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Abstract: The performance of a spindle will gradually decline, the vibration intensity will increase,
and the temperature rise will become abnormal with the accumulation of service time. Consequently,
the accuracy of the machining product will not meet its production requirements. Studies on the
variation characteristics of the spindle unit have clarified the reasons for its abnormal vibration
and temperature rise, in principle, to help enterprises conduct preventive maintenance before any
serious failure occurs and improve production efficiency. Based on the Timoshenko beam model
and rotor dynamics theory, this study uses the finite element method (FEM) to analyze the vibration
characteristics of the spindle rotor system. Moreover, it thoroughly analyzes the influence of the
spindle bearing heat on the stiffness of the spindle system and identifies the resonance conditions
of the spindle rotor within the power frequency range. This research has identified that when the
vibration frequency of the spindle operates at a speed of 12,000 r/min, if its vibration frequency is
lower than 200 Hz, it will be affected by abnormal vibrations during startup, which will weaken
the health status of the spindle and reduce its service life. Similarly, when the working speed of the
spindle is 30,000 r/min, if its vibration frequency is lower than 50 Hz, abnormal vibration will occur

during startup and operation, thereby reducing its service life.
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16,1468. https://doi.org/10.3390/ A spindle will experience varying degrees of thermal deformation in various parts
sym16111468 under the combined influence of internal and external heat sources, an important factor
affecting the machining performance of machine tools. For example, thermal prestress is

generated inside the spindle rotor, accompanied by a certain degree of thermal bending,
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thermal characteristics of the spindle in principle, finding measures to improve its thermal
stability, transforming the thermal expansion of the bearing unit into a factor conducive

to the bearing assembly, and analyzing its thermal vibration characteristics can improve
the machining accuracy and work efficiency of computer numerically controlled (CNC)
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and mechanical interference have a significant impact on the dynamic performance of
the spindle and effective control methods to reduce vibration were proposed to improve
the precision and stability of the ceramic motorized spindle [9]. Jin et al. conducted a
comprehensive analysis using theoretical modeling, simulations, and experiments to study
how these factors affect spindle performance [10]. Alfares et al. used analytical methods to
investigate how temperature changes affect the mechanical behavior and performance of
the system. The authors provided insights into thermal effects on bearing stiffness, load
distribution, and overall spindle dynamics, contributing to a deeper understanding of how
thermal factors can impact spindle-bearing system reliability and performance in practical
applications [11]. Liu et al. developed a detailed analytical model that integrates thermal
influences on system stiffness, vibrations, and load distribution. Through simulations and
dynamic analysis, they explored how temperature changes affect the system’s performance
and stability. The findings provide valuable insights for improving spindle-bearing system
design and operational efficiency by accounting for thermal variations [12]. Zhang et al.
presented a detailed study on how a cooling system impacts the thermal performance of
a spindle, aiming to improve heat dissipation and maintain optimal operating tempera-
tures. Their research provides insights into the design considerations for effective cooling
solutions for high-speed motorized spindles, helping to enhance spindle reliability and op-
erational stability [13]. Dong et al. investigated how initial preload and spindle speed affect
the thermal stiffness of machine tool spindle bearings. The study utilizes fiber Bragg grat-
ing (FBG) sensors to measure temperature and deformation, providing real-time data on
thermal stiffness changes under different conditions. The findings highlight the significant
impact of initial preload and rotational speed on bearing performance, offering valuable
insights for optimizing thermal stiffness and improving the overall reliability of machine
tool spindles [14]. Dinh et al. used analytical models to study the influence of temperature
on spindle dynamics, bearing contact angles, stiffness, and overall system behavior. Their
findings demonstrated how thermal variations can affect the spindle’s operational accuracy
and reliability, providing insights that contribute to optimizing spindle design for enhanced
thermal management and performance [15]. Liu et al. analyzed the influence of various
factors, such as spindle speed, tool geometry, and stiffness, on the dynamic performance of
an assembly, which provided valuable insights into optimizing spindle-tool interactions for
improving the precision and efficiency of optical grinding processes [16]. However, these
models can only qualitatively analyze the dynamic response of the spindle-bearing system
and it cannot be accurately simulated, since the previously mentioned spindle-bearing
system models primarily combine nonlinear stiffness or quasi-static bearing models with
rigid or finite-element spindle models. In summary, the dynamic characteristics of rolling
bearings and the decreased mechanical equipment accuracy due to their heating up can
seriously impact the stability and processing accuracy of mechanical equipment. There-
fore, analyzing the basic dynamic characteristics of such elements using theoretical and
experimental methods is crucial for identifying the primary influencing factors affecting
the dynamic stability of shaft-type mechanical equipment to improve equipment stability
and safety.

Cao et al. investigated the dynamic behavior of a turning electric spindle in a maglev
with a variable mass system. They focused on the impact of changing mass distribution
on the spindle’s performance and stability. The results provide insights into optimizing
spindle design for better performance in variable mass conditions [17]. Shi et al. presented
a dynamic model of an aerostatic spindle that considered shaft deformation. They explored
how shaft deformation influences spindle dynamics, leading to insights on improving
spindle stability and precision in manufacturing processes [18]. Ye et al. investigated
thermo-mechanical deformation in the ball screw system of a machine tool spindle feed
system and provided a model for understanding how thermal effects interact with me-
chanical loads to affect system accuracy, with recommendations for improving spindle
performance [19]. Cao et al. proposed a thermal error prediction model for CNC machine
tool spindles based on linear correlation analysis, which helped improve the accuracy of
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thermal error compensation, enhancing the precision of machining processes [20]. Guo et al.
presented an enhanced algorithm to quickly identify thermal errors in machine tool spin-
dles. The proposed method significantly reduces thermal equilibrium time, enabling more
efficient machining operations by minimizing thermal distortions [21]. Lu et al. developed
a digital twin-based model to predict thermal errors in CNC machine tool spindles. This
approach improves real-time thermal error prediction, enhancing machining accuracy and
reducing the errors caused by thermal deformation [22]. Miao et al. examined the dynamic
behavior of a column-spindle system, taking into account the nonlinear characteristics of
kinematic joints, and provided insights for optimizing machine tool dynamics [23]. Xu
et al. investigated the influence of the pedestal and clearance fit on the dynamic behav-
ior of spindle-bearing systems. Their study highlighted the effects of these factors on
vibration and stability, thereby contributing to improvements in spindle-bearing design
and performance [24]. Tian et al. analyzed the nonlinear vibration behavior of rolling
bearings with a fractured flexible cage. The study revealed the impact of cage fractures
on bearing dynamics, providing insights for detecting and mitigating potential faults in
rolling bearings [25]. Hou et al. investigated the dynamic response of a dual-rotor system
affected by non-concentricity due to inter-shaft bearing positioning deviations. Their study
offers insights into the effects of such deviations on system performance, helping in the
design and alignment of dual-rotor systems to improve operational stability [26]. Liu et al.
explored how manufacturing errors influence the vibration characteristics of high-speed
angular-contact ball bearings. The authors used dynamic analysis to identify the impact
of these errors on bearing performance, thereby contributing to better quality control and
precision in bearing manufacturing [27]. These papers provide a comprehensive overview
of recent advances in spindle vibration analysis, with a focus on both theoretical modeling
and practical monitoring techniques.

This study uses the finite element method (FEM) to analyze the vibration characteristics
of the spindle rotor system. Moreover, it deeply analyzes the influence of the spindle
bearing’s heat on the stiffness of the spindle system and elucidates the resonance conditions
of the spindle rotor within the power frequency range. Additionally, the general law for
the variation of the low-order vibration frequency of the spindle-bearing system with the
stiffness of the supporting bearing is given. This research proposes a new method for
diagnosing spindle faults, which can help researchers to better understand the operating
status of the spindle.

2. Spindle Structure
2.1. Spindle

The most commonly used spindles in the processing of 3C products (computers,
communication, and consumer electronics) can be divided into two types: electric and
mechanical spindles. The electric spindle has a built-in motor to reduce intermediate
transmission links, and the mechanical spindle is connected using an external motor drive.
This section focuses on the finite element modeling method for the spindle structure and
bearing rotor system.

Both types of spindles have advantages and disadvantages. Electric spindles, which
have high rotational speeds, are suitable for processing highly rigid materials but are
difficult to maintain and have high usage costs. Mechanical spindles have simple structures
and are easy to maintain, meeting the processing requirements of most mechanical products
in use. Presently, both types of spindles are widely used, based on project experience. The
general structure of a mechanical spindle is shown in Figure 1. As shown in Figure 2,
mechanical spindles have two driving methods: a transmission belt connection and a
direct motor connection (separate spindle), respectively. For small machining centers, the
maximum working speed of the spindle when connected using the transmission belt is
usually around 15,000 rpm, and the speed of the direct spindle can reach up to 25,000 rpm.
The main limiting factor for the spindle speed is the DN value corresponding to the
spindle bearing.
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Figure 1. Spindle composition structure.
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Figure 2. Spindle connection types.

The following sections will study the vibration characteristics of a spindle system
using the above connection types and with the bearing under thermal load, using FEM
calculations. The dynamic response of the spindle rotor system is usually calculated using
two common methods: the transfer matrix method and FEM. This study adopted FEM.
FEM is a more complex program and requires more computing resources than the transfer
matrix method. However, FEM has greater calculation accuracy and fewer elements for
division than the transfer matrix method. The most important thing is to avoid the possible
numerical instability seen in the transfer matrix method.

The support bearings of the spindle unit can be simplified into the form shown in
Figure 3, with support stiffness in the X and Y directions of Kxx and Kyy, when analyzing
the vibration characteristics of the spindle unit using FEM. The actual spindle rotor system
is an elastic system with continuous mass distribution and infinite degrees of freedom. As
shown in Figure 4, the system was divided into 10 Timoshenko beam elements along the
axis, based on their size characteristics, to perform dynamic analysis using FEM. The rolling
bearing can be simplified as a spring-damper model, with each element connected at the
nodes. Analyzing the first-order natural frequency of the spindle-bearing rotor system
under changing bearing support stiffness conditions has universal significance compared to
calculating its specific natural frequency under known bearing support stiffness conditions
because the actual bearing support stiffness varies with load and operating conditions,
changing the bending vibration frequency of the spindle-bearing rotor unit along with the
changes in bearing support stiffness.

Figure 3. Equivalent model of the bearing.
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Figure 4. Finite element model of the belt-connection spindle.

When FEM was used to analyze the vibration characteristics of the spindle rotor,
displacement u (x, y, z) inside the rotor element could be expressed as a linear product of
the x, y, and z coordinates and the shape function, as follows:

u(x,y,zt) = N(x,y,2)q(t) ©)

Equation (1) can usually be written as follows:

ux(x,y,z,t) N(x,y,z) 0 0 q,(f)
uy(x,y,z,t) p = 0 N(x,y,z) 0 q,(t) 2)
uz(x,y,z,t) 0 0 N(x,y,2z)] | q,(t)

2.2. Simplification of the Spindle Rotation Unit

The spindle rotor in this study can be simplified as a beam element because the axial
scale of the spindle rotor was much larger than the radial physical scale, and the rotor
primarily had bending moments. The beam element can be divided into parts, such as
the Euler-Bernoulli beam, Timoshenko beam, Vlasov beam, universal beam (GB), and
high-order beam, divided according to the degrees of freedom and number of nodes. The
deformation of a beam depends on many factors, like its topological form, structural dimen-
sions, cross-sectional shape, material properties, and load boundary conditions. Reasonable
assumptions and necessary simplifications must be made about the deformation mode of
the beam structure when analyzing its deformation. Generally, the mechanical equilibrium
equation lists partial differential equations based on the material’s constitutive model. The
applied mathematical analysis introduces boundary conditions and loads, followed by the
use of analytical and numerical methods to solve these partial differential equations.

As shown in Figure 5, a simplified Timoshenko beam model was used to analyze the
vibration characteristics of the spindle rotation element in this study. The beam element
had one node at each end, with each node having 6 degrees of freedom and a total of
12 degrees of freedom.
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Figure 5. Beam unit.

In generalized coordinates, the displacement vector of the beam element node can be
represented as follows:

T
q - [uxlr uyll uzlx 4))61 7 (Pyl 7 ()DZ] 7 u.le uyzl uZz/ 4))62/ 47]/2/ 4)22} . (3)

According to the inherent characteristics of the beam element, vector q can be decom-
posed into four components, as follows:
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T T
qa = [uZVuZz}T/ qdr1 = [”xwfpyw”xz/cpyz]T (4)
ar = [¢z,02,] ,  dpy = [y, Prys s Py

The bending vibration behavior of a beam can be represented by complex coordinate
vectors, as follows:

. . . . T
qdr = [”Xl + iy, Py — 1Pxy, Uy + LUy, Py, — lquz} ®)

The shape function adopts the following form to avoid the problem of shear self-locking:

Nyj = 1491 3@%%2@/ lg1+2<1> 11 gq)) 20472
N13 = gq)+134€¢2§2/ N14 = lg 2¢ 1 +§) §+§2 (6)
Ny = 67 % Ny = 14+®(1 13)@4&3@2

—60 5 i 1+¢) Nyy = %%%%2

where ¢ = z/l is the dimensionless coordinate:

 12ELx

GAI2 @

Here, yx is the shear factor and G is the gyroscopic matrix. Equation (2) can be rewritten
as follows:

Uy,
{”x}_ [Nu Niz  Ni N14] Py, (82)
Py N1 N Npg Ny | uy,

(Pyz

My]
{My}: {Nu Niz Nz N14] Px, (8b)
¢x N1 Nz Npz Ny | uy,

Px,

The potential energy equation of the beam element with bending and shear deforma-
tion can be represented as follows:

1 de, deps
Yo (%) (%)

The relationship between shear deformation factor and displacement is as follows:

1GA

2 2
dz + 25 (’sz + 'sz)dz )

du du
VYxz = Qby /')’yz = —¢x — dzy (10)

N; and N, represent the first and second rows of N in Equation (8a), and gy and q
represent the vectors in the xz and yz planes. The entire beam element is integrated, and
the potential energy equation of the beam element can be expressed as follows:

EI d EJ d d
-y T Byl 7T %
2 o xdz 2 Iz quxd“ 21 Jo 4y N2 o N2a, % (1)
q,ly fo 4 NIN3q,dC + Efo Q§N3TN3qyd§
where: ;
N3 =N — —-N; (12)

dz
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After introducing the stiffness matrix, Equation (11) can be abbreviated as follows:

1 1
U = 5q;Kq, +59,Kq, (13)

The bending stiffness matrix K of the beam element is expressed as follows:

12 6l —12 6l
El (4+®)2 -6l 2-®)7
Y

_ 14
k=it 2 6l (14)

symm. 4+ )2

The dynamic equation of the beam element can be expressed as follows:
1 2 .2 1 2.2 .

4T = SpA(i +ily) + 50 [Iy (4>x = 4>y> +Jp (02 + 2Q¢x¢y)} (15)

Furthermore, |, = 2], due to the axial symmetry of the beam element on the cross-
section. After introducing the shape function matrix, Equation (15) can be expressed as
follows [28]:

-T . T - T .
4T = 3pA(4,NTNq, +a,NTN1q, ) dz + Jol, (4, NIN2q, +

T . T (16)
+4yNIN2g, ) +pJy (02 - 204)NINoq, ) dz

After integrating the beam element, the dynamic energy equation of the element thus
obtained is as follows:

1 1/.T . T ) 1 1/.T .
T = EpAlf() (qu{qux + qy N{quy)dz + Eplylf() (qugNqu—i_

(17)
+q,N] quy) +pJy IO —2p],1Q [ qTNIN2q, dz

The dynamic energy equation of a beam element can be written as follows:

1.7 . 1.7 . 1.7 . 1.7 . T
T = 59:Mrq, + 59, Mrq, + 54, Mgrd, + 59, Mrq, + Iyl =209, Mrq,  (18)

where M7 and My represent the translation and rotation components in the mass
matrix, respectively.

mq Zﬂ’lz ms —lm4
Al 2m Imy —IPm
My — [ . 5 4 o 6 (19)
420(1 + @) my ny
symm. [*ms
my lmg —my li’l’lg
I 2m —lmg —I’m
My = Piyz 9 8 5 10 (20)
30/(1+ @) mz mg
symm. [’my
Here,
my = 156 + 294® + 140P?, my = 22 + 38.5P + 17.52
mz = 54 4+ 126® + 700?,  my = 13 + 31.5® + 17.52
ms = 4+ 7P + 3.5, e =3 + 7P + 3.502 (21)
my = 36, mg =3 —15P
g = 4+ 50 + 1002, my =1+ 50 — 5P2

And
M = M7 + MrG = 2My (22)
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Here, M and G represent the mass matrix and gyromatrix, respectively.

2.3. Simplification of the Bearing Units
The spring elements in the complex coordinate system can be represented as follows:

. ) ) . 4T
q= [”Xl T+ iy, Py — 1y, Uy + LUy, Py, — l‘sz] (23)

The corresponding stiffness matrix is as found in Ref [28]:

k 0 —k 0
0 K 0 —x
K=1_% 0o &« o (24)

where k and « are the stiffness values for displacements and rotations, respectively.

3. Analysis of the Low-Order Critical Speed of the Spindle

Based on the theoretical methods introduced in the previous section, this section
describes the developed corresponding calculation programs using MATLAB software
(R2024b) and analyses of the vibration systems of spindle rotors with different connection
forms. The material of the spindle is 25Cr2Mo1VA (density: 7.85 g/cm?3, modulusof
elasticity, E: 210 GPa, and Poisson’s ratio: 0.3).

3.1. Kinetic Equation

The critical speed of the spindle rotor system is usually calculated and solved on the
basis of its undamped free vibration equation set. The undamped vibration characteristics
of the spindle-bearing rotor system without damping can be represented as follows:

(0% (M -G —Kon) +K)qy =0 (25)

Here, M and G represent the mass matrix and gyromatrix, respectively. Therefore,
the critical speed calculation can be transformed into an eigenvalue problem, represented
as follows:

det(—Qz(M—G—KQ) +1<) =0 (26)

3.2. Low-Order Natural Frequency

In the structure of an electric spindle rotor system, the motor rotor of the electric
spindle is directly installed on the spindle rotor. It has a larger radial size and better stiffness
than a mechanical spindle with the same specifications. Consequently, the probability of
resonance within the power frequency range is lower. Moreover, this study has investigated
only the low-order natural frequency characteristics of the two spindle units that are more
prone to resonance, to avoid repetitive work. As shown in Table 1, this research used the
Timoshenko beam element as the analysis model. Additionally, it used FEM to analyze the
characteristics of the first six natural frequencies of the finite element model of the spindle
rotor, shown in Figure 4, as a function of bearing support stiffness.

The first four vibration frequencies of the spindle rotor system were much smaller than
the power frequency of the rotor when the support stiffness of the spindle-bearing unit was
inthe 1 x 1072 to 1 x 10% N/m range. The fifth natural frequency of the spindle-bearing
rotor unit was still much smaller than the power frequency of the rotor system when
the bearing support stiffness was in the 1 x 1073 to 1 x 10~! N/m range. However, the
higher-order (sixth or higher) natural frequencies of the rotor system were much larger
than the power frequency of the bearing rotor system.
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Table 1. Corresponding relationships between the first six vibration frequencies of the spindle rotor
system and the variations in bearing support stiffness.

N/m 1x 1073 1 x 102 1 x 1071 1 x 10° 1 x 10! 1 x 102
st 0 0 0 0.01 0.06 0.53
2nd 0 0 0 0.14 0.43 1.37
Frequency (Hz) 3rd 0 0.01 0.04 0.14 0.43 1.37
4th 0 0.01 0.04 3.07 313 3.6
5th 3.07 3.07 3.07 1435.01 1435.01 1435.01
6th 1435.01 1435.01 1435.01 1447.23 1447.24 1447.24
N/m 1 x 103 1 x 104 1 x 105 1 x 108 1 x 107 1 x 108
st 3.11 12.34 41.68 133.65 420.37 1136.23
2nd 433 13.65 4291 134.85 421.77 1140.34
Frequency (Hz) 3rd 435 13.8 44.06 140.52 4429 1275.21
4th 6.19 15.56 459 142.38 4445 1276.45
5th 1435.01 1435.02 1435.12 1436.14 1447.22 1709.33
6th 1447.24 1447.25 1447.35 1448.38 1459.64 1720.99
N/m 1 x 10° 1 x 1010 1 x 1011 1 x 1012 1 x 1013 1 x 1014
st 1314.32 1323.43 1324.28 1324.37 1324.35 1324.27
2nd 1323.06 1332.49 1333.37 1333.46 1333.44 1333.37
Frequency (Hz) 3rd 2329.34 2552.57 2575.15 2577.41 2577.7 2577.84
4th 2339.19 2565.82 2588.78 2591.08 2591.37 2591.51
5th 4128.06 5566.39 5674.65 5684.73 5685.7 5685.9
6th 4143.42 5602.29 5711.43 5721.57 5722.55 5722.76

As the bearing support stiffness increased, the power and natural frequencies of
the bearing rotor system overlapped when the support stiffness was in the 1 x 10* to
1 x 10° N/m range. A spindle in this support stiffness range may experience resonance,
affecting its cutting performance. The first-order vibration frequency of the spindle-bearing
system was much higher than the working frequency of the spindle rotor system when the
stiffness of the spindle-bearing support exceeded 1 x 107 N/m. Consequently, the spindle
rotor system did not experience resonance within the working speed range in this case.

As shown in Figure 6, the preload force was 290 N (under normal pre-tightening
conditions) and the radial support stiffness of the bearing was 3.5 x 108 N/m when
the bearing was in the moderate preload range given for the 7008C angular contact ball
bearing produced by the NSK company. Consequently, the first- and second-order natural
frequencies of the spindle-bearing rotor system were 1120 Hz, the third- and fourth-order
natural frequencies were 1523 Hz, and the fifth and sixth-order natural frequencies were
2388 Hz, according to the vibration characteristics of the spindle rotor system, these being
much higher than the power frequency within the operating speed of the spindle. However,
the first two vibration frequencies of the bearing rotor system entered the power frequency
range when the bearing support stiffness was below 0.4 x 108 N/m, indicating poor bearing
preload, which needs to be taken seriously. In particular, the spindle axial temperature
distribution was uneven and had different degrees of thermal deformation in the initial
stage of workpiece processing due to the thermal load effect of the previous working
period. It returned to the ambient temperature after being shut down. The preload screw
expands in the hot state due to the thermal expansion effect; the preload force increases
and may loosen up in the cold state, leading to insufficient bearing preload in the initial
stage of the screw’s next use. At that point, the first two natural frequencies of the bearings
corresponding to the spindle-bearing rotor system may be within the power frequency
range. If the spindle is raised to working speed within a short period of time, it may cause
resonance in the spindle system and lead to unnecessary economic losses. Additionally, the
outer surface of the spindle bearing’s outer ring and the bearing chamber were in a gap-fit
state at the beginning. Moreover, the bearing had low radial stiffness. Without preheating
treatment, resonance may occur in the spindle when the spindle speed increases to the
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working speed within a short period of time. However, this resonance has a short duration.
In this experiment, the outer ring expanded, and the contact stiffness between the outer
ring and the spindle-bearing chamber increased with the increased bearing heat, thereby
increasing the radial support stiffness of the bearing. Consequently, the bending vibration
frequency was much higher than the power frequency. For this reason, keeping the spindle
in an idle state at a lower speed for a period when starting a machine tool is necessary,
followed by increasing it to the working speed for cutting after the system stabilizes.

6000
5000 +
1
—~ 4000 ) __—
N 1 —
o 3000 [ pecreased preloadl
b 2388Hz g _—
2 I
§ 2000 1523Hz
-
[ +
1000 - 1120Hz
500 F 1
1
ola A | - A )
g o 2 35 4 6 8 10
Bearing support stiffness (N/m) x 108

Figure 6. Vibration characteristics of the spindle rotor system.

3.3. Analysis of the Vibration Characteristics of a Direct-Coupled Spindle Rotor

An analysis of the variation law of the support stiffness of the bearing unit under ther-
mal load and the variation of the vibration characteristics of the separated spindle system
with bearing support stiffness showed that the separated spindle system may resonate
within the power frequency range in some special cases. The vibration characteristics of
the direct connection system of the motor spindle differed, due to the different connection
forms compared to the separated spindle system.

The bearing rotor system of the direct coupled motor spindle system shown in
Figure 2b was simplified to study its vibration characteristics, and the Timoshenko beam
element was used for finite element division. A finite element analysis model of the direct
coupled motor spindle rotor system of a certain type of machining center is shown in
Figure 7. This model consists of 18 beam elements, connected to each other at the nodes. K1
and K2 represent the constraints at the front and rear bearings of the spindle element. K3
and K4 represent the constraints at the motor rotor bearings. For this study, it was assumed
that the spindle element bearings had the same support stiffness as the motor rotor support
to simplify the analysis process, where K1 = K2 = K3 = K4.

1 2 B 6 7 9 11 13 15 17

3 5 8 10 12 14 16 18
K1 K2 K3 K4

Figure 7. Finite element model of the direct spindle rotation unit.

The specific values of the variations in the first six natural vibration frequencies of the
motor spindle direct-coupled rotor system, along with the stiffness of the support bearing,
are shown in Table 2. Like the separated spindle system, the first four natural vibration
frequencies of the direct spindle system approached zero when the support stiffness of the
spindle bearing was in the 1 x 1073 to 1 x 10! N/m range. The natural vibration frequency
of the direct spindle system gradually increased with the increased support stiffness of the
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bearing. The first three natural vibration frequencies of the direct spindle system were in
the power frequency range when the support stiffness of the bearing was in the 1 x 10* to
1 x 10° N/m range, causing probable resonance in the direct spindle system. Moreover, the
first six natural vibration frequencies of the direct spindle system would be much higher
than the power frequency of the spindle unit for a further increase in the bearing support
stiffness (exceeding 1 x 107 N/m).

Table 2. Corresponding relationship between the first six order vibration frequencies of the directly
connected spindle rotor system and the variations in bearing support stiffness.

N/m 1x 1073 1 x 1072 1x 1071 1 x 10° 1 x 10! 1 x 10%
st 0 0 0 0.01 0.1 0.68
2nd 0 0 0 0.11 0.35 1.08
Frequency (Hz) 3rd 0.01 0.01 0.04 0.11 0.36 1.18
! y 4th 0.01 0.01 0.04 1.63 1.73 24
5th 1.62 1.62 1.62 353.11 353.11 353.11
6th 353.11 353.11 353.11 362.88 362.88 362.89
N/m 1 x 103 1 x 104 1 x 10° 1 x 10° 1 x 107 1 x 108
st 2.89 9.75 31.29 99.31 312.47 942.86
2nd 3.29 10.13 31.67 99.68 312.74 942.97
Frequency (Hz) 3rd 4.09 13.88 45.1 143.43 44213 1271.72
! y 4th 532 15.12 46.35 144.77 444.62 1275.46
5th 353.14 353.41 356.09 381.97 584.07 1386.64
6th 362.91 363.18 366.85 391.64 592.66 1395.44
N/m 1 x 10° 1 x 1010 1 x 101 1 x 1012 1 x 1013 1 x 101
st 2018.66 2083.14 2088.78 2089.34 2089.42 2089.65
2nd 2028.33 2093.71 2099.44 2100 2100.06 2100.33
Frequency (Hz) 3rd 2265.52 2797.65 2843.46 2847.9 2848.33 2846.86
! y 4th 2266.93 2803.56 2849.97 2854.47 2854.91 2855.90
5th 2716.12 3359.73 3465.11 3475.99 3477.07 3478.30
6th 2720.78 3366.06 3472.08 3483.03 3484.12 3485.87

According to the physical structure of the directly connected spindle system, it had a
more prominent axial size than the separated spindle system, and it had smaller higher-
order natural vibration frequencies than the separated spindle system. Similarly, the first
three natural frequencies of the separated and the directly connected spindle systems
underwent significant changes when the bearing support stiffness was 1 x 10°, 1 x 10°,
1 x107,1 x 10%,and 1 x 10° N/m, indicating that the vibration frequency of the spindle
rotor system was sensitive to the bearing support stiffness in this range, and attention must
be paid to controlling the change in the bearing support stiffness to avoid falling into the
resonance range. This was because the internal heat source of the machine tool began to heat
up after it was turned on, increasing the temperature at various positions. The machine tool
underwent thermal deformation, constantly approaching a specific stable state over time,
which is usually dynamically stable with changes in environmental temperature. Generally,
the machining accuracy is unstable during the first period of functioning after turning
the machine tool on, due to the unstable thermal deformation of various components.
Therefore, waiting for the bed temperature to be relatively stable is recommended before
proceeding with the actual machining process.

As shown in Figure 8, the first six natural frequencies of the direct-coupled spindle
rotor system had an upward trend with increased bearing support stiffness. Similar to the
separated spindle system, the first two vibration frequencies of the direct-coupled spindle
rotor system were 1081 Hz, the third and fourth vibration frequencies were 1500 Hz, and
the fifth and sixth vibration frequencies were 1682 Hz for the bearings in a normal pre-
tightening state, this being much higher than the power frequency needed for the spindle
unit to not cause system resonance. However, it cannot be ruled out that the spindle system
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may experience resonance within this power frequency range in some special cases. The
widely used axial positioning pre-tightening method is simpler to complete and can reduce
spindle manufacturing costs since most spindle bearings are fixed using this method rather
than axial fixed-pressure preloading. However, the locking nut used for axial positioning
pre-tightening loosens up with the progression of working time, decreasing the preload of
the bearing unit. Additionally, the outer surface of the bearing’s outer ring and the bearing
chamber continue to wear down during use, further increasing the reserved installation
gap. Both these situations may decrease the radial and axial support stiffness of the spindle
rotor unit. The first two vibration frequencies of the direct spindle system enter the power
frequency range when the radial support stiffness is less than 0.5 x 10 N/m. The system
may have resonance when the spindle drives the tool for cutting, affecting the cutting
accuracy of the machine tool. The axial vibration frequency of the rotor unit is usually tens
of times the bending vibration frequency, this being much higher than its power frequency.
Therefore, this study does not discuss the impact of the axial vibration characteristics of the
spindle rotor system on the machining performance of the machine tool.

3000
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Bearing support stiffness (N/m)  x 108

Figure 8. Vibration frequency variation characteristics of the direct spindle rotor system.

In summary, the power frequency in the working speed of the spindle was much
lower than the first-order natural frequency of the bearing rotor system under a normal
preload, regardless of the connection method of the spindle, so this did not cause resonance
in the spindle. Usually, the significant vibration of the spindle in industrial sites is due to
the dynamic balance failure of the spindle unit rather than to resonance. Therefore, the
dynamic balance of the spindle should be measured using a dynamic balance instrument to
check for any dynamic balance failure in the spindle unit when the vibration amplitude of
the spindle unit exceeds the maximum allowable value for processing. This study analyzed
the vibration characteristics of the spindle under two common connection methods and the
effect of the bearing support stiffness of the spindle system on the vibration frequency of
the system. Additionally, it indirectly discussed the impact of increased heat generation in
the bearing on the vibration frequency of the spindle system with the increased spindle
speed. Furthermore, a free-mode experiment using the spindle rotor system was designed
to determine if the natural frequency of the spindle rotor system conformed to the finite
element analysis results and if resonance would occur in the power frequency range under
normal preloading, to study the vibration characteristics of the spindle unit.

4. Experiment

To demonstrate the reliability of the FEM results, this section discusses the use of
experimental methods to validate the simulation results.
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4.1. Experiment Design

For this task, a free-mode experiment using the spindle system was designed, and
the LMS test platform was used to measure the low-order natural frequencies and free
vibration modes of the spindle rotor and assembly, in order to verify the reliability of
the finite element thermal dynamic simulation analysis of the spindle rotor system and
understand the vibration characteristics of the spindle system. The experimental scheme
is shown in Figure 9. A few measuring points were set in the axial direction of the tested
object (spindle rotor and assembly), and a hammer was used to sequentially strike the rotor
in the horizontal direction of each measuring point to generate vibrations. Simultaneously,
the vibration response of the spindle in the horizontal direction was measured, and the
signal was transmitted to the LMS testing and analysis system through a three-phase accel-
eration sensor to evaluate the natural frequencies of each order of the system. During the
measurement, seven and five acceleration sensors were installed on the spindle assembly
and the rotor, respectively.

@" Acceleration

transducer

Figure 9. Spindle free mode experiment setup.

Notably, secondary contact between the force hammer and the striking object needs
to be avoided after percussion when using a force hammer for percussion experiments;
otherwise, the accuracy of the measurement results will be affected. The distribution
diagram of the low-order natural frequencies of the tested spindle rotor is shown in
Figure 10. The first four natural frequencies were 1373.4, 3342.8, 5515, and 8459.7 Hz. The
first two bending modes of the rotor are shown in Figure 11. According to Table 1, during
normal preloading, the first-order free vibration frequency of the spindle in finite element
analysis is 1198.3 Hz. The experimental result was 1376 Hz, with a certain difference
and an error of 12.9%. This was mainly caused by factors such as grid division, model
simplification, and uneven materials, which are inevitable. Therefore, the results of the
finite element analysis in this study are acceptable. The measurement results indicated
that the rotor had a much higher vibration frequency than the working frequency. The
separated spindle rotor, when operating within the power frequency range, would not
cause resonance in the spindle system, eliminating the need to consider its impact on
the machining accuracy of the machine tool. However, in this instance, the belt used
for hanging the spindle in the experiment and the ideal elastic belt were different. The
actual belt that was used was not completely elastic, thereby introducing corresponding
constraints to the spindle. Consequently, the measured vibration frequency of the spindle
was higher than the actual value. Therefore, the actual power frequency of the spindle
rotor was lower than its test frequency.
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Figure 10. Low-order frequency distribution of the spindle rotor.
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Figure 11. Spindle rotor vibration mode: (a) first-order vibration mode; (b) second-order vibration

mode.

4.2. Analysis of the Experimental Results

The low-order natural frequency distribution test results for the spindle assembly are
shown in Figure 12. According to the measured results, the first- and second-order natural
frequencies were 831.4 and 1581.9 Hz, respectively. The third-order natural frequency
inferred from the measured results was 2365.58 Hz since the force hammer did not excite a
significant third-order mode in the spindle. The first two orders of vibration modes of the
spindle assembly are shown in Figure 13. The lateral constraint load that was introduced
was much greater than the elastic band used in the experiment because the spindle casing
was fixed to the machine tool using a locking nut during spindle installation. Therefore,
the vibration frequency of the spindle assembly under actual constraints exceeded the

experimentally measured value.

————

Amplitude

Linear (Hz)

Figure 12. Low-order frequency distribution of the spindle assembly.
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Figure 13. Vibration-mode diagram of the spindle assembly: (a) first order; (b) second order.

The free vibration frequency of the spindle assembly was lower than the vibration
frequency of the spindle rotor. Consequently, this result seemed to violate the relevant
mechanical vibration theory. The spindle rotor appeared to be more slender than the
spindle assembly, and its first-order natural frequency was more easily excited. However,
the actual measured results were not the same. Instead, the first-order vibration frequency
of the assembly appeared at a lower frequency. Additionally, it reflected the complexity of
the vibration law of the spindle system, which cannot be judged based on experience. This
study concluded that the lower-order natural frequencies of the spindle assembly and rotor
were outside their power frequency range. Therefore, the resonance of the spindle under
normal preloading would not appear at that power frequency.

Furthermore, this study showed the feasibility of using finite element analysis to
analyze the dynamic characteristics of spindle units. This method can be used to analyze
the vibration frequency of the spindle units, based on the radial support stiffness of the
spindle bearings. Additionally, it could determine whether the spindle would stimulate
its own resonance within the power frequency range based on the usage of spindle units,
in order to take measures to improve spindle stiffness. However, accurately determining
the vibration frequency of a spindle under specific conditions is challenging for various
reasons. First, the finite element model was simplified based on solid features, and the
finite element analysis model omitted some spindle solid features compared to the actual
model. Second, the spindle rotor was connected to the bearing and was subjected to radial
constraints from the bearing in the finite element simulation, but it was in a completely
free state under experimental conditions. Additionally, the measuring instruments had
certain analytical errors. Often, in practical engineering applications, only determining
the low-order natural frequency range of the spindle rotor unit to determine the vibration
situation of the rotor system is necessary.

This study analyzed the impact of temperature rise on the structural vibration charac-
teristics of a spindle during normal use. Moreover, other factors often affect the spindle
during use, resulting in unstable dynamic performance. Frequently, the cutting materi-
als contaminate spindle-bearing grease when workpieces are processed with powdered
chips, due to the harsh environments. Additionally, the authors found that the majority of
spindles repaired at a spindle factory were damaged due to spindle-bearing grease contam-
ination and dynamic balance failure, resulting in spindle-bearing burns. All bearings are
replaced when repairing a spindle, even if only one pair of bearings has been burned, since
dismantling the damaged bearings also damages the structures of other unburned bearings
and causes serious waste. This deteriorates the lubrication characteristics of the spindle,
decreasing its thermal dynamic characteristics and service life. Additionally, this study did
not analyze the influence of the changes in the physical state of the bearing assembly on
bearing stiffness. The influence of bearing components on bearing stiffness can be referred
to in other, recent studies [29-37]. Krsti et al. used artificial neural networks (ANNSs)
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to predict friction torque and temperature in axial angular contact ball bearings, which
provided a predictive model that improves our understanding of bearing performance
under different operational conditions [29]. Xu et al. investigated how surface friction
and varying lubricant oil temperatures impact the time-varying stiffness of roller bearings.
The authors developed a model to assess thermal effects on stiffness characteristics, high-
lighting how temperature variations caused by friction can influence bearing performance,
which provided important insights for optimizing roller bearing design and improving
operational reliability under different thermal conditions [36].

Furthermore, exploring the key factors affecting the vibration characteristics of a
spindle unit is a significant research direction for the authors of this study in the future.
In future research, we plan to continue studying the variation characteristics of spindle
vibration when the spindle’s stiffness changes (axial preload force changes). In addition,
our team is also preparing to conduct fatigue life tests on the spindle, studying the changes
in spindle lifespan caused by changes in preload force under no-load conditions. In the
future, our team will continue to study the factors affecting the service life of the spindle
under cutting conditions and will conduct comprehensive analyses to summarize which
are the main factors and which are the secondary factors.

5. Conclusions

The abnormal vibration of spindles has always been a key concern for researchers.
Based on the Timoshenko beam model and rotor dynamic theory, this study used FEM
analysis to analyze the vibration characteristics of the spindle rotor system and obtained
some valuable research results:

(1) The authors thoroughly analyzed the influence of the spindle bearing heat on the
stiffness of the spindle system and obtained the resonance conditions of the spindle
rotor within the power frequency range.

(2) The general law of the variation of the low-order vibration frequency of the spindle-
bearing system with the stiffness of the supporting bearing was determined.

(8) It was concluded that the low-order natural frequencies of the spindle assembly and
rotor were outside their power frequency range.

(4) Additionally, the resonance of the spindle would not manifest at a power frequency
under normal preloading.

In fact, the health status of the spindle is closely related to its vibration frequency and
speed. Research has found that when the vibration frequency of the spindle operates at a
speed of 12,000 r/min, if its vibration frequency is lower than 200 Hz, it will be affected by
abnormal vibrations during startup, which will subsequently weaken the health status of
the spindle and reduce its service life. Similarly, when the working speed of the spindle
is 30,000 r/min, if its vibration frequency is lower than 50 Hz, abnormal vibration will
occur during startup and operation, thereby reducing its service life. The specific service
life of the spindle is also affected by other factors, such as cutting depth, usage time, and
dynamic imbalance. Therefore, accurately predicting the service life of the spindle is not
an easy task. However, we can extend the service life of the spindle by avoiding those
factors that may affect its lifespan as much as possible. This study proposes a new method
for diagnosing spindle faults, which can help researchers better understand the operating
status of a spindle. However, the findings have some inevitable shortcomings, due to the
conditions and level of this study. The authors intend to continue to improve the level of
the study in future works.
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