the coupling mass, and the coupling misalignment δ can be expressed as follows: 

tanl e   = +                                                                     (34) 

in Eq. (34), Δl is the distance between two coupling halves, Δe represents the parallel misalignment of the 

coupling. In this paper, Δe =0. 

 

Fig.7 Schematic of coupling misalignment model 

2.3. Finite element model of rotor system 

According to Timoshenko beam element theory, each divided shaft element contains two nodes, as shown in 

Fig. 2 (b). The i-th node has 6 DOFs, and the displacement and rotation angles of node i in X, Y and Z directions 

are denoted by xi, yi, zi, θxi, θyi and θzi, respectively. Therefore, the displacement vector of the q-th shaft element 

can be written as: 

Uq = [xi, yi, zi, θxi, θyi, θzi, xi+1, yi+1, zi+1, θxi+1, θyi+1, θzi+1]T                                       (35) 

According to Ref. [49], the mass matrix Msq, stiffness matrix Ksq and gyro matrix Jsq of the q-th shaft element 

can be further determined. The mass matrix Ms, stiffness matrix Ks and gyro matrix Js of the rotating shaft can be 

obtained through the assembly of elements. The damping matrix Cs of the rotor system is determined in the form 



of proportional damping [49]. In addition, gyro matrix Ddp and mass matrix Mdp of the disc element at the p-th 

node can be written as follows: 
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D M     (36) 

In Eq. (36), the mass, diameter moment of inertia and polar moment of inertia of the disc are mdp, Jdp and Jpp 

respectively, which can be calculated according to the disc material density and the geometry (inner radius rd, 

outer radius Rd and thickness hd) in Fig. 2 (c): 

( ) ( ) ( )4 4

2 d d d d d d

d d d d d p, ,
4 2

p p p

h R r h R r
m h R r J J

 


 −  −
=  − = =                     (37) 

By assembling the disc mass matrix and gyro matrix at rotor nodes 11 and 18, the overall disc mass matrix 

Md and gyro matrix Jd are obtained. Therefore, the differential equation of motion of the rotor system has the 

following form: 

( ) ( )s d s r s d s b c e+ + + + + = + + −  M M U C J J U K U F F F G                            (38) 

where, U is the displacement vector of the rotor system. Fc is the misalignment force vector of the coupling. Fe 

and Fb represent the unbalance force and rolling bearing force vector, respectively. G is the gravity vector of the 

rotor system. Assuming that the unbalance of the system exists only on two discs, the rotor unbalance force can be 

written as: 
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where, Fepx and Fepy are the components of the unbalance force in the X/Y direction respectively, and edp is the 

eccentric distance at the disc P. It is known that the density of the rotor system is 7806 kg/m3, the elastic modulus 

is 211 GPa, and the Poisson's ratio is 0.3. In addition, the length and diameter of each shaft element of the rotor 

are shown in Table 1. The parameters of the rolling bearings supported at both ends of the rotor are shown in 

Table 2. 

Table 1 Parameters of the rotating shaft 
Number of 

shaft element 
Length of shaft 

element/mm 

Diameter of shaft 
element/mm 

Number of 
shaft element 

Length of shaft 
element/mm 

Diameter of shaft 
element/mm 

1 6 16 13-15 40 30 

2 15 16 16 40 30 



3 20 16 17 25 50 

4 20 16 18 5 50 

5 16.5 25 19 23 30 

6 15 25 20-22 40 30 

7 7.5 25 23 7.5 25 

8 25 30 24 15 25 

9 27 30 25 16.5 25 

10 5 50 26 15 18 

11 25 50 27 10 18 

12 30 30    

 

Table 2 Parameters of the deep groove ball bearing 

Parameter Value 

Type 6205 

Radius of inner raceway rb/mm 15.55 

Radius of outer raceway Rb/mm 23.49 

Ball diameter db/mm 7.938 

Ball number Nb 9 

Initial radial clearance cr/μm 8 

Curvature radius coefficient of 
inner\outer raceway fi\fo 

0.515 

Initial contact angle α0/° 0 

3. Dynamic response analysis of the system 

In this paper, the Newmark-β numerical integration method is used to solve Eq. (38), and each calculation 

period is further divided into 512 integration steps. After extracting the calculated data of the last 100 cycles, the 

dynamic characteristics of the ball bearing-coupling-rotor system with angular misalignment fault are analyzed 

through the rotor orbit, time-domain waveform, FFT frequency spectrum and Poincaré section map. 

3.1. Comparison of system vibration response between Case 1, Case 2 and Case 3 

In the traditional research on rotor misalignment, most of the references only consider coupling misalignment. 

This paper assumes that the coupling misalignment is Case 1, as shown in Fig. 8(a). The single consideration of 

bearing misalignment is Case 2, as shown in Fig. 8(b). As considered in this paper, the combined misalignment 

between coupling and bearing is Case 3, as shown in Fig. 2(a). It is assumed that there is only misalignment 

φ=φx=0.2° in the direction around the X-axis. In the whole speed-raising process (n∈[2000, 15000]r/min) of the 

system under the three cases, the spectrum cascade at the left disc (node 11) is shown in Fig. 9. It can be seen 

from the figure that in all three cases, the system is mainly excited by rotating frequency (fr) caused by rotor 

unbalance. For case 1 and case 3, there is also a tiny amount of 2fr caused by coupling misalignment excitation in 

the spectrum, while case 2 has no such frequency. By comparison, it can also be found that the critical speed of 

the rotor system in Case 1 is about 11600 r/min, while the critical speed is increased to about 11800 r/min in Case 



2 and Case 3. This is because after considering the bearing misalignment, the support stiffness of bearing to the 

rotor increases, thus increasing the natural frequency of the system. 

 

(a) 

 

(b) 

Fig. 8 Misalignment of rolling bearing rotor system: (a) Case 1 (coupling misalignment), and (b) Case 2 (bearing 

misalignment) 

Figure 10 presents the radial (X/Y-direction) spectrum cascade of the left disc under three cases when the 

rotor is operating in the low-speed range (n∈[2000, 5000] r/min). For case 1, the frequency components of fr and 

its super harmonic are appeared in both X- and Y-directions. With the increase of rotating speed, the amplitude of 

2fr increases most obviously. For Cases 2 and 3, it can be obviously found that in addition to fr and its super 

harmonic components, the frequency component of bearing varying compliance vibration (fvc) also appears, which 

indicates that the misalignment can aggravate the bearing varying compliance (VC) vibration in the low-speed 

range. In addition, under the combined action of VC vibration of bearing and unbalanced vibration of the rotor, 

the combined frequency components of fvc and fr appear in the spectrum, such as fvc-fr, fvc-2fr, 4fr-3fvc and so on. 

However, with the gradual increase of rotational speed, the influence of rotor unbalance vibration excitation 

increases gradually, and the vibration frequency of fvc weakens and disappears gradually when the rotational speed 

is higher than 4000r/min. In addition, it can also be found that for Cases 2 and 3 with bearing misalignment, the 

frequency amplitude in the X-direction is larger than that in the Y-direction. This is mainly because when there is a 

bearing misalignment around the X-axis of the system, the constraint of the bearing on the rotor in the Y-direction 

enhances and the rotor deflection increases. It can be seen that the bearing misalignment has a strong directivity. 

For Case 3, under the combined action of misalignment of coupling and bearing, it can be found that compared 

with Case 1, bearing misalignment can cause the occurrence of fvc and the combined frequency components of fvc 

and fr in the system. Compared with bearing misalignment (Case 2), coupling misalignment further causes 

frequency 2fr of the system. 

 



(a)                           (b)                             (c)                

Fig.9 Spectrum cascade of speed up under different cases: (a) Case 1, (b) Case 2, and (c) Case 3 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

 

(f) 

Fig. 10 Spectrum cascade of rotor in low-speed range: (a) Case 1, X-direction, (b) Case 1, Y-direction, (c) Case 2, 

X-direction, (d) Case 2, Y-direction, (e) Case 3, X-direction, and (f) Case 3, Y-direction 

Taking the vibration response of the rotor system under the operation of 2000 r/min and 6000 r/min as an 

example, the results are shown in Figs. 11 and 12, respectively. Through further comparison, the similarities and 

differences of the three misalignments are shown as follows: 

(1) When the rotating speed is n=2000 r/min, the vibration responses of Cases 1, 2 and 3 are pretty different. 

For radial vibration, combined with Figs. 11(a) and (b), it can be found that in Case 1, the rotating speed is low, 

and the effect of rotor unbalance is weak. Due to the existence of gravity, the vibration center of the rotor is 



located in the negative direction of the Y-axis. After considering the bearing misalignment, the motion trajectory 

of the rotor has an apparent upward trend. This is due to the misalignment assumed in this paper as shown in Fig. 

2, the right end of the rotor is "lifted" upward. Therefore, further consideration of the misalignment of the rotor 

support can better simulate the misalignment problem assumed in this paper. Figure 11(d) also clearly shows that, 

compared with Case 2 of bearing misalignment, considering Case 1 and Case 3 of coupling misalignment can 

make the frequency component of 2fr in the system more obvious. Compared with Case 1 of coupling 

misalignment, considering Cases 2 and 3 of bearing misalignment can make the frequency component of fvc in the 

system more obvious. In addition, there exist abundant combination frequency components, such as nfvc±mfr (n 

and m are positive integers). 

(2) For axial vibration, only the coupling misalignment will not generate axial excitation, so the axial 

vibration in Case 1 is very small and can be almost negligible. When the bearing misalignment is further 

considered, the misalignment makes the bearing produce a component force along the axial direction, which leads 

to the increase of the axial vibration of the system under the action of this excitation. In addition, misalignment 

also results in a constant component of rotor gravity along Z-direction, so the balance position of vibration 

waveform in this direction is located in the negative direction of the Z-axis, as shown in Fig. 11(c). Under the 

action of bearing misalignment, except that fvc and corresponding combined frequency components will still be 

generated in Case 2 and Case 3, the rotor unbalance generated in the radial direction and the coupling 

misalignment in Case 3 will generate frequencies such as fr and 2fr in the FFT spectrum of the axial direction, as 

shown in Fig. 11(e). 

 

(a) 

 

(b) 

 

(c) 



Fig.11 Comparison of three cases at rotating speed n=2000r/min: (a) rotor orbit, (b) time-domain waveform of 

radial direction, (c) time-domain waveform of axial direction, (d) FFT spectrum of radial direction, and (e) FFT 

spectrum of axial direction 

(3) As can be seen from Fig. 12, when the speed n=6000 r/min, the rotor orbits of Cases 1 and 3 with 

coupling misalignment fault both show the motion law of two ellipses nested with each other, and the 

time-domain waveforms present the feature of alternating high and low peaks, and the amplitudes of fr and 2fr in 

the spectrum are prominent. However, for Case 2, the rotor orbit presents an elliptical shape, the vibration 

waveform is approximately a sine wave, and the frequency fvc gradually weakens and disappears in the end. These 

characteristics show that the system vibration is mainly excited by rotor unbalance and coupling misalignment 

after the speed increases, and the bearing misalignment has little effect. This is because rotor unbalance force and 

coupling misalignment force are related to the square term of rotating speed according to Eqs. (33) and (39), while 

bearing misalignment force is only related to the first power of rotor speed. Therefore, with the enhance of 

rotating speed, the increase of rotor unbalance force and coupling misalignment force is much greater than that of 

bearing misalignment force. It can be seen that the influence of rotor unbalance and coupling misalignment on the 

system at high speed is greater than that of bearing misalignment. For axial vibration, the amplitude of Cases 2 

and 3 with bearing misalignment is greater than Case 1. The axial vibration under bearing misalignment (Case 2) 

is approximately sine wave. The amplitude of Case 3 combined with coupling misalignment and bearing 

misalignment is greater than that of Case 2 with bearing misalignment only. The axial waveform under Case 3 

shows the vibration characteristics of alternating high and low peaks, and the amplitude of 2fr in the spectrum is 

slightly higher than that of fr. 

 

(d) 
 

(e) 



 

(a) 

 

(b) 

 

(c) 

Fig.12 Comparison of three cases at rotating speed n=6000r/min: (a) rotor orbit, (b) time-domain waveform of 

radial direction, (c) time-domain waveform of axial direction, (d) FFT spectrum of radial direction, and (e) FFT 

spectrum of axial direction 

To sum up, in the low-speed range, the bearing misalignment has a significant influence on the dynamic 

characteristics of the rotor system, while the coupling misalignment has a relatively small influence. At this time, 

there is little difference in the system dynamic characteristics between Case 2 and Case 3. Therefore, for the rotor 

misalignment discussed in this paper, the factor of bearing misalignment cannot be ignored. In terms of frequency 

characteristics, bearing misalignment increases the amplitude of VC frequency (fvc), and the combined frequency 

of fvc and rotating frequency (fr) is more abundant. The coupling misalignment increases the amplitude of 2fr. 

Bearing misalignment also increases the support stiffness of the rotor system, resulting in the increase of the 

critical speed of the system. Bearing misalignment also makes the vibration of the system have strong directivity. 

As the misalignment causes the bearing to produce a restoring component force along the axial direction, the axial 

vibration of the system increases under this excitation. In addition, because the rotor unbalance force and coupling 

misalignment force are related to the square term of rotating speed, while the bearing misalignment force is only 

related to the first power of speed. Therefore, the influence of bearing misalignment decreases gradually with the 

increase of rotating speed. The frequency components of fvc and the combined frequency gradually weaken or 

even disappear. In contrast, the influence of rotor unbalance and coupling misalignment enhances gradually, and 

 

(d) 

 

(e) 



the frequency components of fr and 2fr are obvious. At this time, there is little difference in the system dynamic 

characteristics between Cases 1 and 3. 

3.2. Effect of misalignment degree 

3.2.1. Process of speed-up 

Based on the discussion in Section 3.1, this section takes Case 3 under the action of misalignment of 

coupling and bearing as an example to further discuss the influence of different misalignment degrees on the 

dynamic characteristics of the system in the process of speed-up. When the system is in a healthy state (φ=0°) and 

misaligned state (φ=0.2°) respectively, radial and axial amplitude curves at the left rotor disc (node 11) are shown 

in Fig. 13. It is not difficult to find the following interesting phenomena from the figure: 

(1) For the radial vibration of the system, as shown in Fig. 13(a). Misalignment increases the critical speed of 

the system from about 11600 r/min to about 11830 r/min, indicating that bearing misalignment increases the 

support stiffness of the system, which is consistent with the conclusion obtained from the test results in Ref. [33]. 

In the subcritical speed range, the system amplitude decreases due to misalignment. The misalignment causes the 

system amplitude to increase slightly in the range of critical and supercritical speeds. 

(2) For the axial vibration of the system, as shown in Fig. 13(b). The axial vibration is slightly in a healthy 

state. Misalignment intensifies the axial vibration of the system, and the resonance peak appears at about 11900 

r/min. It can be seen that misalignment has a great influence on the axial vibration of the system. This shows that 

axial vibration is another basis for judging whether there is angular misalignment fault in the deep groove ball 

bearing-rotor system. 

(a)  (b)  

Fig. 13 System amplitude curve in the process of speed-up, (a) Y-direction and (b) Z-direction 

3.2.2. Process of steady speed 

Taking the No. 1 ball of the left bearing with rotating speed n=3000 r/min as an example, the influence 

laws of different misalignment on bearing parameters, such as contact angle, radial clearance, and ball 



revolution angular velocity are shown in Fig. 14. When the system is in a healthy state (φ=0°), the contact 

angle αj of deep groove ball bearing is always 0°. It can be seen from Table 2 and Fig. 14 (b) that the bearing 

radial clearance cr is constant at 8 μm. The approximate calculation formula of the angular velocity of ball 

revolution is given as follows: 
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j j
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                                                             (40) 

By calculation, the rotational angular velocity ωbj of each ball bearing in this state is constant at 125.1 rad/s. 

When a misalignment fault appears in the system, the misalignment makes the contact angle and radial 

clearance of each ball bearing no longer constant, but shows a law of periodic change. At each moment, all 

the ball contact angles of the bearing and the radial clearance at the position of the ball are not equal. 

Although the average value of the contact angle within one revolution is still 0 °, the contact angle of the ball 

fluctuates with approximate sinusoid. The bearing radial clearance fluctuates twice within the range of one 

rotation of the ball, which indicates that misalignment causes the bearing to have two contact areas with a 

central phase difference of 180°. With the increase of misalignment degree, the amplitude of this periodic 

fluctuation also increases gradually, and the average radial clearance decreases gradually. Under a significant 

misalignment, the bearing clearance may even be negative at a certain position of the ball rolling. This 

indicates that the bearing misalignment has squeezed some of the balls in the bearing. Combined with Eq. 

(40), the contact angles of the balls are not equal at all places on the circumference of the raceway, so the 

rotational angular velocity of each ball is constantly changing and unequal. The degree of difference between 

the angular velocity of each ball increases with the increase of misalignment. Taking the misalignment angle 

φ=0.21° as an example, according to Figs. 14(c) and (d), the maximum and minimum values of the ball 

angular velocity on the circumference are about 90° apart. In other words, when the ball is rotated 1/4 turn, 

the angular velocity increases by 1.5 rad/s. According to this calculation, the maximum velocity difference of 

ball revolution in the bearing can reach about 0.06 m/s. It can be seen that the relative tilt of bearing caused 

by rotor misalignment will lead to the unequal angular velocity of the ball and cage, and the center of the ball 

and cage pocket do not coincide. When the distance between the two centers is greater than the clearance of 

cage pocket cc, an elastic collision occurs between the ball and the cage pocket. Moreover, the more serious 

the misalignment, the greater the impact strength of the ball on the cage along the circumferential direction, 

which improves the possibility of fatigue fracture of the cage. 

According to Eqs. (22), (31) and (32), the contact force of the j-th ball can be calculated as Fbj=kbjδj
1.5. 

The maximum contact force max(Fb1) of the No. 1 ball in the time range of one revolution under different 



misalignment conditions is extracted, respectively. It is also marked that the maximum contact force of the 

ball bearing without misalignment is max(Fb1_0). The relative variation of the maximum contact force of the 

ball under different misalignment degrees can be calculated according to the following equation: 

b1 b1_0

b1_0

max( ) max( )
100%

max( )

F F

F


−
=                                                      (41) 

The maximum contact force variation curve of the ball is calculated according to the Eq. (41), as shown in 

Fig. 15. With the misalignment angle increases, the contact force presents a trend of nonlinear increase. The 

more serious the misalignment, the more obvious the increase of the contact force between the ball and the 

raceway. When the misalignment angle φ=0.21°, the maximum contact force even increases by 183.6%. This 

may further lead to contact deformation between the ball and the raceway, which is not conducive to the 

stable operation of the bearing. 

(a)  (b)  

(c)  (d)  

Fig. 14 Influence of misalignment on bearing parameters: (a) influence of misalignment degree on the contact 

angle of the No. 1 ball, (b) influence of misalignment degree on the radial clearance at the No. 1 ball, (c) influence 

of misalignment degree on the revolution angular velocity of the No. 1 ball, and (d) the angular velocity of 

different balls at misalignment degree φ=0.21 ° 



 

Fig. 15 Effect of misalignment on contact force of ball bearing 

Next, the influence of misalignment on dynamic characteristics of the ball bearing-coupling-rotor system is 

further discussed. The variation range of misalignment angle is set as φ∈[0, 0.21]°. The vibration response of the 

left disc of the rotor under the subcritical speed range (n=3000 r/min), critical speed range (n=11830 r/min) and 

supercritical speed range (n=15000 r/min) is selected. The results are shown in Figs. 16-19. It is not difficult to 

find the following phenomena: 

(1) When the rotor operates in the subcritical speed range (n=3000 r/min). Combined with Figs. 16 (a), (b) 

and Fig. 17, it can be seen that under the healthy state (φ=0°), the vibration center of the rotor under the action of 

gravity is in the negative direction of Y-direction due to the weak unbalance excitation of the rotor. The rotating 

frequency (fr) and its higher harmonic components are the main components in the spectrum. With the increase of 

misalignment angle, the rotor orbit and time-domain waveform of Y-direction show the trend of upward 

translation. The radial amplitude decreases slightly, and the amplitude of frequency fr and its super-harmonic 

components also decrease. The frequency amplitude of fr decreases from 4.639 μm (φ=0°) to 2.913 μm (φ=0.21°). 

This is because the misalignment fault enhances the constraint of bearing on the rotor. With the further increase of 

misalignment angle, the frequency amplitude of 2fr increases, resulting from the enhancement of coupling 

misalignment. The rotor system always keeps quasi-periodic motion under the condition of health and 

misalignment. In a healthy state, the axial vibration of the deep groove ball bearing-rotor system almost does not 

exist, and it increases gradually with the increase of misalignment degree. Specifically, the amplitude of fr and its 

super-harmonic components increases, and the increase of fr is the most obvious in the axial spectrum. In addition, 

the amplitude of VC frequency (fvc) of bearing increases with the increase of misalignment, whether radial 

vibration or axial vibration. This indicates that misalignment intensifies the VC vibration of bearing. 



 

(a) 

 

(b) 
 

(c) 

 

(d) 
 

(e) 

 

(f) 

Fig. 16 Spectrum cascade of rotor system under different misalignment: (a) 3000 r/min, Y-direction, (b) 3000 

r/min, Z-direction, (c) 11830 r/min, Y-direction, (d) 11830 r/min, Z-direction, (e) 15000 r/min, Y-direction, and (f) 

15000 r/min, Z-direction 

(2) When the rotor operates in the critical speed range (n=11830 r/min), it can be seen from Figs. 16 (c), (d) 

and Fig. 18 that the system amplitude increases sharply in the resonance state, and the system vibration is mainly 

excited by rotor unbalance. Under the action of unbalance excitation, the rotor orbit shows an elliptic curve before 

and after misalignment, and the time-domain waveforms of radial and axial directions are approximately sine 

waves. In the radial spectrum, the frequency of fr caused by unbalance excitation is the main component, and the 

frequency amplitude of 2fr caused by misalignment excitation is relatively low. At this time, the radial vibration of 

the rotor system is not affected by the misalignment. Only the frequency amplitude of fr increases slightly from 

200.5 μm (φ=0°) to 205.5 μm (φ=0.21°). In the critical speed range, the influence of misalignment on the axial 



vibration of the rotor system is almost the same as that in the subcritical speed range. Then the rotor system runs 

stably under the period-one (P-1) motion state. 

(3) When the rotor speed is further increased to the supercritical speed range (n=15000 r/min). Combined 

with Figs. 16(e), (f) and Fig. 19, it can be seen that after passing the critical speed range, the amplitude of system 

decreases although it is still in the P-1 motion state. In the radial vibration, the system is still dominated by rotor 

unbalance excitation. With the increase of misalignment degree, both the axial and radial amplitudes of the system 

increase, and the frequency amplitudes of fr and its higher harmonic enhance. In the radial spectrum, the 

amplitude of fr rises from 79.29 μm (φ=0°) to 83.01 μm (φ=0.21°). Under the influence of coupling misalignment 

excitation, the rotor orbit changes gradually from regular ellipse in the healthy state to triangle. The axial vibration 

waveform presents the characteristics of alternating vibration of high and low peaks. In the axial spectrum, the 

frequency amplitude of 2fr increases even more than that of fr. 

 

Fig. 17 System vibration response at n=3000r/min: (a) rotor orbit, (b) time-domain waveform in Y-direction, (c) 

time-domain waveform in Z-direction, (d) Poincaré section map in Y-direction and (e) Poincaré section map in 

Z-direction 



 

Fig. 18 System vibration response at n=11830r/min: (a) rotor orbit, (b) time-domain waveform in Y-direction, (c) 

time-domain waveform in Z-direction, (d) Poincaré section map in Y-direction and (e) Poincaré section map in 

Z-direction 

 

Fig. 19 System vibration response at n=15000r/min: (a) rotor orbit, (b) time-domain waveform in Y-direction, (c) 

time-domain waveform in Z-direction, (d) Poincaré section map in Y-direction and (e) Poincaré section map in 

Z-direction 

4. Conclusions 

In this paper, a dynamic model of the ball bearing-coupling-rotor system is established based on the finite 

element method. Based on the Hertz contact theory, a nonlinear force model of 5-DOF rolling bearing is proposed, 

which can consider the misalignment of bearing rings and the clearance of cage pockets. The coupling 



misalignment excitation force model is further introduced. The radial and axial vibration responses of the system 

under the action of misalignment faults are analyzed. Some conclusions are as follows:  

(1) When the rotor is running at low speed, the bearing misalignment greatly affects the dynamic 

characteristics of the rotor system, and the frequency component of bearing varying compliance vibration (fvc) is 

obvious.  Therefore, the influence of bearing misalignment cannot be ignored in the study of rotor misalignment. 

With the increase of operating speed, the VC vibration is relatively weakened, the rotor unbalance and coupling 

misalignment have a greater impact, and the component of 2fr is more obvious. The reason is that the rotor 

unbalance force and coupling misalignment force are related to the square term of speed, while the bearing 

misalignment force is only related to the power of speed. 

(2) Misalignment leads to periodic changes in the contact angle and radial clearance of each ball in the 

rolling bearing, and the velocity of each ball in the bearing is not equal. With the aggravation of misalignment, 

there may be two loading areas of the bearing. The contact force of the ball also increases, and the increase of the 

contact force can even reach 183.6%, which may lead to extrusion deformation between the ball and the raceway. 

In addition, the difference in ball rotational speed is more significant. The rotational speed of the ball and cage is 

inconsistent, which leads to the reciprocating extrusion and collision of the ball in the cage pocket, and increases 

the possibility of fatigue fracture of the cage.  

(3) The bearing misalignment increases the support stiffness of the rotor, resulting in the enhancement of 

the critical speed of the system. The system vibration caused by bearing misalignment has strong directivity. In 

the subcritical speed range, the bearing misalignment reduces the amplitude of the radial vibration of the system, 

which is due to the increased constraint of the bearing on the rotor and the increased deflection of the rotor. The 

radial vibration of the system is aggravated by misalignment in critical and supercritical speed range. 

(4) Due to the angular misalignment, the bearing produces a component of restoring force along the axial 

direction, so the axial vibration of the system increases under the action of this excitation. The more serious the 

misalignment, the greater the axial vibration of the rotor system. Therefore, axial vibration can be used as an 

essential basis to measure the angular misalignment fault of the deep groove ball bearing-rotor system. 
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