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Abstract. The rapid development of aerospace, automobile, national defense and other
manufacturing industries has continuously improved the performance requirements of high speed
and high positioning accuracy of the CNC machine tool feed system. As the thermal deformation
error increases, the system structural rigidity decreases, the vibration increases, and accuracy of
machine tool reduces. Existing research mainly focuses on the properties of mechanical and single
thermal feed system, and less considers the dynamic performance under the action of
thermal-mechanical coupling. For the improvement of feed system performance, it is very
beneficiary. This paper takes the high-speed tool of CNC feed system as objective, combined with
the actual working conditions to analyze the thermal characteristics, dynamic characteristics and
vibration characteristics of the system under the effect of thermal-mechanical coupling. The
thermal resistance and convective heat transfer of the key joint surface, the application of moving
thermal loads, and the establishment of a simulation model to complete the steady-state
temperature field, transient temperature field and thermal-structure coupling analysis. The results
show that the maximum temperature rise of the feed system is 21.08 °C, The maximum thermal
deformation is 17.264 um. The study found that the parameters such as flow rate and airflow
temperature have a significant impact on the cooling effect, so the cooling device was further
optimized. This paper proposes a control method for cutting chatter of CNC machine tools based
on coupling of characteristics of thermal and mechanical. The thermal characteristic of the feed
system and the thermal-mechanical coupling vibration characteristic test provides the maximum
temperature error of 3.2 %, verifying the correctness of the theoretical method and analysis model.
The highest temperature obtained by the test is 39.7 °C, indicating that the high-speed feed system
has a large thermal effect. The relative error of the vibration amplitude of the test and simulation
is 12.5 %, which verifies coupling in terms of thermal-mechanical. The accuracy of the vibration
analysis method; the experiment depicts that the vibration amplitude increases by 19.7 % under
the coupling effect of thermal and mechanical, indicating the effectiveness of dynamic
characteristics of the high-speed feed system considering the thermal-mechanical coupling effect.

Keywords: clectromechanical coupling characteristics, CNC machine tools, cutting, chatter.
1. Introduction

The advancement in information technology has encouraged the modern manufacturing
industry to switch to the high-speed machining technology for various applications like acrospace,
ship building, automobiles, energy industry, etc [1,2]. This technology offers the high
requirement for CNC machine tools for the improvement in productivity and to reduce the
production cost. The factor affecting machining accuracy for high speed CNC machine tools is
vibration as it adversely affects work piece quality, its dynamic accuracy, productivity and
shortens the service life of the clutters [3, 4]. The stability, precision and efficiency of the CNC
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machine tools are often dominated by feed drive systems for the static and dynamic performance
[5, 6]. Thus, the study of vibration characteristics as well as the corresponding controlling methods
for increasing the machining accuracy of the CNC machine tools is of utmost importance. On the
contrary, CNC machine tool speed is ensured by high machining precision [7, 8]. These aspects
CNC machine tools plays a key role in order to improve the overall accuracy of machine.

With the development of CNC machine tool processing technology, the use of CNC machine
tools for cutting processing has become an important part of future mechanical manufacturing. In
the process of using CNC machine tools for cutting processing, it is affected by the disturbance
factors of shaft parts, resulting in the emergence of CNC machine tools during the cutting process.

The chatter study is equivalent to processes of metal removal and it defined as the self-excited
vibration among the different types of vibrations. Chattering, it is necessary to build a CNC
machine tool cutting chatter control model, combined with the method of error measurement
control, to suppress the CNC machine tool cutting chatter, to improve the CNC machine tool
cutting accuracy [9]. The various vibration problems can be avoided by paying attention for
process planning stage. The particular sources of vibrations are: cutting tools [10, 11], workpiece
material [12, 13] and machine tools [14]. The CNC machine tool cutting control is based on the
accuracy control of the measurement system. On the basis, combined with the control of the
chattering stability of the CNC machine tool cutting, a linear motor drive method is used to control
the chattering of the CNC machine tool cutting to improve the stability of the output.

1.1. Contribution

In the traditional method, the control method of the CNC machine tool chattering chatter PID
control method, adaptive zero point control method and follow-up contact measurement method,
etc. [15], but the above method is not adaptive enough for CNC machine tool cutting chatter
control, and the anti-interference ability is not strong. This work contributes towards the
electromechanical coupling characteristics of CNC machine tool cutting chatter control method.
Initially, the laser tracking synchronous measurement model of CNC machine tool cutting is
constructed, and the method of electromechanical coupling characteristic adjustment is used to
perform the follow-up contact measurement during the CNC machine tool cutting process to
realize the control of CNC machine tool cutting chatter. Finally, the simulation experiment
analysis is carried out, which shows the superior performance of the method in the paper in
improving the control of cutting chatter of CNC machine tools [16]. This article contributes in
analyzing the thermal, dynamic and thermal-mechanical vibration characteristics of the feed
system. The overall performance of the system is improved by maintaining all these factors along
with the lightweight design criteria forming a design of multi-objective optimization on the basis
of thermal-mechanical coupling, outperforming the conventional methods.

1.2. Organization

The rest of this article is arranged as: Section 2 presents the literature review of existing state-
of-the-art techniques in this field; the characteristic research is discussed in Section 3 followed by
Section 4 detailing the results and analysis part along with the detailed discussion of suppression
optimization method. Section 5 presents the conclusion and future scope of this research work.

2. Literature review

Review of the current research status of thermal characteristics, dynamic characteristics and
thermal-mechanical coupling of feed systems at home and abroad create a better understanding of
the existing technical levels and improvement needs for providing the research ideas and
theoretical support to development of the subject. Park, et al. proposed a machine abnormality
detection system by implementing a hybrid learning mechanism, which is basically a combination
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of unsupervised learning and non-parametric learning approaches of machine learning. For this
purpose, vibration data is used, which very well suited for the detection abnormalities in machines
during operation. Additionally, considering various other characteristics of abnormalities among
data (such as scarcity and diversity), a new approach is designed to detect abnormal behavior using
normal patterns instead of abnormal patterns from machines [17]. Liu [18] discussed the influence
of stiffness in nut, coupling, radial, along with the length and speed of screw on table vibration of
torsional and axial vibration. The second Lagrangian equation is used to establish freedom of
multiple degree for vibration of axial torsional coupled mathematical model which takes various
factors into account. The influence of variable lead and variable torsional stiffness on the torsional
vibration of the table is analyzed. It is observed from the experimental results provide that the
design provides future research and theoretical reference for vibration reduction and optimization
of structure [18]. Wang, et al. used PROOE software to build a THREE-DIMENSIONAL model
of a five-axis CNC machine tool. Firstly, the model is imported into ANSYS software to analyze
the dynamic characteristics of the machine tool. The first six natural frequencies and vibration
modes are obtained by modal analysis and harmonic response analysis. The experimental results
verify the accuracy of the finite element analysis model. Finally, some Suggestions for optimizing
the structure of the machine tool are put forward [19]. The onset of vibrations in the cutting tools
was characterized by Arnold, et al. [20] indicating chatter origin for sustained forces to estimate
cutting process unlike any other external force. The presence of vibrations in the machine tools
was determined by the authors in [20-22] occurring because of chip thickness modulation. The
dynamic theories machine vibrations which distinguishes among various chatters types was
developed by Tobias, et al. [23] and Polacek, et al. [24]. The chatter emerged as a challenging
research topic in the past 3 decades and various research initiatives are taken to combat this
problem. The most efficient techniques for the prediction of chatter stability, abnormality
detection and control were provided by the authors in [25, 26]. Authors adopted three different
strategies to combat the challenge. The first strategy includes adequate selection of two cutting
parameters: spindle speed and depth of cut. The second method varies the machining parameters
by disrupting the regenerative effect and the third approach alters the machine tool dynamics
actively while improving the chatter free available zones. A 1D orthogonal cutting model was
developed by Tlusty, et al. [27] by introducing efficient solution considering projecting the cutting
forces and the structural dynamics in the direction of the chip thickness. The chatter vibrations are
maintained by Marui, et al. [28, 29] in their experimental study concluding the friction forces on
the contact flank. A 2D model for chatter prediction was proposed by Keneko, et al. [30] which is
based in the tests conducted on a cantilevered piece. In this model, work piece behavior that rotates
at certain force is inversely proportional to speed of cutting and directly proportional to the
velocity of vibration. The transfer function approach of orientation along with 3D cutting
geometry was integrated by Minis, et al. [31] while validating the experimentation for orthogonal
cutting. The Fourier series expansion for the determination of Fourier coefficients of the
corresponding transfer function was applied [32]. Rao and Shin [33] utilized the multidirectional
approach proposed by Budak-Altintas [34] for calculating the chip section between the upright
directions. All these approaches complicated the system modelling and resolution, thus there is a
need for more precise method to overcome the challenges.

3. Characteristic research

The characteristic research is carried out in this work by initially considering the feed system
as the main research object. The schematic diagram of experimental measurement points
considered for the feed system are depicted in Fig. 1.

Taking the feed system as the research object, combining the coupling approach of thermal
and mechanical, modeling method and analyzing approach, the coupling model of thermal-
mechanical feed system is introduced after considering the coupling effect of thermal-mechanical
system. It takes into account the thermal-mechanical coupling stress and combines the effects of
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surface stiffness, system structural stiffness and temperature load [35, 36]. Combined with the
simulation model, the analysis process is shown in Fig. 2 to complete the steady-state thermal-
mechanical coupled vibration analysis and transient thermal-mechanical coupled vibration
analysis for obtaining the impact of coupling effect for thermal-mechanical on dynamic
performance.

According to the established thermal-mechanical coupling model, the temperature field,
structural field and vibration characteristics are analyzed according to the process depicted in
Fig. 2. Set the ball screw speed to 3000 rpm and the ambient temperature to 20 °C, and obtain the
steady-state temperature field according to the thermal characteristic analysis process.

T1 T9
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—o —o—| o oo 0
T2 T3 T4 TS T6 T7 T8

a) Temperature measuring point
Driven side bearing Driven side bearing

A

Capacitance prode

]
1 )

Rear end Frond end
b) Thermal deformation measuring point
Fig. 1. Schematic diagram of experimental measurement points
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I I |
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Thermal-force coupling effects: Dynamic performance issues
Thermal and dynamic properties, Considering the influence of structural
generate thermal -force coupling parameters on vibration characteristics,
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l

Thermal-force coupled vibration problem:

Analysis of steady  -state thermal -force
coupled vibration characteristics a nd
transient, Analysis of Coupling Vibration
Characteristics of Heat and Force.

Fig. 2. The overall process of thermal-mechanical coupled vibration analysis of the feed system
4. Results and analysis

The mentioned test conditions and the temperature field outcomes are applied to the structural
field in the form of thermal load to obtain the thermal deformation and thermal stress. The
thermal-mechanical coupling stress generated by the temperature field and the structural field is
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used as the prestress, and the joint surface stiffness is considered to be affected by the thermal
effect. The temperature load completes the vibration characteristics analysis of the initial stage
and thermal equilibrium stage, that is indicated by modal analysis and harmonious response
analysis.

4.1. Analysis of temperature field and structure field

The temperature rise occurs at the most severely heated bearing, nut, and other joint surfaces
which leads to thermal deformation. The feed system is fixed at both ends, so the thermal
deformation of the free part in the middle of the ball screw is the largest, and the transmission
accuracy of the system is also higher. The temperature field is loaded into the structural field in
the form of thermal load, and the thermal-mechanical coupling stress generated by the thermal
stress and the structural stress is used as the prestress to complete the vibration characteristic
analysis [37, 38].

4.2. Modal analysis results

Since the rigidity of the fixed joint surface is about 1 to 2 orders of magnitude higher than that
of the rolling joint surface, the rolling joint surface is also the key to affecting the dynamic
performance. For this vibration characteristic analysis, the rolling joint surface is mainly
simplified into a spring-damping unit to represent the stiffness and damping characteristics, the
Boolean operation is adopted for the fixed joint surface. Through finite element analysis, the
natural frequency and modal vibration mode of the initial state and the thermal equilibrium state
are obtained as shown in Table 1.

From Table 1, it is revealed that the natural frequency of the thermal equilibrium state is less
than the initial state. The main reason is that the interaction between the temperature field and the
structural field will generate thermal-mechanical coupling stress, which will affect the overall
stiffness of the system. At the same time, the thermal effect will affect the stiffness of the joint
surface, causing the feed system to soften. Especially for the natural frequency and vibration of
the low frequency stage, the effect of amplitude is the most obvious, except that the increase of
vibration amplitude affects accuracy of feed system in terms of transmission.

Table 1. Feed system natural frequency and mode

Initial frequency | Natural frequency | The amount of vibration | The amount of vibration
Order | natural frequency | rate after thermal | mode deformation in the | shape deformation after
rate Hz balance Hz initial state mm thermal balance mm
1 330.68 327.60 10.561 10.655
2 354.13 350.91 10.379 10.759
3 433.41 433.33 2.7636 2.7647
4 486.83 486.81 2.8978 2.8983
5 499.67 499.62 1.7799 1.7817
6 566.16 566.01 2.7272 2.7383

4.3. Harmonic response analysis results

Based on the modal analysis, a sinusoidal cutting excitation load is applied to complete the
harmonic response analysis [39]. According to the modal analysis, it can be seen that the system
is prone to resonance phenomena in the frequency range of 0-800 Hz. Therefore, the harmonic
response analysis is performed in the frequency range of 0-800 Hz. The analysis result shows that
the vibration is the largest in the frequency range of 300-500 Hz, therefore, the harmonic response
analysis is performed in the frequency range of 300-500 Hz to obtain more accurate amplitude
curves in the x, y, and z directions.

According to the x-direction amplitude curve shown in Fig. 3, there are three amplitude peaks
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in the initial state, the vibration amplitude is 0.64 um, 15.75um and 3.49 um, and the
corresponding frequency is 328 Hz, 352 Hz and 436 Hz. In the thermal equilibrium state, there
are three amplitude peaks, which are 3.21 um, 7.58 um and 3.49 um, and the corresponding
frequency is 336 Hz, 355 Hz and 436 Hz.
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Fig. 3. x-direction amplitude curve of the feed system
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Fig. 5. z-direction amplitude curve of the feed system
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According to the y-direction amplitude curve shown in Fig. 4, there are about 4 amplitude
peaks in the initial state, which are 0.223 um, 1.09 um, 1.81 um and 2.58 um respectively,
corresponding frequencies are 328 Hz, 352 Hz, 432 Hz and 492 Hz. There are also 4 amplitude
peaks in the thermal equilibrium state, which are 1.04 um, 1.38 um, 1.96 um and 2.59 um
respectively, corresponding frequencies are 336 Hz, 356 Hz, 436 Hz and 494 Hz.

It can be seen from the z-direction amplitude curve shown in Fig. 5 that there is an amplitude
peak in the initial state, which rises to a peak of 18.6 um at about 352 Hz. There is a peak amplitude
at a thermal equilibrium state, which rises to a peak value of 21.58 um at around 354 Hz. From
the results of the above simulation analysis, the inferences drawn are as follows:

1) In the low-frequency phase, the vibration amplitude considering coupling effect of thermal
and mechanical which is greater than the vibration amplitude without considering coupling effect
of thermal and mechanical, and the natural frequency also reduces. In the high-frequency phase,
while considering the thermal-mechanical coupling, the vibration amplitude and corresponding
frequency change is small.

2) The coupling effect of thermal and mechanical system will change performance of dynamic
feed system. The corresponding vibration amplitude of each mode is increased, which intensifies
the feed system vibration, and the low frequency phase is most obvious. In the x, y, and z
directions, the maximum amplitude increased by 11.6 %, 21.0 % and 16.1 % respectively.

3) The temperature rise reduces the feed system frequency and the amplitude of vibration
increase. Mainly because the temperature will generate thermal stress, it affects the elastic
modulus and other material parameters causing change in feed system’s structural rigidity. At the
same time, the combined effect of the field will produce a thermal-mechanical coupling effect
which will affect the stiffness characteristics of the rolling joint surface causing the ball screw to
“soften”. Especially in the low frequency stage, under the influence of the thermal-mechanical
coupling characteristics, the vibration amplitude increases, greatly reducing the system
transmission accuracy.

4.4. Suppression optimization method

After studying relationship of coupling among the heated temperature field and the mechanical
structure field, a thermal-mechanical coupling modeling method is proposed and simulation
analysis is done. From the analysis results, it can be seen that the heat source heat will cause
thermal stress, and the coupling effect with the structural field generates thermal-mechanical
coupling stress causes the stiffness of the system structure to decrease. In addition, the stiffness
characteristics of the joint surface will also be affected by temperature, resulting in a decrease in
the dynamic response characteristics of the system and an increase in vibration amplitude.
Therefore, reducing heat from the heat source and increasing the stiffness of the system. The
following solutions are proposed to improve the accuracy of the system:

4.4.1. Properly increase the rigidity of the joint surface

It can be known from the analysis that the ball screw is the main component that affects the
vibration characteristics of the feed system, and the ball screw is also the main transmission
component. Therefore, improving the ball screw rigidity is an effective measure to improve the
system's vibration resistance. The rigidity of the rolling joint surface is a key link that affects the
structural rigidity of the system. To this end, the rigidity of the joint surfaces such as bearings and
nuts is appropriately increased for the improvement of system rigidity, thereby achieving
improved dynamic response performance.

4.4.2. Add auxiliary support device

In actual processing, the beam supported by the ball screw is heavy, which causes large
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deformation in the middle part of the screw. For this reason, it is necessary to add a support device
in the middle part to reduce the deformation and reduce the transmission accuracy.

4.4.3. Local cooling treatment

From the analysis results of the temperature field, it can be known that the bearing pair and the
nut pair are the highest temperature parts, and the thermal deformation error has the largest impact
on the transmission accuracy and stability. For this reason, the heat source is cooled by using
lubricating oil or coolant, etc. For reducing heat generation, thermal effect reduction on the rigidity
of the structure and improve the stability of the system.

4.5. Optimization examples

According to the above analysis, reducing the heat of the heat source and improving the system
rigidity are the keys to improving the machining accuracy. For this reason, the cooling device and
the method of increasing the rigidity of the joint surface are used to solve the overall performance
degradation of the system due to the coupling effect of thermal load and cutting load. This
optimization resulted in reducing the feed system structure, the thermal deformation error is
reduced, and the feed system vibration also reduced to some extent.

The feed system has an initial ambient temperature of 20 °C at a feed speed of 3000 rpm, uses
a cooling device, and preloads the joint surfaces such as bearings and nuts to improve the dynamic
performance of the feed system. According to the above-mentioned thermal-mechanical coupling
vibration Characteristic analysis process to obtain the temperature field, thermal deformation,
natural frequency and feed system amplitude of vibration after adopting these measures.

Comparing the temperature field and thermal deformation before and after optimization, it can
be seen from the results of the temperature field that the temperature rise of the feed system is
greatly reduced and the temperature field distribution is more uniform by using cooling devices
and increasing the rigidity of the joint surface. The results show that the thermal deformation of
the ball screw is greatly reduced, mainly because after using the cooling device, the temperature
rise of each part decreases and the thermal deformation error decreases; at the same time, the
rigidity of the ball screw increases, reducing the deformation caused by temperature rise and
gravity.

Comparing the vibration amplitude of the feed system after using the cooling device and
increasing the rigidity of the joint surface as shown in Fig. 6, the vibration amplitude of the feed
system is greatly reduced after using the kinetic energy performance optimization method. The
amplitude in the x, y, and z directions has decreased by 17.8 %, 7.9 % and 18.6 % respectively,
because the cooling device is used to reduce the temperature of the feed system. The influence of
the temperature system rigidity is also reduced along with the improvement in the system stability
and the ball screw rigidity. Especially the rolling joint surface rigidity can be greatly improved,
thereby improving the dynamic response performance.

It can be seen from the above analysis that the use of a cooling device and a method of
improving the rigidity of the joint surface can not only reduce the temperature of the feed system
and the thermal deformation error, but also greatly reduce the vibration amplitude of the system
while improving the dynamic response characteristics of the feed system. For this purpose,
structural optimization design is performed based on the analysis results to improve the overall
performance of the feed system.

The comparison of the proposed method considering the coupling effect of thermal and
mechanical with the other state of the art approaches is provided in Fig. 7.

From Fig. 7, it is revealed that the proposed approach is successful in suppressing the
vibrations by incorporating the thermal mechanical coupling, thereby providing the minimum
vibration amplitude increased when compared with the other state of the art approaches.
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In this paper, the thermal characteristics, dynamic characteristics and thermal-mechanical
characteristics of vibration are studied in detail. Through the thermal characteristics study, the
influencing factors of the temperature rise and feed system thermal deformation are obtained
through the knowledge of dynamic characteristics. Feed system vibration characteristics are
attained and the influencing factors of the natural frequency and feed system amplitude are
obtained through studying the characteristics of thermal-mechanical coupling. In order to improve
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the overall performance of the feed system, the thermal performance, dynamic performance and
thermal-mechanical coupling vibration performance, combined with lightweight design criteria,
forms a multi-objective optimization design method based on thermal-mechanical coupling,
thereby tending each index to the best value.

5. Conclusions

Based on the characteristics of the combined effect of thermal load and cutting load on the
feed system of high-speed CNC machine tools, this paper explores thermal-mechanical coupled
method of feed system vibration, taking into account the thermal performance, mechanical
performance and dynamic performance under the coupling of thermal-mechanical performance.
The actual working conditions analyze the thermal characteristics, dynamic characteristics and
vibration characteristics of the thermal-mechanical coupling to provide a theoretical basis for
improving the overall performance of the feed system. In order to ensure the stability of the feed
system transmission, the cutting excitation force is calculated and the bearing pair is established.
The coupling model of the nut pair and the guide pair calculates the equivalent dynamic
parameters of the coupling surface, and combine the feed system analysis model to complete the
dynamic modal analysis and harmonious response analysis. The analysis results show that the
first-order natural frequency is 330.68 Hz. The speed of the system is far below the critical speed,
and no resonance phenomenon will occur; the maximum amplitude in the frequency range of
300-500 Hz is 18.6 um, which meets machine tool requirements.

Feed system thermal characteristics and the thermal-mechanical coupling vibration
characteristics test were completed. Compared with the simulation results, the maximum relative
error of the temperature was 3.2 %, which verified the correctness of the theoretical method and
analytical model provides the maximum temperature measured by the test was 39.7 °C, indicating
that the thermal effect generated by the high-speed feed system is very large. The relative error of
the vibration amplitude of the test and simulation is 12.5 %, which verifies the correctness of the
thermal-mechanical coupled vibration analysis method. The test measures the vibration under the
thermal-mechanical coupling effect and the amplitude is increases by 19.7 %, indicating that the
study of the dynamic characteristics of the high-speed feed system needs to consider the
thermal-mechanical coupling effect.

The future perspective of this study will focus on competing the other structural optimization
techniques. The more in-depth investigation and analysis of the multi-objective optimization
design for the feed system is the future scope for this research work.
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