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Unbalanced fault is the most common fault of high-speed motorized spindle, which is the main factor affecting the machining
accuracy of high-speed spindle. Due to the unbalanced magnetic pull produced by the air gap eccentricity of the stator and rotor,
the unbalanced vibration of the motorized spindle will be further aggravated. In order to explore the dynamic behavior and
motion law of the unbalanced fault motorized spindle under the eccentric state, a dynamic model of the unbalanced fault of the
high-speed motorized spindle considering the unbalanced magnetic pull was established. Taking the eccentric motorized spindle
customized by the research group as the research object, the dynamic model is established, simulated, and analyzed, and the
response change law of motorized spindle under the effect of different speed, unbalance, and air gap is obtained. *e simulation
results show that the unbalanced magnetic pull caused by static eccentricity will increase the unbalanced vibration of motorized
spindle, and the unbalanced vibration will also increase with the increase of static eccentricity.*e vibration caused by unbalanced
magnetic pull does not increase with the increase of rotating speed. In frequency-domain analysis, when there is unbalanced
magnetic pull, the peak appears at 0Hz, and the amplitude of fundamental frequency vibration will increase with the increase of
eccentricity.*e experimental results show that the greater the eccentricity is, the greater the unbalance vibration of the motorized
spindle is. *e experimental results are consistent with the simulation results, which further verify the accuracy of the model. *e
research results lay a theoretical basis for fault analysis and diagnosis of coupling fault motorized spindle.

1. Introduction

In recent years, with the development of high-end
manufacturing and processing in the direction of high speed
and high precision, higher processing requirements have
been put forward for high-end CNC machine tool. As the
core component of CNC machine tools, the operation ac-
curacy and performance of the motorized spindle unit are
the key to high-speed and high-precisionmachining. During
the operation of the motorized spindle, it will be subject to
the coupling effect of the structure and the electromagnetic
field. Due to installation errors and machining accuracy, the
geometric center of the stator and rotor will have position
eccentricity. *us, the air gap distribution inside the mo-
torized spindle is not uniform, which will lead to the result
that unbalanced magnetic pull is generated; and unbalanced

mass of the rotating spindle itself will also cause unbalanced
vibration of the motorized spindle during operation. *ese
will affect the machining accuracy of the motorized spindle
and more seriously may cause equipment failure. To solve
the unbalanced fault caused by the eccentricity of the mo-
torized spindle and the position eccentricity of the stator and
rotor is the key issue to improve the machining quality of the
machine tool. So it is vital to deeply study the dynamic
behavior of the unbalanced fault of the motorized spindle
under eccentricity.

In recent years, the vibration and fault dynamics of
rotors similar to motorized spindle have always been a
research hotspot in the field of rotor vibration, and a large
number of scholars have carried out in-depth research. Liu
proposed an improved dynamic model for unbalanced high-
speed motorized spindle considering the internal clearance
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and air magnetic field energy [1]. Shi studied the orbit-
spinning behaviors of the outer ring in a full ceramic ball
bearing-steel pedestal system in wide temperature ranges
[2, 3]. Shan et al. established a high-speed motorized spindle
bearing-rotor dynamics model and analyzed the relationship
between high speed and the transfer function of the milling
cutter tip point [4]. Phadatare and Pratiher conducted a
nonlinear dynamic analysis of a lightweight flexible rotor-
disk-bearing system with geometric eccentricity and mass
unbalance [5]. Wang and Jiang used Runge-Kutta method to
successfully numerically solve the control equation of the
dual-rotor system with unbalanced and unaligned coupling
faults [6]. Qiao and Zhu studied the unbalanced vibration of
the grinding wheel and provided a theoretical basis for
dynamic balance [7]. Bab et al. studied the influence of mass
eccentricity and surrounding medium damping on the
steady-state response of the system [8]. Yue et al. found that
mass eccentricity can increase the rotor vibration and
weaken the influence of unbalanced magnetic pull and make
the vibration tend to be regular [9]. Kong et al. studied the
effect of mass eccentricity on the unbalanced response of
induction motors through modeling [10]. Gao et al. studied
the effect of unbalanced magnetic pull and mass eccentricity
on the vibration of the motorized spindle but did not
consider the influence of the gyro torque [11]. Faiz et al.
proposed an analysis method that combines the concept of
double penetration and superposition, which can predict the
air gap magnetic field distribution of a surface-mounted
permanent magnet motor with an eccentric air gap [12]. Xu
et al. studied the nonlinear response of the rotor when the
rotor is eccentric [13]. Tang et al. studied the stator vibration
characteristics of the turbo generator under normal oper-
ating conditions and the combined fault of air gap eccen-
tricity and rotor turn-to-turn short circuit [14]. Zuo et al.
analyzed the excitation source using the finite element
method and the effect of the unbalanced magnetic pull on
the longitudinal dynamics evaluation index influences [15].
Liu et al. studied the mechanical coupling and magnetic
coupling of permanent magnet synchronous motors [16].
Boy and Hetzler studied the lateral stability behavior and
static torque characteristics of magnetic eccentricity [17]. Liu
established a Jefferson rotor model considering the static
radial eccentricity and studied the effect of unbalanced
magnetic pull on the eddy of permanent magnet synchro-
nous motors [18, 19]. Kumar and Kalita studied the causes
and control methods of unbalanced magnetic pull [20].
Chen et al. studied the magnetic model of the motor [21].
Xiang et al. studied the influence of UMP on the nonlinear
dynamic characteristics of permanent magnet synchronous
motor rotor system [22]. Tang et al. analyzed the influence of
radial air gap eccentricity on the radial unbalanced magnetic
pull and vibration characteristics of the turbine generator
rotor when the number of pole pairs is 1 [23]. Werner
explained how to consider electromagnetic field damping
when analyzing the forced vibration caused by eccentricity
[24]. In summary, the research on rotor failure dynamics
and vibration has formed a good theoretical basis. However,
there are few studies on coupling faults mainly based on
unbalanced magnetic pull between stator and rotor of

motorized spindle. *erefore, it is of great significance to
study the causes of unbalanced magnetic pull and its in-
fluence on rotor vibration.

In the above studies, most of the researches on air gap
eccentricity to rotor bearing system are focused on motor.
However, due to the complexity of the structure of mo-
torized spindle, in particular the influence of unbalanced
magnetic pull caused by eccentricity between stator and
rotor on vibration cannot be ignored. With the increase of
speed of motorized spindle, the operation stability of mo-
torized spindle will be more affected, thus affecting the
processing quality. In this paper, the expression of unbal-
anced magnetic pull of motorized spindle is derived first,
and then a fault dynamic model of unbalanced magnetic pull
coupling with mass eccentricity considering gyroscopic
moment is established based on Lagrange method. *e
customized motorized spindle is taken as the research object
to carry out simulation analysis. *e influence of mass ec-
centricity, air gap eccentricity, and speed on the vibration
characteristics of the spindle is discussed in detail. *e re-
search results of this paper provide certain theoretical ref-
erence for fault diagnosis, early prediction, and further
dynamic balance regulation of coupled faulty motorized
spindle.

2. Dynamic Modeling

2.1. "e Mechanism of Unbalanced Magnetic Pull. *e
matching structure diagram of the motorized spindle stator
and rotor is shown in Figure 1.*ere is a millimeter-level air
gap between the rotor and stator. *e main reason for
unbalanced magnetic pull is the asymmetry of magnetic field
between the stator and rotor, which leads to the asymmetry
of magnetic pull force of rotor in radial direction, and
unbalanced force produces force biased to one side. *e
uneven distribution of the air gap is the main reason for the
uneven distribution of the magnetic field. When the geo-
metric centers of the stator and rotor do not coincide, the
uneven air gap around the rotor will occur; and because it is
impossible to make the stator and rotor geometric center
overlap even after rigorous testing and calibration, the
unbalanced magnetic pull is inevitable.

2.2. Magnetic Pull Model of the Motorized Spindle. A brief
diagram of static eccentricity of rotor section of motorized
spindle is shown in Figure 2. *e large circle represents the
internal measurement of the stator, and the small circle
represents the outside of the rotor. *e air gap of the ec-
centric rotor can be approximately expressed as

δ(α, t) ≈ δ0 − r cos(α − c), (1)

where δ0 denotes the average air gap width of the motorized
spindle, α and r denote the angle of any position and the
static eccentric distance of the rotor, respectively, and c

denotes the static eccentric angle of the rotor.
*e expression to expand the air gap into a series is
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*e air gap fundamental magnetomotive force can be
calculated by

F(α, t) � Fj cos(ωt − pα), (4)

where p denotes the number of pole pairs of the motor, Fj

denotes the fundamental magnetomotive force of the rotor
exciting current, and ω denotes the electrical frequency.

*e expression of the air gap distribution is

B � μ0
F

δ
� Λ(α, t)F(α, t), (5)

Ignoring the smaller magnetic close component, the
Maxwell stress of the normal component is

σ �
B
2

2μ0
. (6)

*e expression of the unbalanced magnetic pull can be
derived by integrating the above formula on the rotor
surface.
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Figure 1: Motorized spindle diagram.
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Figure 2: Rotor static eccentricity diagram.
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where R represents the rotor radius, L represents the axis
length, c represents the static eccentricity angle, Fx and Fy

represent the magnetic pull in x direction and in y direction,
respectively, f1, f2, f3, and f4 represent the magnetic pull,
respectively, and n represents the unbalanced tension series.

2.3. Dynamic Model. Due to manufacturing and material
reasons, even if the motorized spindle rotor is dynamically
balanced, there will still be unbalanced mass. *ese un-
balanced masses will cause unbalanced vibration when ro-
tating at high speeds, so the impact of unbalanced masses
cannot be ignored. *e expression of the centrifugal force
produced by the unbalanced mass is

Fc � mω2
e, (8)

where m denotes the unbalanced mass and ω denotes the
speed of the rotor.

Since the length of spindle is short and the stiffness is
high, the influence of bearing stiffness on the operation of
the motorized spindle can be ignored, and the four-degree-
of-freedom rotor model shown in Figure 3 is used, where (x,
y, θx, θy) are the degrees of freedom, x and y are the lateral
displacement and longitudinal displacement of the geo-
metric center of the rotor, respectively, and (θx, θy) are the
corner of the disc. A rotor with a disc not in the middle of the
spindle will generate gyroscopic torque when the rotor
rotates. *erefore, the influence of gyro torque cannot be
ignored. *e angle between the axis of the disc and the
connecting line AB at both ends of the rotor is φ, the ro-
tational angular velocity of the rotor is Ω, the rotor moment
of inertia is Jd, and the polar moment of inertia is Jp � 2Jd.
*e momentum moment of the rotor is

H � JpΩ � 2JdΩ (9)

Suppose that the plane formed by the axis of the disc and
the connection AB has an angular velocity ωn. Because the
momentummoment of the precession disc H will constantly
change direction, there is a moment of inertia

M
⇀

� − ωn × H(  � H × ωn � JpΩ × ωn. (10)

*e direction is perpendicular to O‘AB, and the size is

M
⇀

� − ωn × H(  � H × ωn � JpΩωn sin ϕ. (11)

*is moment is called the gyro moment or turning
moment. It is the moment of the disc acting on the spindle.
Because φ is smaller, sin φ ≈ φ. *e above formula can be
written as

M
⇀

� JpΩωnφ. (12)

*e dynamic differential equations of the motorized
spindle rotor are derived based on Lagrange method.
Lagrange’s equation is

d
dt

zT

z _qj

  −
zT

zqj

� Qj, j � 1, 2, . . . , n. (13)

Let the coordinates of the center of gravity be
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Let the generalized coordinates be q1 � x, q2 � y, and
q4 � θy, and the generalized force can be calculated by

Q1 � −k11x − k14θy − c11 _x + Fx,

Q2 � −k11x + k14θy − c11 _y + Fy,

Q3 � k14y − k11θx − c33
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Q4 � −k14x − k11θy − c33
_θy.
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*e dynamic differential equation of the rotor is ob-
tained by substituting equations (14)–(16) in equation (13):

m€x + c11 _x + k11x + k14θy � meΩ2 cos Ωt + Fx,
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(17)

In the equation, m denotes themass of the disk, e denotes
the eccentricity distance of the mass, and k11 denotes the
force applied at o′ point when the center of the disk has a
unit displacement in the x direction. k14 denotes the force
applied at a point o′ along y direction when unit rotation
angle is available on axis o′y. k33 refers to the force applied at
a point along x direction when there is a unit rotation angle
around the axis o′x. c11 is the damping of point o′ when it
has a displacement in the x direction, and c33 is the damping
of point o′ when it has a turn around the x-axis.
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Figure 3: Schematic diagram of a 4-DOF rotor.
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3. Analysis of Unbalanced Vibration
Characteristics of the Eccentric
Motorized Spindle

*e dynamic model of eccentric mass and unbalanced
magnetic pull coupling fault motorized spindle is established
by Lagrange method and solved numerically by the fourth-
order Runge-Kutta method based on MATLAB. In the
established model system, the effects of relative eccentricity
on unbalanced magnetic pull, mass eccentricity e and static
eccentricity r on axis track, and unbalanced vibration are
analyzed, respectively. Vibration response law is obtained by
processing parameters such as rotating speed v, mass ec-
centricity e, and static eccentricity r. Vibration character-
istics of motorized spindle under mass eccentricity and air
gap eccentricity are further understood through analysis
results. *e customized HT-170-20000-11 eccentric mo-
torized spindle is used as the research object. Table 1 gives
some parameters of the motorized spindle. For comparison,
the static eccentric angle of the rotor is set to c � (π/4).

3.1. Effect of Relative Eccentricity on Unbalanced Magnetic
Pull. *e relationship between relative eccentricity and air
gap permeability coefficient is given in Figure 4. From the
figure, it can be seen that the relative eccentricity and the air
gap permeability coefficient are nonlinear. As the relative
eccentricity increases, the air gap permeability coefficient
also increases; and the increase rate is becoming faster and
faster when the relative eccentricity is getting closer and
closer to 1, because the air gap on one side of the rotor is
close to infinity, which causes the magnetic pull on one side
to rise sharply.

From Figure 5, it can be concluded that when the relative
eccentricity is less than 0.7, the unbalanced magnetic pull
and the relative eccentricity are roughly linear, but when the
relative eccentricity is close to 1, the unbalanced magnetic
pull rises sharply and appears infinite, which is related to the
increase of air gap permeability coefficient. *e air gap
permeability coefficient increases sharply when the relative
eccentricity is close to 1, which increases the unbalanced
magnetic pull to infinity. It will cause serious vibration of the
motorized spindle and affect the stable operation of the
motorized spindle.

3.2. Vibration Analysis in Time and Frequency Domains.
Figures 6 and 7 are the frequency-domain and time-domain
waveform diagrams of the motorized spindle at 6000 r/min
and 12000 r/min, and the mass eccentricity is 5 μm. *e
static eccentricity is 0 μm, 30 μm, and 100 μm. When the
static eccentricity in the frequency-domain diagram is 0 μm,
the frequency-domain diagram has a peak at 100Hz, and
when the static eccentricity is added, a peak appears at about
0Hz. *is part of the peak value is caused by unbalanced
magnetic pull, which is a manifestation of the effect of
unbalanced magnetic pull on the vibration of motorized
spindle. When the speed increases by 12000 r/min, the main
peak position moves to about 200Hz, and the peak value

increases. To compare the two time-domain diagrams, it can
be concluded that, with the appearance of static eccentricity,
the initial phase of unbalanced vibration increases, and the
amplitude of unbalanced vibration decreases in the positive
direction and increases in the negative direction. *is is
consistent with the analysis results of the axis trajectory.
With the increase of rotating speed, the time-domain dia-
grams coincide, and the effect of unbalanced magnetic pull
weakens. Mass eccentricity becomes the main interfering
factor.

3.3. Axis Track Analysis. Figure 8 shows the simulation axis
track under the condition of rotating speed of 5000 r/min,
mass eccentricity of 0.0001m, and static eccentricity of

Table 1: Structural parameters of motorized spindle.

Parameter Size
Spindle length L � 0.26m
Material elastic modulus E � 2.1 × 1011(N/m2)

Material density ρ � 7.85 × 103(kg/m3)

Rotor disc thickness T � 0.13m
Rotor radius R � 0.04m
Air gap width δ0 � 0.003m
Number of motor pole pairs p � 6
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0.0001m. Vibration occurred within a certain range, and the
unbalanced magnetic pull changed the motion state of the
motorized spindle rotor. By comparing Figure 8(b) with
static eccentricity occurring at 45° and Figure 8(c) with static
eccentricity occurring at 225°, it can be seen that when static
eccentricity occurs at 45°, the axis trajectory shifts to the
lower left. But when the eccentricity occurs at the position of
225°, the axis track shifts to the upper right, which shows that

the unbalanced magnetic pull pushes the rotor to the side
with larger air gap.

3.4. Vibration Analysis without Static Eccentricity. *e rotor
static eccentric distance r is set to zero. *e amplitude along
the X direction of the rotor is analyzed when the rotating
speed increases under three unbalanced conditions: mass
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Figure 6: Time-domain and frequency-domain waveforms with mass eccentricity of 5 µm at 6000 r/min and different air gap eccentricity.
(a) Time domain. (b) Frequency domain.
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air gap eccentricity. (a) Time domain. (b) Frequency domain.
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eccentricity e is 5 micron, 10 micron, and 15 micron, re-
spectively. It can be concluded from Figure 9 that when the
mass eccentricity is constant, the amplitude of the motorized
spindle rotor increases with the increase of the speed, and
the higher the speed is, the greater the amplitude of the
unbalanced amplitude is. At the same speed, as the mass
eccentricity increases, amplitude also increases, and the
higher the speed is, the greater the amplitude of unbalanced
vibration is. *is is because the unbalanced force produced
by the unbalanced mass has a square relationship with the
speed, and the slope will gradually increase.

When the rotor static eccentric distance r is zero and the
rotating speed is 10000 r/min and 20000 r/min, the variation
of the amplitude of unbalanced vibration of motorized
spindle with the increase of mass eccentricity is obtained.
Figure 10 shows that the amplitude of the unbalanced vi-
bration increases linearly with the increase of the mass
eccentricity at the same speed, and, under the same mass
eccentricity, the amplitude increases with the increase of the
speed, and the higher the speed is, the greater the amplitude
of unbalanced vibration is. *is is also consistent with the
model: the mass eccentricity and the unbalanced force
produced by the eccentric mass have a linear relationship.

3.5. Effect of Static Eccentricity on Unbalanced Vibration.
Effect of different mass eccentricity and static eccentricity on
unbalanced vibration of motorized spindle is analyzed.

Figure 11 shows that the vibration of the motorized spindle
increases with the increase of the speed under the same static
and mass eccentricity, and the increase of unbalanced vi-
bration shows an upward trend, and the higher the rotating
speed is, the greater the amplitude increase is. With the
increase of unbalanced magnetic pull and static eccentricity,
the vibration also increases. *e three figures show that the
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Figure 8: Orbit of spindle center. (a) No static eccentricity. (b) Static eccentricity at 45°. (c) Static eccentricity at 225°.
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unbalanced vibration increases as the mass eccentricity
increases.

*e change of unbalanced vibration with the increase of
rotor static eccentricity under different mass eccentricity at
speeds of 5000 r/min and 30000 r/min is analyzed. *e vi-
bration increases as the static eccentricity of the motorized
spindle increases linearly, as shown in Figure 12. Under the

same speed and static eccentricity, the amplitude of un-
balanced vibration increases with the mass eccentricity.

*e increase of unbalanced vibration with mass ec-
centricity under the same static eccentricity is analyzed when
the rotating speed is 5000 r/min and 10000 r/min. At the
same speed and static eccentricity of the rotor, as the mass
eccentricity increases, the unbalanced vibration increases
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Figure 11: Effect of different static eccentricity on vibration with mass eccentricity of (a) 10 µm, (b) 20 µm, and (c) 30 µm.
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and rises linearly, as shown in Figure 13. Under the same
mass eccentricity and speed, the unbalanced vibration
amplitude increases with static eccentricity.

*e effect of unbalanced tension on the vibration of the
motorized spindle rotor is calculated when there is no mass
eccentricity in the motorized spindle. In Figure 14, r is the
static eccentricity of the rotor spindle, and the unbalanced
magnetic pull is proportional to the static eccentricity.
Figure 14 shows that the influence of unbalanced magnetic
pull on unbalanced vibration has nothing to do with the

speed and only depends on the size of the static eccentricity
of the rotor spindle, which increases with the increase of the
static eccentricity.

4. Experimental Verification

*e experiment uses the motorized spindle test platform
shown in Figure 15 for experimental verification. *e mo-
torized spindle is two customized HT-170-20000-11 ec-
centric motorized spindles with air gap eccentricity of
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Figure 12: Effect of static eccentricity on vibration under different mass eccentricity at (a) 5000 r/min and (b) 30000 r/min.
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Figure 13: Effect of mass eccentricity on vibration at the rotating speed of (a) 5000 r/min and (b) 30000 r/min.
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0.1mm and 0.15mm. In the experiment, a laser vibrometer
of Germany’s Polytec GmbH company model OFV-
50555000 Xtra is used to measure the unbalanced vibration
of the motorized spindle during operation. Because of the
limitation of actual experimental conditions, the experiment
mainly reflects the vibration of the rotor by monitoring the
exposed rotating spindle at the end of the motorized spindle.
*e data display instrument is used to export the experi-
mental data.

*e experiment uses 0.1mm and 0.15mm static ec-
centric HT-170-20000-11 motorized spindles and carries
out the vibration experiment of the motorized spindle with
increasing speed. *rough the experiment, it can be con-
cluded that the vibration caused by the static eccentricity of
the motorized spindle fluctuates in a certain small range
with the increase of the speed, but it can be regarded as
basically unchanged because of the more external influ-
ence. As the static eccentricity increases, the unbalanced
vibration will increase. *is matches the simulation result.
Figure 16 shows the comparison between simulation and
experiment under different static eccentricity. *rough
comparison, the experiment and simulation are roughly
consistent within a small range, and the model has a high
accuracy.

Figure 17 shows the time-domain waveform diagrams
and frequency-domain diagrams of the motorized spindle at
12000 r/min obtained from the experiment. When the static
eccentricity increases, the amplitude of the unbalanced vi-
bration also increases with it. In the frequency-domain
diagram, since the motorized spindle has a slight mass ec-
centricity, a peak appears in the fundamental frequency.
When the static eccentricity increases, the amplitude of the
unbalanced vibration also increases. Because of the static
eccentricity, peak value appears at 0Hz, which is consistent
with the simulation results.

5. Conclusions

*e mechanism of unbalanced magnetic pull force is ana-
lyzed, and the influence of gyroscopic moment is considered.
A dynamic model of eccentric mass and unbalanced mag-
netic pull coupling fault motorized spindle is established by
Lagrange method. *rough the simulation analysis of the
model and the comparison with the experiment, the in-
fluence of unbalanced magnetic pull on unbalanced vibra-
tion of the spindle does not increase with the speed of the
spindle but is only related to the eccentric distance. *e
larger the eccentric distance is, the greater the vibration will
be. When the relative eccentricity approaches 1, an infinite
unbalanced magnetic pull will occur, and the unbalanced
vibration of the rotor will deviate to the direction of large air
gap. When there is mass eccentricity, the amplitude of
unbalanced vibration increases with the increase of speed.
When the speed is constant, the amplitude increases linearly
with the increase of mass eccentricity. *rough the above
analysis, the coupling dynamic behavior of eccentric faulted
motorized spindle under the influence of unbalanced
magnetic pull is revealed.
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