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Abstract The severe internal heat generation of the

motorized spindle system causes uneven temperature dis-

tribution, and will affect the vibration characteristics of the

system. Based on the thermal analysis about the motorized

spindle by finite element method (FEM), the thermal

deformations of the spindle system are calculated by the

thermal structure coupling simulation, and the thermal

deformations of the rotor and the bearing units are

extracted to analyze the bearing stiffness changes so that

the modal characteristics of the rotor can be simulated in

different thermal state conditions. And then the rotor

thermal deformation experiment and the modal experiment

of spindle by exciting with hammer are performed. The

result shows that the thermal state of the motorized spindle

system has a significant influence on the natural frequency

of the rotor, which can be carefully treated when a spindle

system is designed.

Keywords Motorized spindle � Thermal characteristic �
Thermal-structure coupling � Modal analysis � Spindle
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1 Introduction

As modern computer numerical control (CNC) machine

tool requires high-speed, high-precision, and high effi-

ciency, the high speed motorized spindle has become the

most preferred key function part of metal cutting machine

tool. High speed motorized spindle has great influence on

the overall technical performance of the machine tools, and

the main factor that affects the dynamic characteristics and

the dynamic accuracy of the motorized spindle is the severe

internal heat generation [1, 2]. Therefore, in order to study

the thermal influence on the modal characteristics, it is

crucial to analyze the internal heat generation and the

thermal characteristics of the motorized spindle.

Previous researches of the machine tool spindle system

focus on the thermal characteristic or modal characteristics.

On the study of dynamic characteristics, Cai et al. [3]

studied modal analysis of heavy-duty mechanical spindle

under multiple constraints. They modeled and analyzed the

heavy-duty mechanical spindle by finite element method

(FEM). Kumar and Schmitz [4] applied receptance cou-

pling substructure analysis (RCSA) to test the spindle-

machine dynamics. Jin [5] discussed the modal and har-

monic response characteristics of the motorized spindle

based on the three-dimensional FEM model, and the

maximum dynamic displacement of the spindle is also

analyzed. Xu and Jiang [6] established motion equations

for rotor-bearing system considering five-degree-of-free-

dom (5DOF) and verified it on an experimental platform

with externally pressurized air bearings. In the thermal

characteristic studies, Chen et al. [7] proposed a thermal-

mechanical error model to predict the variation of motion

error induced by thermal effect. Liu et al. [8] introduced a

differentiated multi-loops bath recirculation system to

solve the thermal errors of precision machine tool. Ma et al.
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[9] studied the high-speed spindle system by numerical and

experimental method, and their result showed that radial

and axial stiffness of bearings had great influence on the

thermal deformation of the spindle system. Chang and

Chen [10] proposed a direct displacement measuring sys-

tem, which could accurately monitor and compensate the

thermal growth. Anandan and Ozdoganlar [11] found that

all the thermal characteristic, rotating speed and span had

impact on the performance of the ultra-high-speed (UHS)

micromachining spindle. In the thermo-mechanical studies,

based on Timsheko beam theory and the finite element

approach, Zahedi and Movahhedy [12], Li and Shin [13]

studied the dynamic characteristic and the thermal behavior

of high speed spindles. Holkup et al. [14] considered the

transient changes of different parameters in their thermo-

mechanical model, and the results showed that the bearing

stiffness and contact forces change caused by temperature

change could lead to seizure and damage of the spindle.

In this paper, the modal characteristics of the motorized

spindle are studied under the steady state in comparison

with the static state. The thermal characteristics, the

vibration modes and natural frequencies are also analyzed.

The thermal characteristic model is established to numer-

ically simulate the thermal characteristic of the motorized

spindle system, and the thermal deformation of the

motorized spindle system is obtained by the thermal-

structure coupling simulation. The thermal deformation of

the rotor and the bearing units is extracted to analyze the

bearing stiffness change, and then the modal characteristics

are analyzed in static and thermal steady state condition.

The model is verified by thermal deformation experiments

and hammer exciting modal experiments.

2 Thermal characteristic model of the motorized
spindle

2.1 Thermodynamic analysis theory

The general equation for steady-state thermodynamic

analysis in the finite element theory is shown as

KtI ¼ Q; ð1Þ

where Kt is the conduction matrix including the heat

coefficient, the convection coefficient, the radiation coef-

ficient and the shape factor; I is element temperature

vector; Q is element heat flux vector including heat

generation.

2.2 Heat generation in the bearings and the built-in

motor

(i) Heat generation in the bearings

Palmgren gives the formula for calculating the friction

heat generated between the rolling elements and the

rings [15].

Qf ¼ 1:047 � 10�4 Mn; ð2Þ

where M is the total friction torque of the bearings

(N�mm), n the rotating speed of the bearing inner race

(r/min), and Qf is the heat generated in the bearings (W).

The total friction torque of the bearings consists of the

two terms:

M ¼ M1 þM2; ð3Þ

where M1 is the friction torque related to the rotating

speed, lubrication and bearing type, and it can be

calculated as

M1 ¼ 10�7f0 vnð Þ2=3d3m ; vn > 2 000; ð4Þ

M1 ¼ 1:60� 10�5f0 vnð Þ2=3d3m ; vn\2 000; ð5Þ

where f0 is a coefficient related to the bearing type and

lubrication. For the angular contact ball bearings lubri-

cated by grease, f0 = 2; dm is the mid-diameter of the

bearings; v is the kinematic viscosity of the lubricant at

operating temperature. For the ball bearings lubricated

by grease it means that the base oil kinematic viscosity

of grease is valid for a short period after greasing [16].

M2 is the friction torque related to the load of the

bearing. It can be calculated as

M2 ¼ f1P1dm; ð6Þ

where f1 is the load coefficient, and for the angular

contact ball bearings f1 = 0.001; P1 is the equivalent

load of the bearings.

(ii) Heat generation in the motor

Copper loss is the electric energy loss caused by the

resistance of the rotor and the stator winding, given by

[17]

Pcm ¼ hI2pr ¼
hI2pqpLp

S
; ð7Þ

where h is number of phases of the motor, Ip the phase

current of the rotor or stator winding (A), r the resistance

of the single-phase rotor or stator winding (X), qp
the resistivity of the winding (X�m), Lp the length of

each phase winding (m), S the cross-sectional area of the

conductor (m2).

356 S.-S. Li et al.

123



Iron loss (magnetic loss) is another loss of the motor,

which can be calculated as [17]

PFe ¼ P1=50
f

50

� �4=3

kaB
2mc; ð8Þ

where P1/50 is the iron loss coefficient when B = 1 T and

f = 50 Hz, mc the mass (kg), B the magnetic flux (T),

ka is the losses factor considering metallurgical and

manufacturing processes.

2.3 Heat transfer boundary condition

The cross-section of the cooling water channel is rectan-

gular cross-section and the cooling water flowing state can

be described by the Reynolds number (Re)

Re ¼VA

vx
; ð9Þ

where A is the cross-sectional area, x the wetted perimeter

of the cross-section, V the mean flow velocity of the fluid.

When Re\ 2 200, the flow state is laminar flow, and the

Nusselt number is given by [18]

Nuf ¼ 0:46Re0:5f Pr0:43f

Prf

Prw

� �0:25
d

L

� �0:4

; ð10Þ

where L is the length of the heat sink, d the characteristic

length of the flow pass diameter (d = 4R), Prw calculated

according to the wall temperature Tw, Prf the average value

of Prandlt number. The experimental verification scope:

1.41\ (Prf/Prw)\ 18.2, Ref\ 2 200.

For 2 200\Re\ 10 000, the average heat transfer

coefficient of air is given by [18]

Nuf ¼ 0:012 Re0:87f � 280
� �

Pr0:4f 1þ d

L

� �2=3
 !

Prf

Prw

� �0:41

:

ð11Þ

The experimental verification scope: 1.5\Prf\ 500,

0.05\ (Prf/Prw)\ 20, 2 200\Ref\ 10 000.

The Nusselt number of rotating surface is given by [19]

Nui ¼ 0:42 TaPrð Þ0:25; ð12Þ

where Ta ¼ 4p2n2r dh=2ð Þ3g�2=3 600; 0 6 Ta 6 108.

The heat transfer coefficient of the forced convection is

given by

hw ¼ Nukw
d

; ð13Þ

where Nu is the Nusselt number of the fluid that can be

calculated by the equations above, and kw is the thermal

conductivity of the fluid.

The heat transfer of the motorized spindle surface

includes convection and radiation. The entire thermal

resistance can be seen as two parallel thermal resistances,

so the entire heat transfer equals to the sum of the con-

vection and radiation heat transfer,

U ¼ Uc þ UR; ð14Þ

where U is the entire heat transfer, Uc the convection heat

transfer, UR the radiation heat transfer. According to Ref.

[20], the heat transfer coefficient of the motorized spindle

surface is 27 W/(m2��C).

3 Modal characteristic model of the motorized
spindle system

3.1 Dynamic analysis theory

The balance equation of dynamic problems is

M€xþ C _xþ Kx ¼ FðtÞ; ð15Þ

where M is the mass matrix, C the damping matrix, K the

stiffness matrix, x the displacement vector, F(t) the force

vector, _x the velocity vector, €x the acceleration vector.

3.2 Modal analysis theory of motorized spindle

rotor system

Modal analysis of motorized spindle system is a special

form of the vibration characteristic analysis. The influence

of structural damping on the modal and vibration mode is

very small, so the expression of the modal vibration matrix

is shown as

M€xþ Kx ¼ 0: ð16Þ

The free vibration of the structure is harmonic vibration,

so the displacement vector function is sine function

x ¼ x sinðxt): ð17Þ

Inserting Eq. (17) into Eq. (16) and rearranging as

ðK � xMÞx ¼ 0: ð18Þ

The eigenvalue of the equation is x2
i , and xi is the

natural circular frequency, so the natural frequency can be

given by f ¼ xi

2p. Modal analysis is the solution of eigen-

value and eigenvector.

3.3 Equations of the thermoelasticity

The thermoelastic theory shows the relationship of the

thermal influence and the dynamic characteristics. The

coupled thermoelastic constitutive equations are [21]

e ¼ D�1rþ aDT; ð19Þ
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S ¼ aTrþ qCp

T0

DT; ð20Þ

where e is the total strain vector; D is the elastic stiffness

matrix; r is the stress vector; a is the vector of coeffi-

cients of the thermal expansion; DT is temperature

change; S is entropy density; q is the density; Cp is the

specific heat constant stress; T0 is the absolute reference

temperature.

Applying the balance equation of the dynamic problems

and the steady-state thermodynamic equation coupled by

the thermoelastic cons titutive equations, the following

finite element matrix equation is

M 0

0 0

� �
€x
€I

� �
þ C 0

Ctu Ct

� �
_x
_I

� �
þ K Kut

0 Kt

� �
x
I

� �

¼ F
Q

� �
;

ð21Þ

where Ct is the element specific heat matrix; Ctu is the

element thermoelastic damping matrix; Kut is the element

thermoelastic stiffness matrix; F is the sum of the element

nodal force and the element pressure vectors.

3.4 Bearing stiffness and deformation calculation

Bearing stiffness is an important parameter to calculate the

modal characteristics of the spindle. Angular contact ball

bearing is more commonly used in motorized spindle. It

has high limited speed and can bear axial load as well as

radial load.

Radial stiffness of angular contact ball bearing can be

given by [22]

kr ¼ 1:772 36 � 107 z2Db

� �1=3 cos2u

sinu1=3
F1=3
a ; ð22Þ

where kr is the radial stiffness (N/mm), z number of rolling

elements, Db the diameter of the rolling elements (lm), Fa

the axial load (N).

When the axial load Fa is known, axial stiffness of

angular contact ball bearing can be given by [22]

ka ¼ 2:36� 107 z2 sin6u
� �

Db

� �1=3
F1=3
a ; ð23Þ

where ka is the axial stiffness (N/mm).

The stiffness of angular contact ball bearing has a close

relationship with the axial and radial deformation of the

bearing and the bearing load. The assumed load (K) of

angular contact angle contact ball bearing is given in Ref.

[22] when its elastic deformation is da, the assumed load

can be calculated by

K ¼ Fd

zCd
; ð24Þ

where Fd is the radial load generated by deformation (N),

and Cd is the constant of deformation.

Cd ¼
34 300

G0:36
D

1=2
b ; ð25Þ

where G is the raceway groove curvature center coefficient,

G = fi ? fe-1; fi is the internal raceway groove curvature

radius coefficient; fe is the external one. These parameters

are related to the selection of bearing.

4 Physical model

Figure 1 shows a high speed motorized spindle with

adjustable preload. The thermal-structure of FEM model

should be properly simplified. The rotor and the stator can

be simplified as thick cylinders with evenly distributed heat

source. Squirrel-cage three-phase asynchronous motor is

often used in motorized spindle motor. In the simplified

model, the two ends of the stator are considered as copper

and the rotor ends are aluminum, while the middle part of

them is silicon steel. The rolling elements of the bearing

can be equivalent to a ring with the same cross-sectional

area. The wiring structure, the bolts, bolt holes and other

tiny structures are neglected. The thermal contact resis-

tance of the contact parts in the simplified model is 0. All

materials are isotropic materials.

The dynamic characteristic of the motorized spindle

system is influenced by bearing characteristics and the

geometric of the spindle, etc. In the modal analysis module

of the ANSYS Workbench 15.0, the bearing is simplified to

four uniformly distributed springs with stiffness and

damping. In this case, the front motorized spindle bearing

is fixed, and the rear bearings can move in the axial

direction. The boundary conditions are applied to the front

bearing shaft shoulder by which the front bearings are

elastic supported, and the stiffness of the elastic support is

the axial stiffness of the front bearings. In addition, it is

considered that the material of the front and rear balancing

rings are the same as the spindle, and the simplified method

Fig. 1 The simplified model of the motorized spindle
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of the spindle unit is not different as the thermal-structure

coupling model. The simplified model is shown in Fig. 2.

5 Results and discussion of numerical simulation

5.1 The result of thermal-structure coupling model

To obtain the thermal characteristic of the simplified

model, the ANSYS Workbench 15.0 commercial code is

applied. The environment temperature of the simulation is

24 �C and the rotating speed is 20 000 r/min. The internal

temperature of the motorized spindle is shown in Fig. 3. As

can be seen from Fig. 3, the main heat sources of the

motorized spindle are the rotor, the stator, and the bearings.

The front cooling water passage takes away a portion of the

heat thus the surrounding temperature is relatively low.

The thermal deformation of the motorized spindle is

shown in Fig. 4. It shows that the thermal deformation of

the motorized spindle begins from the center of the spindle.

The deformation is gradually accumulated, and the defor-

mation of the stator is larger. Front and rear bearings are

the parts of high temperature and large deformation in the

motorized spindle. The thermal deformation of the ends of

the motorized spindle is larger due to the deformation

accumulation. The cooling water passage of the motor

takes away a portion of the heat, thus the thermal defor-

mation is relatively small.

As shown in Fig. 5, the main thermal deformation

direction of the stator and the rotor is radial deformation,

and the deformation is gradually accumulated from center

to edge. The front and rear bearing thermal deformation is

shown in Fig. 6. The differences of the front bearings inner

ring and the outer ring thermal deformation are around

4 lm and 7 lm, respectively, and the differences of the

rear bearings are around 2 lm and 4 lm. The front bear-

ings thermal deformations are larger than the rear bearings

both in radial and in axial directions.

5.2 The modal simulation of the spindle unit

Commonly used in engineering is the first two order

natural frequency of the rotor part. For the static rotor, the

axial preload is 60 N, and the simulation result the first

two order natural frequency is shown in Fig. 7. The first

order natural frequency of the spindle unit is 804 Hz with

the vibration mode swinging up and down at the right end.

The second order natural frequency of the spindle unit is

1 765 Hz with the vibration mode swinging up and down

in the middle.

With the simulation results plugging into Eqs. (17) and

(18) and the diagram provided in Ref. [16], we can get the

additional load of the front or the rear bearings that is

generated by thermal deformation. Then the bearing stiff-

ness under the thermal static state can be calculated by

Eqs. (15) and (16). Since the maximum thermal deforma-

tion is about 0.06 mm which is relatively small in com-

parison with the size of the spindle unit, it is ignored when

the spindle mode is analyzed. The numerical result is

shown in Fig. 8, and the first order natural frequency of the

spindle unit is 828 Hz and the second one is 1 940 Hz.

Compared with the static state, the vibration modes are the

Fig. 2 The three-dimensional model of the spindle unit

Fig. 3 The temperature distribution of the motorized spindle

Fig. 4 The thermal deformation of the motorized spindle

Fig. 5 The thermal deformation vector diagram of the motorized

spindle
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same, and the relative deformation is not very large. It

shows that the thermal state of the motorized spindle sys-

tem mainly affects the natural frequency of the rotor.

The numerical simulation step can be summarized in

Fig. 9.

6 Experimental study of the motorized spindle

6.1 Experimental instruments

It is important to consider many factors when choosing the

experimental instruments. The purpose of the experiments

is to investigate the thermal characteristic impact on the

modal characteristic. As shown in Fig. 10, the

Fig. 6 The thermal deformation of the bearings

Fig. 7 The vibration mode of the spindle unit under the static state

Fig. 8 The vibration mode of the spindle unit under thermal steady

state

Fig. 9 The process diagram of the numerical simulation
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experimental instruments include a B&K vibration/noise

analysis system (B&K 3560-B-140), a Keyence laser dis-

placement sensor, and a FLUKE non-contact temperature

measuring instrument. The motorized spindle is pre-load

dynamic adjustment motorized spindle (150ES20L).

6.2 Dynamic and static characteristic test and result

discussion

The axial load is 60 N when doing the modal experiment of

the static spindle by hammer exciting. Radial excitation is

performed on the spindle end by the hammer, and the

sensor is also in radial direction. The frequency response

curve is shown in Fig. 11. The first order natural frequency

of the static spindle unit is 800 Hz and the second one is

1 810 Hz. Compared to the numerical results, the two

results of the first order natural frequency are close and the

second natural frequency of the numerical result is lower.

The motorized spindle speed is set at 20 000 r/min.

Figure 12 shows that the spindle thermal deformation

changes with time and the maximum deformation is

0.057 mm. In the first 40 min, the thermal deformation of

the motorized spindle rises fast as the temperature rises,

then the trend becomes slow. The motorized spindle system

enters into thermal steady state at about 110 min. The

numerical result of the thermal result is around 0.040 mm,

which is smaller than the experimental values due to the

fact that rolling elements of the bearing are simplified to a

ring with the same cross-sectional area, and the simplified

bearing model cannot be axial sliding on the spindle while

the actual one has some axial sliding. In the experiment,

the temperature of the three key points (front, middle and

rear point on the spindle) is selected to compare with the

numerical result, and the numerical result is about 10%

higher than that of the test temperature.

The thermal steady state frequency response curves

under different rotating speeds are shown in Fig. 13. It

can be found that the natural frequency of the motorized

spindle system increases after increasing the rotating

speed. All of the dynamic natural frequencies are higher

than the static state one. It is due to that the rotating

speed rises up the temperature of the system and the

thermal deformation of the spindle becomes larger, which

causes the stiffness of the bearings growing. In addition,

the first order natural frequency is 872 Hz when the

rotating speed is 20 000 r/min in the experiment, and the

numerical and the experimental results are essentially

consistent. The second order natural frequency is

1 745 Hz, and the numerical result is a little higher. The

numerical error is derived from the fact that the simula-

tion model only considers the variation of stiffness caused

by the thermal deformation while ignoring the influence

of other factors on the bearing dynamics. Besides, the

numerical model is simplified.

Fig. 11 The frequency response curve of the static spindle

Fig. 12 The thermal deformation trend of the spindle

Fig. 10 Experimental instruments
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7 Conclusions

The steady state temperature field, thermal deformation

and the vibration modal change of the motorized spindle

system are analyzed by the numerical model, and the

dynamic characteristics of the system are also studied by

the experimental method.

(i) The numerical result shows that the bearings and the

motor are the main heat source and their temperature is

higher. The thermal deformation gradually accumulated

from the center to the edge, which caused the fact that

the thermal deformations of the motorized spindle ends

were relatively large.

(ii) The thermal characteristic mainly influences the

natural frequency of the spindle, while the effect on the

vibration mode is smaller.

(iii) The motorized spindle system will enter into a

thermal steady state at about 110 min at the startup

phase, and the natural frequency of the spindle will go

up as the rotating speed rises.
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