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Abstract. Based on the rolling bearing vibration measurement principle in ISO standard, a nonlinear dynamic model of ball bearing is built and
Abstract. Based on the rolling bearing vibration measurement principle in ISO standard, a nonlinear dynamic model of ball bearing is built and
motion equations of the inner ring, outer ring, and rolling elements are derived by using Lagrange’s equation. The ball bearing model includes
motion equations of the inner ring, outer ring, and rolling elements are derived by using Lagrange’s equation. The ball bearing model includes
the influence of waviness, rotational speed, external load, arbor supporting stiffness and arbor eccentricity. Ball bearing high-speed vibration
the influence of waviness, rotational speed, external load, arbor supporting stiffness and arbor eccentricity. Ball bearing high-speed vibration
tests are performed and used to verify the theoretical results. Simulated results showed that specific waviness orders produced the principal
tests are performed and used to verify the theoretical results. Simulated results showed that specific waviness orders produced the principal
frequencies that were proportional to rotational speed. Rotational speed mainly affected the value of the natural frequency of the bearing system,
frequencies that were proportional to rotational speed. Rotational speed mainly affected the value of the natural frequency of the bearing system,
and RMS (Root Mean Square) of the full band had a great fluctuation with the increase of rotational speed. In the experiment, spectrum and
and RMS (Root Mean Square) of the full band had a great fluctuation with the increase of rotational speed. In the experiment, spectrum and
RMS of 2 fs-30 kHz ( fs: the rotational frequency of inner ring/arbor) under high speed could include not only the influence of rotational speed
RMS of 2 fs -30 kHz ( fs : the rotational frequency of inner ring/arbor) under high speed could include not only the influence of rotational speed
but also principal
frequencies produced by waviness, which could cover the part of requirements of the standard bearing vibration measurement.
but also principal frequencies produced by waviness, which could cover the part of requirements of the standard bearing vibration measurement.
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1. Introduction
Bearing vibration measurement is an indispensable process of
bearings quality inspection after their assembly. The rotational
speed is one of the most crucial parameters for bearing vibration measurement. At present, rolling bearings-measuring
methods for vibration have been standardized, for instance, BS
ISO 15242, DIN ISO 15242, and GB/T 24610. Bearings vibration is usually measured with the outer ring being stationary and with inner ring turning at a constant rotational speed.
The rolling bearing vibration measurement principle is illustrated in Fig. 1. The test ball bearing is usually subjected to an
axial load and its default rotational speed is usually 30 rev/s.
Default analyzed frequency range is 50–10 000 Hz, which is
further divided into 50–300 Hz (low frequency band), 300–
1800 Hz (medium frequency band), and 1800–10 000 Hz (high
frequency band). However, the operating speed of modern high
speed rotating machinery (for example, high speed motorized
spindle, aero-engine) is much higher than 30 rev/s. To meet the
speed requirements of modern bearing vibration measurement,
bearing high-speed vibration test rigs are built. J.A. Wensing [1] replaced hydrodynamic bearings of the spindle with an
aerospace bearing, and the standard test speed could be adjusted
within 141.7 rev/s. Adamczak et al. [2] built the Anderometer
STPPD bearing vibration test equipment, whose speed had improved to 60 rev/s. This equipment met the ISO design specifications.
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a)

b)

Fig. 1. Rolling bearing vibration measurement principle: a) contact
measurement, b) noncontact measurement

Bearing vibration is the result of the displacements induced
by error motion, which is a consequence of geometric imperfections of the diverse internal bearing surfaces. Waviness is an
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important part of geometric imperfections and has a great influence on the characteristics of the bearing vibration response.
There have been many studies that theoretically analyzed the
relationship between waviness and bearing-rotor system vibration response spectrum. Reference [3, 4] built the relationship
between the waviness order and principal frequencies by solving the static equations of bearing’s inner ring, for example,
principal frequencies n × Nb × fc (n: integer, Nb : number of
rolling element, fc : cage rotating frequency) were caused by
outer raceway waviness order n × Nb ± 1 and principal frequencies n × Nb × ( fs − fc ) ± fs were generated by inner raceway
waviness order n × Nb ± 1 in the radial direction [4]. In [5], a
rigid shaft supported by a pair of angular contact ball bearings
was modeled as a three degree-of-freedom (3DOF) spring-mass
system in the radial x and y directions and axial z-direction.
The displacement response spectra characteristics due to the
waviness of the outer race, inner race, and rolling element
were analyzed. N. Tandon and A. Choudhury [6] presented a
3DOF dynamic model of the rotor-bearing system including the
movements of the inner ring/shaft, outer ring/bearing house and
cantilever portion/load in the radial x-direction. Simulated results showed that special frequencies caused by raceways waviness were related to outer/inner race defect frequency, and that
the amplitudes of the spectral components owing to inner race
waviness were much smaller than these of the outer race waviness. G.H. Jang and S.W. Jeong [7] considered the 2-angular
motions and the 3-translational motions of the rotor and built
a 5DOF nonlinear dynamic model for a rigid rotor supported
by two or more ball bearings. They indicated that the waviness
between the bearing components and the waviness between
the supporting bearings could interact, and that the centrifugal
force and gyroscopic moment of the ball affected the principle
frequencies [8, 9]. Babu et al. [10] added the angular motion
around the axial z-direction and a 6DOF model of a rigid rotor
was built. The model predicted that the influence of inner race
waviness on the vibration was larger as compared to that caused
by the outer race and rolling element. Yaobin Zhuo et al. [11]
simplified the shaft-bearing system to a 3DOF system, whose
generalized displacements were three translational motions in
the radial x-and
x and y-directions,
y directions, and axial z-direction. Simulated
results revealed that the inner/outer raceway waviness would
excite resonance when the order of waviness was equal or multiple to Nb . S.P. Harsha and C. Nataraj [12] used Lagrange’s
equation to obtain (Nb + 2) second order, non-linear differential equations of Nb rolling elements and inner ring in the radial
plane. They analyzed the influence of outer raceway waviness
and the number of rolling elements on the dynamic behavior of
a rotor-bearing system. Combination Lagrange’s equation and
component mode set (CMS) method, J.A. Wensing [1] considered that the outer ring was flexible. The effect of the waviness on the response of the outer ring was discussed without
considering the motions of the inner ring. The statistical variations of vibration generated by the inner ring and ball waviness were much larger than for vibration generated by outer
ring waviness.
Waviness also has an influence on the bearing vibration level.
In [13], simulated results at the shaft speed of 15 rev/s showed
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that the vibration and acoustic response of bearing house would
increase with the growth of waviness size. Adamczak and
Zmarzły [14] carried out 6304-type bearing vibration on the
Anderometer and studied the influence of raceway waviness
on bearing vibration level. The experimental results at 30 rev/s
indicated that an increase in the raceway waviness caused an
increase in the vibration level. For medium bandwidth (300–
1800 Hz), the influence was most prominent. Hiroyuki Ohta
and Shiya Satake [15, 16] formed the vibration test of hybrid
ceramic ball bearings, steel ball bearing and all-ceramic ball
bearing on the Anderometer. The overall value of velocity was
influenced by rotational speed, and it tended to increase with rotational velocities, whose range was from 8.3 to 30 rev/s. However, some studies had indicated that rotational speed was nonlinear with the dynamic performance of the bearing system [17–
19]. Reference [18] showed that the curve of peak-to-peak of
overall response-speed had a very rough appearance. Peak-topeak of 58.3 rev/s was more than that of 166.7 rev/s.
In addition to the bearing models described above for the
study of the effects of waviness on bearing vibrations, a series of bearing models have also been proposed in the study
of bearing vibration responses with the localized defect. Sidra
Khana et al. [20] built the 2 second-order, nonlinear differential equations for the inner ring/shaft and outer ring/housing
in the radial x-direction. Sadok Sassi et al. [21] proposed a
3DOF system for the inner ring, ball and outer ring in the
radial y-direction. N.S. Feng et al. [22], and Dick Petersen
and Carl Howard [23] considered the movements of the inner
and outer rings in the radial x- and y-directions and built the
4DOF nonlinear dynamic model for the bearing. N. Sawalhi
and R.B. Randall [24] added a high frequency response of
the bearing in the radial y-direction into the model of [22].
A 5DOF bearing-pedestal model was depicted. This bearing
model was also used in [25]. Dick Petersen et al. [26] continued to increase the radial x-direction motion of a high frequency response into the model developed by [24]. A 6DOF
bearing-pedestal model was described. Liu et al. [27] presented a 12DOF model of a rigid rotor-angular contact ball
bearings system. This model included the three translational
and three rotational displacements of the inner race/rotor, three
translational displacements of the outer race of the right bearing, and three translational displacements of the outer race of
the left bearing in the radial x-and
x and y-directions,
y directions, and axial zdirection.
In application, high speed has become the trend for rolling
bearing vibration measurement, which will accompany the
problem that the divided frequency bands at 30 rev/s may no
longer be suitable for bearing high speed vibration measurement analysis. Therefore, it is necessary to study theoretically
and experimentally the change of vibration characteristics of
the bearing with rotational speed increases, which benefits to
confirm the analysis frequency bandwidth of the evaluation
method of rolling bearing high speed vibration measurement.
However, the limitation of the above studies is to pay more attention to the influence of the special order of waviness of one
of the bearing components on the bearing vibration response.
The experimental and theoretical analyses for rolling bearing
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vibration measurements are rarely performed at the same time,
and for the individual bearing vibration measurement test, the
test speed range can rarely cover the range from low speed to
high speed.
In order to include the influence of rotational speed and satisfy the principle of rolling bearing vibration measurement, the
ball bearing model and the derivation of the motion equations
of the bearing components refer to [1, 12, 18, 28–30]. In this
paper, 2Nb + 5 differential equations of ball bearing are established by using Lagrange’s equation. Waviness, operation parameters (rotational speed and load) and system parameters (arbor supporting stiffness and eccentricity) are considered. Then,
considering bearing components waviness, the influence of rotational speed on response spectra and RMS of ball bearing vibration are analyzed theoretically, which are verified by bearing vibration experiments at low, medium and high speed. At
last, the analysis frequency bandwidth at high speed is discussed.

2. Ball bearing vibration model considering
rotational speed
The ball bearing is considered a spring-mass system as shown
in Fig. 2. Bearing displacement error should be mainly caused
by the inherent characteristics of bearing components, not the
deformation of them. An appropriate axial load is sufficient to
prevent slipping of the rolling elements relative to raceways and
does not cause deformation of bearing components due to excessive load. Therefore, the outer ring is not bent, which is different from [1, 29]. The outer ring can move freely in the axial
z-direction, which is different from [12, 18, 28, 30]. Based on
the assumptions in [1, 12, 18, 28–30], the features of the ball
bearing model are as follows:
(1) Ball bearing has a stable rotation. The angular velocity
of the arbor (ωi ) around the z-axial is considered a constant
value. The inner ring is assumed to be rigidly mounted on the
arbor, so the inner ring and arbor have the same displacement

and angular velocity, ωi . The linear supporting stiffness in the
radial x and y directions is Ksx and Ksy , respectively.
(2) Except for local deformations between the outer-/innerraceways and the rolling elements, the outer ring, inner ring,
and rolling elements are rigid. The Hertzian theory of elasticity is used to calculate the local deformations. Rolling elements act as nonlinear contact springs as shown in Fig. 2.
K ob
j is the stiffness of the nonlinear spring connecting the jth
rolling element and outer raceway, and K ib
j is the stiffness of
the nonlinear spring connecting the jth rolling element and inner raceway.
(3) The angle velocity of the cage (ωc ) is also assumed to be
constant. The rolling elements are evenly distributed and guided
by the cage. There is no slipping or sliding between the bearing
components. The angular velocity of each rolling element about
the z-axis is the same as the angular velocity of the cage, ωc .
The mass moment of inertia of a rolling element with respect to
its mass center is neglected.
(4) The movements of the outer ring, inner ring, and rolling
elements are in the radial XY plane and axial z-direction. The
parameters that can describe the position of the bearing components are as follows: for the inner ring/arbor, translational DOFs
are uix in the radial x-direction and uiy in the radial y-direction;
for the rolling elements, the movement of each rolling element
in radial XY plane is described in a cylindrical coordinate and
its position is written as 0.5Dm + ubr j (Dm : the pitch diameter),
and the translational DOF of each rolling element in the axial
z-direction is ubzj ; for the outer ring, 3-translational DOFs are
uox , uoy and uoz in radial x-direction, radial y-direction, and axial
z direction respectively.
(5) Because the damping due to friction and a small amount
of lubrication and the structural damping are very small, these
dampings are ignored.
Based on the relative positions of the jth rolling element,
inner race and outer race in [1, 31], the instantaneous curvature center positions of raceways and the jth rolling element
in the case where the rolling elements’, inner ring’s and outer
ring’s displacements are considered are shown in Fig. 3. Considering bearing components waviness, the instantaneous mutual approaches between the curvature centers of the jth rolling
element and outer-/inner- raceways are respectively as follows
(1) and (2) [1, 32].
δ jib = Dibj − Dib
0 + pi j + ui j ,
Dib
0 = ( f i − 0.5) Db ,
Dibj

=



Dib
rj

2

 2
+ Dib
,
zj

(1)

i
b
Dib
r j = ( f i − 0.5) Db cos α0 − ur j + ur j ,
b
Dib
z j = ( f i − 0.5) Db sin α0 + uz j ,

Fig. 2. Spring-mass model of ball bearing
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uir j = uix cos (θ j ) + uiy sin (θ j ) ;
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Fig. 3. Positional relationship between the jth rolling element center and raceways curvature center
ob
δ job = Dob
j − D0 + po j + uo j

Dob
0 = ( f 1 − 0.5) Db ,

 
Dob
j =

Dob
rj

2

+ Dob
zj

2

The total potential energy includes the potential energy of the
linear springs (Ksx , Ksy ) and the potential energy of the nonlinob
ear springs (K ib
j , K j ). The total potential energy is expressed
as follows (4).
(2)

b
o
Dob
r j = ( f o − 0.5) Db cos α0 − ur j + ur j
b
o
Dob
z j = ( f o − 0.5) Db sin α0 − uz j + uz

uor j = uox cos (θ j ) + uoy sin (θ j ) ,
where Dob
0 is the initial distance between the center of the curvature of the outer raceway and rolling element center. Dob
j is
the instantaneous distance between the center of the curvature
of the outer raceway and the jth rolling element center. Dib
0 is
the initial distance between the center of the curvature of the
inner raceway and the rolling element center. Dibj is the instantaneous distance between the center of the curvature of the inner raceway and the jth rolling element center. pi j and po j are
the waviness of the inner raceway and outer raceway contacting
with the jth rolling element. ui j and uo j are the waviness of the
jth rolling element contacting with the inner raceway and outer
raceway. Db is the diameter of the rolling elements. fi is the
groove curvature coefficient of the inner race. fo is the groove
curvature coefficient of the outer race. α0 is the initial contact
angle. θ j is the circumferential position of the jth rolling element.
The contact force between the jth rolling element and raceways can be generated only when there is a compression in the
contact, that is, δ jib > 0 and δ job > 0.
Lagrange’s equation (3) deduces the differential equations of
motion of the bearing components.



∂ (∂ T /∂ { ṗ}) ∂t − ∂ T ∂ {p} + ∂V ∂ {p} = { f } ,

(3)

where T is the kinetic energy; V is the potential energy; {p} is
a vector for generalized degree-of-freedom; { f } is a vector for
generalized external forces.
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 2 1
 2
1
V = Ksy uiy + Ksx uix +
2
2
Nb

5/2 Nb 2
 5/2
2
ib
+ ∑ K ib
+ ∑ K ob
.
δ job
j δj
j
j=1 5
j=1 5

(4)

The total kinetic energy is the sum of the translational and rotational kinetic energy of the arbor, inner ring, rolling elements,
and outer ring. The total kinetic energy is expressed as (5):
T = T r + T i + T b + T o,

(5)

where T r is the kinetic energy of the arbor. T i is the kinetic
energy of the inner ring. T b is the kinetic energy of the rolling
elements. T o is the kinetic energy of the outer ring.
The contribution of the arbor contains the translational kinetic energy in the radial x and y directions and the rotational
kinetic energy around the z axis. The kinetic energy expression
of the arbor is (6).
1
1  2  2 
,
T r = I r ωin2 + mr u̇ix + u̇iy
2
2

(6)

1
1  2  2 
,
T i = I i ωin2 + mi u̇ix + u̇iy
2
2

(7)

where I r is the moment of inertia of the arbor. mr is the mass of
the arbor.
The contribution of the inner ring includes the translational
kinetic energy in the radial x and y directions and the rotational
kinetic energy around the z-axis. The kinetic energy expression
of the inner ring is (7).

where I i is the moment of inertia of the inner ring. mi is the
mass of the inner ring.
The contribution of the jth rolling element is the total of the
translational kinetic energy in the radial direction expressed by
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a cylindrical coordinate, the translational kinetic energy in the
axial z-direction, and the rotational kinetic energy around the
z-axis. The kinetic energy expression of the jth rolling element
is (8).

2 
1 b  b 2  ḃ 2 
b
b
T j = m j u̇r j + u̇z j + 0.5Dm + ur j ωc2 , (8)
2

where T jb is the kinetic energy of the jth rolling element. mbj is
the mass of the jth rolling element.
Then the kinetic energy of the Nb rolling element is as follow (9):
Tb =

Nb

∑ Tjb .

(9)

j=1

The contribution of the outer ring consists of the translational kinetic energy in the radial x and y directions and axial z-direction. The kinetic energy expression of the outer ring
is (10).
 2  2 
1 
T o = mo (u̇ox )2 + u̇oy + u̇oz
,
(10)
2

where mo is the mass of the outer ring.
Generalized external forces include the imbalance force due
to the eccentricity of the arbor center of mass along its geometric center of rotation exciting the inner ring/arbor in radial x and
y directions and a constant axial load Fa acting on the outer ring
in the axial z-direction.
For the generalized coordinates of the inner ring (uix and uiy ),
the governing equations are (11). For the generalized coordinates of the jth rolling element (ubr j and ubzj ), the governing
equations are (12). For the generalized coordinates of the outer
ring (uox , uoy , and uoz ), the governing equations are (13).


Nb
 3/2
+ ∑ K ob
∂ δ job /∂ uix =
δ job
j
j=1



 3/2

ib
mi + mr üiy + Ksy uiy + ∑ K ib
∂ δ jib /∂ uiy +
j δj

(11)

j=1

Nb



δ job
+ ∑ K ob
j


j=1
i

r

= m +m



3/2

∂ δ job /∂ uiy =

× e × ωi2 sin (ωit) ,




mbj übr j − mbj × 0.5Dm + ubr j × ωc2 +
 3/2
ib
+ K ib
∂ δ jib /∂ ubr j +
j δj
 3/2
δ job
+ K ob
∂ δ job /∂ ubr j = 0,
j


3/2

ib
∂ δ jib /∂ ubzj +
mbj übzj + K ib
j δj
 3/2
+ K ob
δ job
∂ δ job /∂ ubzj = 0,
j
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Nb
 3/2
∂ δ job /∂ uox = 0,
+ ∑ K ob
δ job
j
j=1

Nb
 3/2
ib
∂ δ jib /∂ uoy +
mo üoy + ∑ K ib
j δj
j=1

Nb

+∑

j=1

K ob
j



δ job

3/2

∂ δ job /∂ uoy

(13)
= 0,

Nb
 3/2
ib
∂ δ jib /∂ uoz +
mo üoz + ∑ K ib
j δj
j=1

Nb
 3/2
∂ δ job /∂ uoz = Fa ,
+ ∑ K ob
δ job
j
j=1

where e is the eccentricity of the arbor center of mass along its
geometric center of rotation.

3. Simulation results
This research studies the velocity vibration response characteristic of the outer ring in the radial x-direction under an axial
load. The main parameters of ball bearing are listed in Table 1.
In the bearing industry, the periodicity of waviness is defined
as a certain number of undulations per revolution (UPR). In the
bearing dynamic analysis, the mathematical modeling of waviness is a superimposing of the sinusoidal functions as shown
in (14) [1].
W (θ ) =

∞

∑ Al cos (lθ + ϕl ) ,

(14)

where l is the waviness order. The parameter Al is the magnitude of the lth order. θ is the circumferential position. Expressions of θ of pi j , po j , ui j and uoj in (1) and (2) refer to [31]. The
phase ϕl is uniformly distributed over the interval [0, 2π].

j=1

Nb

j=1

l=1

Nb
 3/2

ib
∂ δ jib /∂ uix +
mi + mr üix + Ksx uix + ∑ K ib
j δj



= mi + mr × e × ωi2 cos (ωit) ,

Nb
 3/2
ib
mo üox + ∑ K ib
∂ δ jib /∂ uox +
j δj

(12)

Table 1
Main parameters of ball bearing
Number of the rolling element, Nb

17

Rolling element diameter, Db

3.175 mm

Density of the rolling element, ρb

7800 kg/m3

Pitch diameter, Dm

26 mm

Groove curvature coefficient of the outer race, fo

0.535

Groove curvature coefficient of the inner race, fi

0.545

Initial contact angle, α0

15◦

When analyzing the influence of the rotational speed on the
bearing vibration response characteristics, the waviness parameters of the bearing component are considered at the same time.
The waviness parameters of bearing components have the following characteristics:
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(1) The waviness order is finite. According to JB/T 6642 (the
standard of China), the outer raceway has a maximum order of
250. The inner raceway and rolling element waviness have a
maximum order of 150.
(2) Fig. 4 showed the measurement waviness profile of the
inner raceway of an angle contact rolling bearing and its discrete Fourier transform. The higher the order, the smaller the
amplitude. The relationship between waviness amplitude and
order is satisfied with the following (15) [1].
Al =

A
,
ls

(15)

where the parameter A is the magnitude of the first order. The
exponent s is the amplitude decay for subsequent wave numbers.
(3) Considering the waviness of the inner raceway, outer
raceway, and rolling elements simultaneously, the magnitude
of the first order (A) and the their exponent (s) are the same.

The MATLAB ode23tb is used to solve the nonlinear differential equations ((11)–(13)). The calculation step size is
1 × 10−6 s. RMS of the amplitude of the outer ring velocity
response will be used to evaluate the bearing vibration level.
The response spectrum of the outer ring velocity response is
obtained by FFT.
3.1. Characteristics of principal frequency caused by waviness. The relationship between the waviness order and the
principal frequencies are listed in Table 2. Because both the
cage rotation frequency ( fc ) and the rolling element spinning
frequency ( fb ) are proportional to the inner ring/arbor rotation frequency ( fs ), the principal frequencies are a function of
the inner ring/arbor rotational frequency ( fs ) and waviness order (l). Take waviness order 16 as an example. The principal
frequency is satisfied by the function y = 16 × fc − fc as shown
in Fig. 5. Except for the rotational speed of 800 rev/s, the amplitude of 16 × fc − fc increases with the increase of fs .
Amplitude (m/s)

a)

40

y=16×fc -fc

20
0
8000

6000

4000

2000

Frequency (Hz)

1000
600 800
400
200

Rotational speed (rev/s)

Fig. 5. Influence of rotational speed on the principal frequency in
the radial x-direction (waviness order, amplitude, and phase are 16,
0.5 µm, and 0 rad, respectively)

b)

Fig. 4. a) Waviness measurement of the inner raceway of an angle contact rolling bearing. b) Discrete Fourier transform of waviness profile

3.2. Influence of rotational speed on bearing vibration considering bearing components waviness. When considering
the bearing components waviness, the parameter A of pi j , po j ,
ui j and uo j is 0.25 µm, the decay exponent s of pi j , po j , ui j and
uo j is 4, and the phase ϕl of pi j , po j , ui j and uo j is 0 rad for each
order. The rotational speed is varied in thirty steps in the range
of 33.3–1000 rev/s. Fig. 6 shows the influence of rotational
speed on spectra and RMS of the outer ring velocity response.

Table 2
Relationship between the waviness order and the principal frequencies (the rotational speed is 400 rev/s; Fa = 60 N; Ksx = Ksy =3e7 N/m;
e = 0 µm; waviness amplitude is 0.5 µm; the waviness phase is 0 rad)
Waviness order (l)
Due to outer raceway waviness
The principal
frequencies

Due to inner race waviness
Due to rolling element waviness

n × Nb

n × Nb × fc ± fc
n × Nb × fc

n × Nb × ( fs − fc ) ± fc
n × Nb × ( fs − fc )
–
n × fb

n × Nb + 1

Direction

n × Nb × fc − fc
–

n × Nb − 1

n × Nb × fc + fc
–

Radial
Axial

n × Nb × ( fs − fc ) + fc
–

n × Nb × ( fs − fc ) − fc
–

Radial
Axial

–
–

–
–

Radial
Axial

where fb is the rolling element spinning frequency.
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Frequencies with larger amplitudes, which are represented by
brighter colors in Fig. 6a), do not exceed 30 kHz. RMS of 0–
30 kHz vs. Rotational speed curve and RMS of the full band vs.
Rotational speed curve overlaps as shown in Fig. 6b). 0–30 kHz
as shown by FB1 (Frequency band) in Fig. 6a) are not affected
by the rotational speed.
a)

Frequency (Hz)

0

0.8

800 rev/s

2

0.6

FB 1:

0-30kHz

3
4

0.4
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0
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400
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Rotational speed (rev/s)
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0

1000
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0.03

rev/s

rev/s Full band
0-30 kHz

0.02

300 rev/s

0.01
0

RSR3 :

RSR2 :

33.3-466.7 rev/s

0.04

RMS (m/s)

1
300 rev/s

1

5

b)
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0

rev/s

200

400

533.3
rev/s
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Rotational speed (rev/s)

800
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4. Ball bearing high speed vibration test
Ball bearing vibration test was carried out on rolling bearing
high speed vibration measurement rig, whose design guidelines were based on the GB/T 24610 (the standard of China).
The process of establishing the test rig was in [33]. The
method of the acceleration response measurement of the bearing outer ring was the contact type. This rolling bearing high
speed vibration measurement rig complied with the principle of contact measurement as shown in Fig. 1a). Rotational
speed was continuously variable by using the frequency transformer. The inner ring of tested bearing was driven directly
by the high speed motorized spindle, whose maximum speed
is 1000 rev/s. OptoMET Nova Series Digital Laser Doppler
vibrometer is a noncontact sensor and replaces the contact
sensor for measuring the outer ring vibration. This vibrometer can output displacement, velocity, and acceleration signals.
Rolling bearing high speed vibration measurement rig with OptoMET Nova Series Digital Laser Doppler vibrometer conformed to the principle of bearing vibration measurement in
Fig. 1b). The image of the noncontact and contact measurement of the rolling bearing high speed vibration measurement
rig was shown in Fig. 7. The test bearing was high speed angle contact rolling bearings (7003 series made by FAG). Test
speeds were 25/60/100/200/300/400/500/600 rev/s and an axial load was 60 N. DT9847 was used for data acquisition and
the sampling frequency was 200 kHz. Lubricant oil was MOTOREX SPINDLE LUBE 68.

Fig. 6. Simulated results in the radial x-direction at Ksx = Ksy =
3e11 N/m and e = 0 µm: a) Influence of rotational speed on velocity spectra of the outer ring. b) Influence of rotational speed on RMS
of the outer ring velocity response

However, in FB1 , the distribution of frequencies with larger
amplitudes changes with increasing of rotational speed. The
rotational speed at which the frequency distribution changes
in Fig. 6a) is consistent with the rotational speed at which
the RMS is abrupt in Fig. 6b), namely 300 rev/s, 466.7 rev/s,
633.3 rev/s, and 800 rev/s. When the rotational speed range
(RSR) is 33.3–466.7 rev/s (RSR1 in Fig. 6a)), the distribution of frequencies with larger amplitudes is within 10 kHz–
20 kHz and RMS in RSR1 rises slowly with rotational speed
increasing except for the rotational speed of 300 rev/s. The
frequency bandwidth with larger amplitudes at 300 rev/s is
a little bit wider and RMS of 300 rev/s is outstanding. In
RSR2 , frequencies of larger amplitudes are dispersed in FB1
and RMS increases from 466.7 rev/s to 533.3 rev/s but falls
in 533.3–633.3 rev/s. In RSR3 , except for the rotational speed
of 800 rev/s, the distribution of frequencies with larger amplitudes is bifurcated. RMS in RSR3 declines slowly with rotational speed increasing but the rotational speed of 800 rev/s.
This is because the condition of frequencies with larger
amplitudes at 800 rev/s is similar to that of RSR2 . Therefore, RMS of 800 rev/s is larger than RMS of other speed
in RSR3 .
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Fig. 7. Noncontact and contact measurement of the rolling bearing
high speed vibration measurement rig

The test bearing is connected to the drive spindle and the
loading tool. In addition to the bearing itself, the vibration of
bearing outer ring is mainly superimposed on the vibration of
the contact part of the bearing and the vibration generated by the
interaction between parts of the system, such as the loading tool
in contact with the outer ring, the inner ring mounted on drive
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spindle’s rotor, which is also supported by multiple bearings,
as well as the influence of misalignment between the externally
applied load and the spindle axis of rotation. Fig. 8 shows the
frequency-domain comparison of contact and noncontact measurements at 400 rev/s. It can be seen from Fig. 8 that high multiple harmonic frequencies of the rotational speed are prominent
in the response spectrum of the contact measurement, but not
in the response spectrum of the noncontact measurement. This
means that for the contact measurement, at high speed the influence of the system components on the vibration of the bearing
itself is much more obvious than those of the noncontact measurement. Therefore, from the perspective of analyzing the vibration characteristics of the bearing itself, the noncontact measurement is far more suitable than the contact measurement to
evaluate the bearing vibration level at high speed.
contact measurement
noncontact measurement

5
fs
0

10f s

20f s

0

1

30f s
40f s

50f s
2

3

Frequency (Hz)

4

5
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N b ×f c -f c

2
0

0

N b ×f c +f c

2000

4000
6000
Frequency (Hz)

2

-f c

0

0
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0
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10000

+f c

4000
6000
Frequency (Hz)

Fig. 10. Simulated velocity response spectra of the outer ring due to the
inner and outer raceway waviness of order l = Nb when the outer ring
is subjected to 10 N x-radial force and 60 N z-axial force at 400 rev/s:
a) Waviness in the outer raceway. b) Waviness in the inner raceway
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4.1. Validation of ball bearing model. At 400 rev/s, the velocity spectrum of the test bearing is shown in Fig. 9. Running speed is a little different from theoretical speed. There is a
clear rotational frequency ( fs ≈ 399 Hz) and a double frequency
(2 fs ≈ 798.8 Hz). Harmonics of rotation frequency (3 fs , 4 fs ,
5 fs , 6 fs ) also exist. According to Table 2, there are principal frequencies, such as Nb × fc + fc , Nb × ( fs − fc ) − fc and
Nb × ( fs − fc ) + fc .
However, in Fig. 9, there are Nb × fc and Nb ×( fs − fc ), which
are not in Table 2. This is because the outer ring is not tilted under an axial force in the theoretical calculation. However, in the
experiment, the axial force is not aligned with the arbor axis

N b ×f c

4

#104

Fig. 8. Comparison of outer ring response spectra of contact and noncontact measurements at 400 rev/s

8

6

a)
Amplitude (mm/s)

Amplitude (m/s 2)

10

and the outer ring is deflected, when an axial force is applied.
These are the same as variable compliance vibration [34, 35].
This phenomenon can be confirmed by theoretical calculation.
A 10 N radial load in the x-direction of the outer ring is applied.
When the order of the inner and outer raceway waviness is Nb
respectively, the simulated results show in Fig. 10. There are
Nb × fc , 2 × Nb × fc in Fig. 10a) and Nb × ( fs − fc ) in Fig. 10b).
These show that the simplification of the bearing model is reasonable. On the other hand, the rolling bearing high speed vibration measurement rig can be used to measure the bearing
vibration characteristics caused by waviness, which indicates
that the bearing outer ring vibration response obtained by the
experiment reflects the vibration characteristics of the individual bearings to some extent.

0
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1000
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1500
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Frequency (Hz)
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3500
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Fig. 9. Outer ring velocity response spectrum of at 400 rev/s on the rolling bearing high speed vibration measurement rig
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4.2. Experimental results. As shown in Fig. 9, fs and 2 fs are
prominent. To eliminate the effects of arbor eccentricity and
misalignment external load, the lowest cutoff frequency is 2 fs .
Fig. 11 shows the experimental results of spectra and RMS of
the outer ring velocity response. Compared with Fig. 6, experimental and simulated results exhibit similar and different behaviors. Below 300 rev/s, the minimum frequency band, whose
RMS is almost equal to RMS of the full band, is 0–30 kHz, as
shown by FB2 in Fig. 11a). After the rotational speed exceeds
300 rev/s, the difference value between RMS of 0–30 kHz and
RMS of the full band gets larger. In FB2 , frequencies with larger
amplitudes are mainly distributed around 15 kHz and around
25 kHz, which is different from the case where the distribution
characteristic of the frequencies with larger amplitudes in FB1
of Fig. 6a) change as the rotational speed increases. These frequencies with larger amplitudes, which are not affected by the
rotational speed either, have been confirmed to be the natural
frequencies of the bearing system [15, 16]. On the other hand,
the tendency of RMS – rotational speed curve in Fig. 11b) is
also similar to that of Fig. 6b). The differences are that rotational speed corresponding to maximum RMS in Fig. 11b) is
300 rev/s, while in Fig. 6b) this rotational speed is 533.3 rev/s,
and that the value of RMS of the outer ring velocity response
of the experimental results is significantly different from the
RMS of the outer ring velocity response of the simulated results. Because the bearing model has simplified many of the
effects of the test rig, compared to the experiment, the theoretically calculated outer ring vibration response is more reflective
a)
Frequency
Frequency (Hz)
(Hz)

44
0 #10

0.04
FB 22 : 0-30 kHz

5

10

0.02
300 rev/s
30

60

100

RMS
RMS (mm/s)
(mm/s)

400

500

600

0

2f s -100kHz
s
2f s -30kHz
s

1

300
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0.5
0

300

Rotational speed (rev/s)

1.5

b)

200

0

100
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400

Rotational speed (rev/s)
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Fig. 11. Experimental results in radial x-direction: a) influence of rotational speed on spectra distribution of the outer ring velocity response
(frequency band: 2 fs − 100 kHz), b) influence of rotational speed on
RMS of the outer ring velocity response
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of the structural vibration of the individual bearing itself. When
the bearing becomes part of a larger assembly, the measured
bearing outer ring vibration response contains various vibration response originated each one of the parts of the system.
The vibration of rotating rolling bearings is a complex physical
phenomenon dependent on the conditions of operation, and a
change in the rotational speed alone causes a strong change in
the excitation of the dynamics of all parts of the system [17–19,
36]. These lead to significant differences between theoretical
and experimental results.
Simulated and experimental results are of great importance
to the high speed vibration evaluation of rolling bearings.
Firstly, it is well known that one of the primary goals of bearing vibration measurement is the ability to evaluate the characteristics of waviness. In ISO 15242, at the default measurement speed (30 rev/s), the total analytical frequency (TF)
band is from 50 Hz to 10 000 Hz, and it is also divided into
three frequency bands: low frequency (LF) band is 50–300 Hz,
medium frequency (MF) band is 300-1800 Hz, and high frequency (HF) band is 1800–10 000 Hz. Principal frequencies
caused by waviness are proportional to rotational speed. Therefore, when tested speed is increased, all frequency bands have
to be expanded in the same proportion theoretically to include the frequency characteristics caused by the waviness.
Because these periodic frequencies are proportional to rotational speed, based on the characteristics of node frequencies of default analysis frequency band of 30 rev/s, the cutoff frequencies of these bands could be converted into parameters depended on the rotational speed, namely 2 fs − 300 fs
(TF band), 2 fs − 10 fs (LF band), 10 fs − 60 fs (MF band) and
30 fs − 300 fs (HF band). Fig. 12 shows the experimental velocity response spectrum of 0–300 Hz at 25 rev/s. It also demonstrates that vibration characteristics caused by waviness can
be reflected in 0–300 Hz. Therefore, the division of the frequency band will depend on the test speed. For the tested
bearing, at high speed and low speed, 2 fs − 10 fs is helpful to analyze the frequency characteristics caused by the
waviness order which is close to the number of rolling elements.
While the maximum cutoff frequency of TF at high speed
will get great larger than that of 30 rev/s, for example, at
400 rev/s, the maximum cut-off frequency is 120 kHz, and the
sampling frequency will be more than 240 kHz, which will be
beyond the capability of most acquisition systems. The results
of Fig. 6 and Fig. 11 show that the frequency bandwidth close
to the vibration energy of the full band is limited. The cut-off
frequency of FB1 and FB2 is much lower than 120 kHz. RMS
of the frequency band is equal to that of the full band and reflects the influence of rotational speed on the bearing vibration
level. On the other hand, according to [1] and the characteristics of the measured waviness in Fig. 4, the higher the order
of waviness, the smaller its amplitude. The smaller the waviness amplitude is, the lesser the impact on the amplitude of the
bearing vibration response [13]. Therefore, it is not necessary
to satisfy the theoretical maximum cutoff frequency of TF. For
example, for the tested bearing, the maximum cutoff frequency
of TF could be 30 kHz at high speed.
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Fig. 12. Outer ring velocity response spectrum at 25 rev/s on BVT-5 (standard rolling bearing vibration measurement instrument made
by HANGZHOU BEARING TEST & RESEARCH CENTER CO., LTD.)

5. Conclusions
According to the principle of bearing vibration measurement,
a 2Nb + 5DOF dynamic nonlinear model of the ball bearing is
proposed. The mathematical bearing model involves the motions of the inner ring in the radial XY plane, the outer ring and
rolling elements in the radial XY plane and axial Z direction.
Bearing components waviness and rotational speed are considered into the ball bearing model. In the case where the inner
ring raceway, outer ring raceway, and rolling elements waviness are considered at the same time, characteristics of response
spectra and RMS of ball bearing vibration with the increase
of the rotational speed are discussed. The vibration experiments of a high speed bearing are performed on the ball bearing high speed vibration measurement rig under low, medium
and high speed. After eliminating the effects of the rotational
frequency and its double frequency, simulated and experimental results showed that the width of the minimum frequency
band whose RMS is almost equal to RMS of the full band is
not influenced by the rotational speed, while RMS of the full
band will fluctuate with the increase in rotational speed. This
width of the minimum frequency band affects the choice of
the sensor’s performance parameters and vibration measurement mode and determines the analysis frequency bandwidth
of the evaluation method of bearing high speed vibration measurement, which has a great significance for engineering applications.
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