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ABSTRACT

In response to the challenging issue of titanium
alloy wire processing, a finishing process equipment is
used for surface turning and finishing processing. To
improve the surface processing quality of the finishing
equipment, an electromechanical coupling model is
established, considering the interaction between the
mechanical, electrical, and control systems. The
accuracy of the mechanical dynamics model and the
electromechanical coupling model is verified through
experiments, and vibration characteristics are analyzed
under the electromechanical coupling model. The
study explores the system's dynamic characteristics
under different motor speeds and feed rates, and
investigates the impact of changes in mechanical
parameters on system vibration. Experimental
verification shows that the electromechanical coupling
model more accurately reflects the real system
characteristics. Vibration characteristics analysis
reveals that with changes in motor speed and feed rate,
the magnitude and trend of vibration in the cutting
system also change. By comparing the error between
the theoretical mean of displacement and the
experimental value, the appropriate motor speed and
feed rate are selected to improve the cutting efficiency
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and surface machining quality.

INTRODUCTION

Due to their high strength-to-weight ratio and
stability at high temperatures, TB9 titanium alloys are
widely used in the aerospace, automotive, and other
industries because they have high strength and are
lightweight (Ren et al, 2020; Gao, 2020). However, its
high hardness and low elastic modulus make it difficult
to machine since it is prone to elastic deformation
during processing, which significantly affects
dimensional accuracy and surface quality (Li et al,
2018). To address these machining challenges, special
machining methods are needed. Surface finishing, as a
precision machining technology, seeks to increase
dimensional accuracy and minimize surface roughness
by removing a very thin layer of material. Surface
turning is commonly used for finishing both
domestically and internationally. This approach
significantly enhances machining efficiency and
reduces environmental pollution while ensuring
surface machining quality. Finishing process
equipment is very vulnerable to cutting chatter when
turning small-diameter large-coil titanium alloy wires
(Shi et al, 2022), and with its development to the
direction of high power and integration, the mechanical
vibration caused by the electromechanical coupling
effect is more and more obvious. Therefore,
understanding the chattering mechanism of the cutting
system in finishing process equipment and the dynamic
characteristics of its transmission system and electrical
system is crucial for improving machining quality.

Numerous academics have investigated the
behavior of vibration in the cutting process by
establishing a cutting dynamics model to improve the
stability of the system and the machining quality of the
workpiece. OZLU et al. (2007a; b) concentrated on
normal turning and established a dynamic model of the
cutting system that takes the tool tip radius into account.
The model's predictive results are found to be highly
accurate compared to the experimental data.
Y. Altintas et al. (2008) developed a time-periodic
dynamic model of the milling process that summarizes
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the frequency-domain and discrete-time-domain
chatter patterns in milling operations. The model
predicts the relationships between workpiece materials,
machine tool structural dynamics, and cutting
circumstances. Machine learning methods were also
used to model dynamics in the field of high-precision
machinery. References (Peng et al, 2024; Wang et al,
2024) used machine learning methods to model and
predict the rotor behavior for the nonlinear behavior of
the bearing system. References (Mishra et al, 2024)
shows the impact of the cutting parameters on the
carbon emissions of a three-axis milling machine and
the carbon emissions data was predicted using various
machine learning methods.

The transmission system of finishing equipment
adopts synchronous belt transmission - a typical
rotating mechanical power transmission method.
Synchronous belts have higher transmission accuracy
and load carrying capacity than flat belts, and have the
advantages of low noise and no lubrication compared
to chain drives (Qing et al, 2020). The establishment of
an accurate dynamic model of synchronous belt
transmission can effectively predict to the vibration
response of the synchronous belt system transmission
process, and its dynamic response has a greater impact
on the overall system response. For synchronous belt
transmission system, many scholars have carried out
research. Reference (Zhu et al, 2021) studies on
dynamic modeling, simulation and experiment of
power transmission belt drives are comprehensively
reviewed. Fu et al. (2023) propose a matrix model to
calculate the tangential pressure of the meshing part
between tooth and pulley, which solves the difficulty
of calculating the tangential pressure of the belt. Wang
et al. (2024) based on the viscoelastic characteristics of
the synchronous belt, the influence of different pre-
load and the plate load on the transverse vibration, load
dynamic linear displacement error and motion
characteristics of the synchronous belt was analyzed,
which provides a theoretical reference for the
application of similar devices in the optimization of
PVC transmission accuracy and stability.

All of the above studies have investigated the
vibration response problem by establishing the
dynamics model of the mechanical system, while
analyzing the dynamics of the mechanical system
alone cannot fully take into account the motor and its
control system, and cannot provide an accurate
prediction of the system response. In recent years,
scholars at home and abroad have conducted a lot of
research in electromechanical coupling. Henao et al.
(2003) based on the gearbox electromechanical system
found that the torsional vibration of the gearbox has a
more obvious effect on the electromagnetic torque and
stator current, and the motor can be used as a torsional
sensor to monitor the health status of the gears. Feki et
al. (2012, 2013) proposed a new analytical formula of
electromechanical coupling model based on the
analysis of the current signals for the detection of gear
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faults. Kanaan et al. (2003) investigated the effect of
different electromechanical parameters on the
frequency response by analyzing the vibration
frequency response of the system. Liu et al. (2014)
studied the electromechanical coupling dynamic
characteristics of a shearer cutting transmission system
under unexpected load fluctuations. They obtained the
patterns of influence of mechanical parameters on
dynamic characteristics, which provided
recommendations for mechanical parameter design.
Chen et al. (2023) considered the nonlinear factors
such as internal excitation of gears and electromagnetic
excitation of motors in the electromechanical-rigid-
flexible coupled dynamics model, and confirmed the
accuracy of the model with the help of experiments.
The aforementioned paper studies the
electromechanical coupling characteristics of the
motor-gear system, which differs from the motor-
synchronous belt drive system in the finishing
equipment discussed in this paper. Moreover, the load
mechanism at the other end of the synchronous belt
transmission system is the cutting system, and the
fluctuation of the motor torque directly excites the
transmission system, which in turn affects the vibration
characteristics of the cutting system, and the cutting
system also affects the electrical system current and
other changes that occur to form a coupled vibration
system, and its dynamic characteristics are also richer.

This paper takes the power cutting system of
finishing process equipment as the research object,
establishes the dynamic model of cutting system, the
dynamic model of torsional vibration of synchronous
belt transmission system and the model of permanent
magnet synchronous motor respectively, and
establishes the electromechanical coupling model of
the power cutting system with the link of
electromagnetic torque. The influence of mechanical
parameters on the vibration characteristics of the
power cutting system is studied, and the correctness of
the electromechanical coupling model is verified
through tests.

DYNAMIC MODELING OF CUTTING
SYSTEMS FOR FINISHING PROCESS
EQUIPMENT

The finishing process equipment is primarily
composed of multiple components, including an
electric machine, a synchronous belt drive mechanism,
a hollow spindle, a front guide mechanism, a middle
and rear guide mechanism, and a cutterhead cutting
system. Fig. 1 illustrates all of these components.
Subsystem modeling and analysis are required for
correct characterization of the overall system's
dynamic features. Using a centerless lathe as an
example, this study establishes dynamic models for a
cutterhead cutting system and a mechanical
transmission system.
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Fig. 1.Structure of the finishing process equipment

Dynamic modeling of the cutterhead cutting system
Fig. 2 shows a structural diagram of the
cutterhead cutting system in the finishing process
equipment. The system consists of the cutterhead
providing support, the cutting tool holder (clamping
box) for the cutting tool embedded in the cutterhead’s
dovetail groove, and the press block that secures the
cutting tool holder in place. Each of the four cutting
tool holders is equipped with cutting tools, which are
bolted to the cutting tool holder. During the assembly
process, the tangential position of the cutting tool
holder is fixed by the press block, and the radial
position is fixed by the cutterhead cutting system.

dovetail
groove

the press block

the cutting tool holder

the cutterhead with cutting tool

Fig. 2. Structural diagram of the cutterhead cutting
system in the finishing process equipment

The following assumptions are made based on
the structure of the centerless lathe cutterhead cutting
system, as illustrated in Fig. 3: (1) The cutterhead
cutting system is composed of four subsystems, which
are primarily based on cutting tool holders 1, 2, 3, and
4. (2) Cutting tool holders 1, 2, 3, and 4 share identical
fundamental characteristics. (3) Assume rigid contact
between the press block and the cutterhead, as well as

between the cutting tool holder and the cutterhead,
without regard for stiffness damping. (4) Mass-spring-
damping systems replace the contacts between the tool
tip and the bar, the cutting tool holder and the
cutterhead cutting system's periphery, and the cutting
tool holder and the press block. Figure 3 shows the
dynamic model of the cutterhead cutting system that
was established.

Fig. 3. Dynamic modeling of the cutterhead cutting
system

Where m; and m, represent the equivalent masses of
cutting tool 1 and cutting tool holder 1, respectively,
¢, and k, represent the damping and stiffness in the
tangential direction of the cutting tool holder, c; and
k3 represent the damping and stiffness in the radial
direction of the cutting tool holder, c, and k, represent
the damping and stiffness in the radial direction of
cutting tool.

side view

main view

the cutting

tool
bolt
the cutting ﬂ
tool holder
.k,
Fig. 4. Equivalent modeling of the bolted connection
interface
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The cutting tool holder experiences cutting
vibrations in the groove as a result of the workpiece's
reaction forces during turning process. Given the radial
and tangential vibration displacements, the cutterhead
cutting system is simplified to a two-degree-of-
freedom system in the x and y dimensions, as
illustrated in Fig. 5 and Fig. 6.
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Fig. 5. Dynamic model of the cutting tool and its
cutting tool holder in the x-direction
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Fig. 6. Dynamic model of the cutting tool and its
cutting tool holder in the y-direction

Where k, and k, represent the stiffness of the bolted
connection interface in the x and z directions, F, is the
cutting force of the cutterhead cutting system in the
radial direction of the cutting tool holder, and F, is the
cutting force of the cutterhead cutting system in the
tangential direction of the cutting tool holder.

Using cutting tool 1's static equilibrium position
as the coordinate origin, the force equilibrium
relationship yields the differential equation for the two-
degree-of- freedom cutting vibration in the x-direction:

x

M

{mljc'l +o% +kx +k (x,—x,)=F

myX, + ¢, +kyx, —k (x,—x,) =0

To avoid the coupled vibration effects of m,; and
m, in the y-direction from impacting the overall
system’s dynamic response, their displacement errors
must be within 0.1 mm. The differential equations for
the 2-degree-of-freedom cutting vibration are given
below. Using numerical simulation to solve these
equations, the y-directional vibration displacements of
m; and m, are determined to be 0.0537 mm and
0.0533 mm, respectively, which are within the
acceptable error range. As a result, an unfixed-end
model, as shown in Fig. 6, can be used to more properly
assess and regulate the system's vibration behavior.
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{ my, +k, (.Vl_yz):Fy 2)

M, +¢,0, +kyy, — k. (J’1 _J’z) =0

Modeling of the mechanical transmission system

In the finishing process equipment, the
synchronous belt transmission system relies on the
contact between the belt wheel and the belt with high
precision to transfer power smoothly and drive the load
rotation, but the viscoelastic and polygon effect of the
synchronous belt during the rotating movement will
cause the longitudinal transmission error in the
transmission process, so the theoretical analysis mainly
studies the longitudinal vibration of the transmission
system. Ignore the transverse elastic deformation of the
drive shaft. The pulley only considers the moment of
inertia, and ignores the damping and friction in the
system, and the driving wheel and the driving wheel
rotate around their own fixed rotating axes.

ky

W
nJ
Cy

6y \
Fig. 7. Torsional vibration model for a synchronous
toothed belt drive

Where kb and ¢, represents the stiffness and
damping coefficient of the synchronization belt, 91
and 92, # and 7, are the angular displacement and

radius of the main and driven wheels respectively, J,

and J , are the moment of inertia of the main and

driven wheels around their fixed rotating axes
respectively.

Differential equation of rotation motion of
driving wheel and driven wheel:

S0 +¢,(6,-6,)+k,(6,-6,)=T,

iy . 3)
S0, —c,(6,-6,)~k,(6,-6,)=-T,

Where ¢ and L bear the torque of the main and slave
wheels respectively.

GETTING PARAMETERS FOR THE
MECHANICAL DYNAMICS MODELS

Determining the damping and stiffness of the tool
and its holder

This study employs modal hammer testing to
assess the damping and stiffness of the tool and its
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holder. The following engineering requirements
dictated the selection of the German equipment: the
m+p SO Analyzer—a data acquisition and modal
analysis platform; the 5800B4 model modal hammer;
and the Dytran 3097A2 accelerometer sensor. The data
gathering and analysis platform, modal hammer, and
accelerometer sensor are connected to the mechanical
structure modal analysis system instrument, resulting
in the entire modal testing platform illustrated in Fig.

Fig. 8.Modal hammer testing platform

After completing the parameter identification
procedure in the SmartOffice modal analysis software
package system, the analysis findings are saved to
obtain damping and natural frequencies in the x and y
directions of the tool and tool holder, as shown in Table
1.

Table 1.Modal hammer test results

Frequency/Hz | Damping
Cutting tool x- 735.34 1.20%
direction
Cutting tool 9
holder x-direction 1387.23 T
Cutting tool )
holder y-direction 1337.03 222%

Based on the natural frequency, the equivalent
stiffness of the cutting tool in the x-direction is
calculated as:

k, =4x’mf* =170776 N / m )
Similarly, the corresponding stiffness of the
cutting tool holder in the x and y-directions is:

ky = 47°mf> = 35783069N / m

k, = 47°mf* = ®)
= 4zmf* =33240148N / m

Determining the stiffness at the bolted connection
interface

In the study of stiffness at the bolted connection
interface, scholars have summarized specific formulas
and empirical data for calculating joint stiffness under
certain conditions (Cai et al, 2014). Masataka
Yoshimura showed that when the average contact
pressure at the bonding interface is the same, their unit
area dynamic characteristics are similar, and their
equivalent stiffness and damping can be obtained by
integrating parameters of the bonding interface.

As shown in Fig. 9, under bolt preloading, the
contact pressure distribution function at the connection
interface can be expressed by the following equation
(Gaul et al, 2001):

=
p(r) =qaFe' °
T
kd

(6)

Where T is the bolt torque, k is the torque coefficient,
usually taken as 0.2, d is the nominal diameter of the
bolt, a, b, and c are fitting parameters that are
independent of the preload force F value (Marshall et

al, 2006).

p \\\ the cutting tool

bolt

connectfion interface

the cutting
tool holder

Fig. 9. Distribution of the contact pressure at the
connection interface

Research indicates (Wang et al, 2013) that the
connection interface stiffness is closely related to the
contact pressure, and the following relationship exists:

k(p)=ap’(r) (M)
Based on the above equation, according to
Masataka Yoshimura's method, the following formula

for calculating the tangential stiffness of the
connection interface is obtained:
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Where 7, and 7, are the minimum and maximum radii

of the contact pressure distribution at the connection
interface, respectively, 7 is the radius of the contact

pressure distribution, ¢, and f,, @, and f3, are

constants related to the properties of the connection
interface.

According to reference (Marshall et al, 2000),
takea =0.8,b=4.8,c=16,1, =4mm, and r;,, =
7.2mm. ay = 20644, f, = 1.7, a, = 561280, 5, =
0.31. The bolt torque T = 20N - m and substituting
the above parameters into the equation yields the
tangential stiffness of the bolted connection interface
as:

9
K. =1.40x10°N/m ©)

{szKy=6.67x106N/m

Fitting of the empirical formulas for the cutting
forces

Because the centerless lathe is turning titanium
alloy wire, the cutting process is extremely
complicated and there are many influencing factors.
Therefore, at present, a unified calculation formula has
not been formed, and the cutting force is calculated
according to the empirical formula.

The calculation formula for the main cutting
force and the cutting resistance are as follows:

F,=2931.355a, - £ -sin"* k, (10)

11
F,=2/5F, an

Where & » is the cutting depth, f is the feed rate, and

k_ is the main deflection angle of the tool, where
k. =30".

In the x-direction, the excitation force on the
system arises from the difference in forces between
two opposing cutting tools, which is caused by varying
cutting depths (Aa) and thus differing cutting
resistances. This difference is denoted as AF, .
Therefore, the force in the x-direction is:

Fx-Aa:Fp-Aa (12)

In the y-direction, the excitation force on the

J. CSME Vol.46, No.3 (2025)

system arises from the difference in forces between

two opposing cutting tools, which is caused by varying

cutting depths (Aa) and thus differing main cutting

forces. This difference is denoted as AF;. Therefore,

the force in the y-direction is:
F -Aa=F, -Aa

. ’ (13)

ELECTROMECHANICAL COUPLING
DYNAMICS MODELING

Establishment of the motor model

To establish a dynamic model of a permanent
magnet synchronous motor in the dg coordinate
system, the Park transformation is used to transform
the three-phase voltage of the motor stator into a two-
phase rotating dq coordinate system. The electrical
parameters of the permanent magnet synchronous
motor are also discounted to the dq-axis equivalent
circuit model, and the corresponding voltage equations,
flux linkage equations, and electromagnetic torque
equations are as follows.

The voltage equation:

d .
U, = _t(//d -0y, + R,

y (14)
uq = El/lq - a)rl//d + Rsiq
The flux linkage equation is:
v, =Li +y,
o (15)
l//q = qufi
The electromagnetic torque equation is:
3 . .
T =Ep[w/.zq—(Ld—Lq)ldl ] (16)

Where iy, ig, Ug, Uq, Ya, Pq are the components of
stator current, voltage and stator flux of permanent
magnet synchronous motor in dg two-phase rotating
coordinate system, respectively, w,. is the rotor angular
velocity, Ly « Lg are stator winding d and q axis
inductors. For hidden pole synchronous motor, Ly=Lg»
so the electromagnetic torque can be expressed as:

3 .
L=Zpv/i, (17)

Electromechanical coupling model

By partially simplifying the electric system of
the motor and the transmission system of the
synchronous belt, a 4-degree-of-freedom model of the
synchronous belt driving-motor rotor vibration
considering the tensile stiffness of the synchronous belt
and the torsional stiffness of the drive shaft is
established. The motor rotor shaft is connected with the
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synchronous belt driving wheel, and the driven wheel

is connected with the load (hollow spindle and

cutterhead cutting system connected with it), so that

the motor rotation can drive the load rotation, as shown

in Fig. 10. In the figure, J, « J; -~ J, and J; are

respectively the moment of inertia of the motor, the

driving wheel, the driven wheel and the load. 6, 8,
0, and 6, are respectively the rotation angles of the

main driving wheel, the driving wheel, the motor and

the load. k4, + kg4, and kj, are the torsional stiffness of
the input shaft, the output shaft and the tensile stiffness

of the synchronization belt, respectively. ¢4, €4, and

cp are the torsional damping parameters of input axis,

output axis and synchronous belt damping parameters

respectively. T, < T, « T, and T, are respectively

motor torque, driving wheel torque, driven wheel

torque and load torque. With 8, 6,. 6, and 6, as

generalized coordinates, the system dynamics

equations are obtained from Newton's second law.

electromotor

T,

Fig. 10. Dynamic modeling of the motor-cutterhead
cutting system

1.0, +c,(0.-6)+k,(0,-6,)=T,
Jlél _Cdl(g@_gl)_kdl(ge_gl) =T,

e

) o (18)
J202+Cd2(92 _HL)+kd2(92 _HL)ZTz

J,0, ¢, (éz_éL)_kdz (6,-6,)=-T,

Taking electromagnetic torque and cutting
system torque as driving torque and load torque
respectively and acting on the synchronous belt
transmission system through the motor shaft and the
drive shaft, the resulting driven wheel torque
fluctuation acts on the cutting system through the
output shaft. Combining equations (1), (2), (3), (14)-
(18), the electromechanical coupling dynamics model
of the dynamic cutting system of the finishing
machining equipment is established. The specific
expression is as follows:

U, :in -0y, +Ri,
dt o

d .
uq :Equ _a)rl//d +Rslq
We=Li,+y,
v, =Lj,
3 . .
T, :Ep[l//flq _(Ld _Lq)lt1lq:|

MX +(C+C) X +(K,+K,)X =T

(19)

Where X is the generalized degree of freedom the
system, M is the generalized mass matrix of the system,

K. and K, are equivalent stiffness matrix and

torsional stiffness matrix respectively, Ci and C 4 are

equivalent damping matrix and torsional damping
matrix respectively, T is the external torque matrix
composed of 7, and 7} .

Selection of model parameters
Some of the parameters of the system are shown
in Table 2.

Table 2.Partial system parameters

Parameters Value
Motor moment of inertia 5
./ (kg-m?) 1.9x10
Load moment of inertia 5
T, 1 (kg -m?) 6.7x10
Synchronous belt pulley moment 2.7x107
of inertia J,, J, / (kg -m*) 2 73102
Modules of belt pulley m / mm 2
Number of teeth of belt pulley
7.7 20, 30
I 2
Torsional damping ratio 0.05
Torsional stiffness 1x10°
ky~ k[ (N-m/rad) 1x105
Tensile stiffness k, /(N -m/rad) | 2.75x107
SIMULATION MODELS

Building the dynamics simulation model

The MATLAB/Simulink modules are used to
solve the differential equations listed in previous
chapters, and a simulation model is constructed, as
shown in Fig. 11.
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L <] establishment of the electromechanically coupled
model. The Simulink simulation model is constructed

5 5 ”’@ as shown in Fig. 12, with the main motor parameters
i é’ = detailed in Table 3.

Fig. 11.Dynamic simulation model

‘motor — drivetrain dynamics modelling

Table 3.The main parameters of the permanent

Fig. 12.Simulation model of the motor-synchronous
magnet synchronous motor

belt transmission system

Parameters Value
Verification of simulation models
Rated power P/ kw 3 To verify the correctness of the above modeling
method, an electro-mechanical coupling simulation
Rated speed w/ rpm 1200 experimental platform for finishing process equipment
Number of pole pairs 4 is first built, as shown in Fig. 13. The vibration signal
’ acquisition system consists of three main components:
Stator resistance /O 0.958 the accelerometer mounted on the machine tool, the
matched high-precision data acquisition instrument,
Damping coefficient B/ N - M - s 0.008 and the DASP system software. The data collected by
the accelerometer is transmitted to a computer, where
Bus voltageU, /V 311 it is processed using the DASP software to complete
. the vibration signal acquisition.
d-axis inductance L, / mH 5.05
g-axis inductance I, / mH 12 - e —
‘- w | RUEHAL e ) ”l ! JEERE |

Permanent magnet flux linkage o, - li TR 'L L s W

0.1827 “ve *® S o /L d]

@,/ wb = xSy — L ;

gk © © € f
Building the electromechanical coupling simulation m PO =

model

MATLAB/Simulink was used to solve the
electromechanical coupling model: first, the Simulink
module was used to build a permanent magnet
synchronous motor and its current-hysteresis-control
model; second, the S-function was used to establish the
dynamics equations of the motor-synchronous belt
transmission system, with external excitation such as
electromagnetic torque as the input to the system; and
third, the electromagnetic torque produced by the
permanent magnet synchronous motor acted on the
dynamic system, from which the motor rotor angular Fig. 13.Build an experimental platform
velocity was computed. This angular velocity is then
fed back into the motor system, thus completing the

DASP system software
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According to the practical engineering
requirements, a TB9 wire with a diameter of
approximately 8mm, a length of 90m, and having
undergone rough machining is selected as the test
material. The cutting tool chosen is a YG8 carbide
turning tool. During the cutting process, the motor
speed is set to 530 r/min, the feed rate to 0.5 m/min,
and the cutting depth to 0.9 mm. The vibration signal
at the front end of the spindle bearing seat (i.e., the x-
direction of the cutterhead cutting system) is collected
under these operating conditions. The same conditions
are applied in the mechanical dynamic simulation and
electromechanical ~ coupling  simulation, and
appropriate step-size algorithms are used to solve both
simulation systems. In the process of collecting
vibration signal, it will be interfered by the external
environment, experimental equipment and various
factors, so the signal must be pre-processed such as
removing trend, processing transient and denoising.
The model parameters of the dynamic cutting system
of the centerless lathe in this study are the same as
those in reference (Shi et al, 2023), and under the same
working conditions, the time-domain amplitude and
characteristic frequency distribution of the vibration
acceleration response at the tool are consistent with the
test results.

0.5
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o
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. . . . . . . . . |
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Electromechanical coupling simulation
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Fig. 14.Time domain diagram of cutting tool x-
direction vibration acceleration under different
models

Fig. 14 (a) shows the comparison between the
experimental results and the mechanical dynamics
simulation results. During the experiment, the
vibration acceleration of the cutting tool fluctuates in
the range of -0.3~0.3m/s?, and the simulation results
fluctuate in the range of -0.17~0.17m/s?>. Combined
with the signal frequency components in Fig. 15 (a), it
can be seen that the main frequency of mechanical
dynamics simulation is the gear meshing frequency

f,, and its double frequency, while the vibration
signal of the experiment also includes the current
frequency of the motor fe When the mechanical

dynamics model of cutting system is established, the
effect of electrical system is not taken into account, so
its performance in time-frequency domain is different
from the experiment results.
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Fig. 15.Frequency domain diagram of cutting tool x-
direction vibration acceleration under different
models

Fig. 14 (b) and Fig. 15 (b) respectively show the
time-frequency and frequency comparison diagrams of
the vibration acceleration at the cutting tool. During the
electromechanical coupling simulation, the vibration
acceleration at the cutting tool fluctuates within the
range of -0.2~0.2m/s>. The main frequency
components are the gear mesh frequency f . and its
double frequency, and the current frequency of the

motor fe Through the above comparison, it can be
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found that the system characteristics shown in the
experiment are consistent with the dynamic
characteristics of the electromechanical coupling
simulation.

The cutting tool vibration signals obtained by
experiment and electromechanical coupling simulation
are non-stationary signals, and more attention should
be paid to their frequency components, which may
change with time. Therefore, it is necessary to compare
experimental and electromechanical  coupling
simulation vibration signals in the time-frequency
domain to better capture the local features and
frequency changes within the signals. Therefore,
wavelet packet analysis is chosen in this study. Fig. 16
(a) and (b) show that the experimental vibration signals
are mainly concentrated in the low-frequency range,
although the high-frequency band is also involved. In
contrast, the electromechanical coupling simulation
signals are concentrated below 300 Hz in the low-
frequency range. This difference arises because
experimental signals are affected by factors such as
noise and instability. However, these differences are
within a reasonable range, indicating that the
electromechanical coupling simulation signal behaves
similarly to the experimental signal in the time-
frequency domain.

Frequency (kHz)
Power/Frequency(dB/Hz)

Time (s)

(a) Experiment

-20
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08 40
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-60
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05 80
04
-100
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-120
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L3 140
0
1 2 3 4 5 6 7 8 9

Time (s)

Frequency (kHz)
PowerlFrequency(dBiHz)

(b) Electromechanical coupling simulation
Fig. 16. Time-frequency diagram of cutting tool x-
vibration acceleration

Through the above comparisons, it can be
observed that the electromechanical coupling
simulation model exhibits system characteristics that

J. CSME Vol.46, No.3 (2025)

are essentially consistent with the experimental
vibration signals. This confirms the accuracy of the
electromechanical coupling model established in this
study.
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Speed = 480 RPM
Speed = 530 RPM
Speed = 580 RPM
Speed = 630 RPM
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Fig. 17.Fluctuations in acceleration vibration signals
at different motor speeds

ANALYSIS OF SYSTEM DYNAMIC
CHARACTERISTICS

In summary, the electromechanical coupling
model better reflects the actual vibration characteristics
of the system, so the following research is conducted
based on the system's electromechanical coupling
model. In this model, the vibration characteristics of
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the system can be observed by changing mechanical
and electrical parameters. However, although electrical
parameters can be adjusted, their impact on the
system's vibration characteristics is more complex and
less intuitive compared to mechanical parameters.
Therefore, this paper mainly analyzes the effects of
mechanical parameters (motor speed, feed rate, and
cutting depth) on the x-direction vibration acceleration
and displacement of the cutterhead cutting system.

Vibration Characteristics of the System at Different
motor speeds

In the electromechanical coupling simulation,
the cutting depth is fixed at 0.9mm, and the feed rate is
set to 0.5m/min. The motor speeds are set to 430r/min,
480r/min, 530r/min, 580r/min, and 630r/min,
respectively, and the vibration in the cutting tool x-
direction is observed. By varying the motor speed, the
vibration magnitude and trend of the cutting system are
studied, which helps to adjust the system parameters to
improve machining accuracy.

When analyzing the electromechanical coupling
simulation vibration signals, large impacts and
transient effects may occur during the first 3 seconds
due to system startup or other factors. To obtain more
accurate vibration characteristics of the system, this

study only considers the data between 3 and 10 seconds.

Fig. 17 shows the acceleration vibration signal
fluctuations at different motor speeds. It can be
observed that by changing the motor speed, the cutting
tool's vibration acceleration in the x-direction
undergoes significant changes. From Fig. 17(a), it can
be seen that at a motor speed of 580r/min, the
acceleration fluctuation range is the smallest, ranging
from -0.4 to 0.4m/s. This suggests that at this speed,
the motor control, feedback control, and other system
parameters are likely optimized, resulting in the most
stable system operation.

Fig. 18 shows the curve of the average
acceleration values as a function of the motor speed.
This analysis considers the changes in average
acceleration due to the variations in two variables:
motor speed and cutting depth. It is evident from the
graph that with increasing motor speed, the trends in
the average acceleration values are generally consistent
across different cutting depths. For motor speeds
ranging between 430rpm and 530rpm, the average
acceleration increases with speed for various cutting
depths. At 530rpm, the average acceleration reaches its
maximum because at this motor speed, the system

approaches its frequency ( ﬁ) ,
£ = fiAl1-2E% =61.5x1-2x0.57* ~35.2Hz ,

leading to significant vibration. When the motor speed
increases from 530rpm, the system gradually moves
away from the resonance frequency, weakening the
resonance effect. Consequently, the average vibration
acceleration decreases, reaching its minimum at
580r/min, where the system operates most stably,

resonance

consistent with the results shown in Fig. 17.

5
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Fig. 18.Curves of the average acceleration as a
function of the motor speed

Through electromechanical coupling simulation
and mechanical dynamics simulation, the cutting tool
vibration signal in x-direction (i.e., radial direction of
cutterhead cutting system) is obtained. By changing the
motor speed (530r/min, 580r/min, 630r/min) to study
the vibration size and vibration trend of the cutting
system, and then improve the surface quality of the
centerless lathe workpiece. In order to verify the
accuracy of the simulation results of the mechanical
dynamics model and the electromechanical coupling
model, they are compared with the experimental results,
as shown in Table 4.

Table 4. Comparison of x-direction experimental
parameters and simulation parameters

otor speed
(r/min)
Mean 530 580 630
displace-
ment(mm)
Mechanical |y 15,10 | 373x10- | 3.50x10
dynamics 5 ) )
simulation
. 3.97x10° | 3.47x10° | 3.64x10°
Experiment 2 ) )
Error rate 5.29% 7.49% 3.85%
Electromecha-1 5 910~ | 3.56x10- | 3.72x10
nical coupling 5 ) Iy
simulation
Error rate 1.76% 2.59% 2.20%
S S, -FE (20)
E

Where O refers to the error rate, S , refers to the mean
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of theoretical displacement, E refers to the mean of
experimental displacement.

The vibration data of cutting system in x-
direction is obtained by experiments, and compared
with the simulation data of mechanical dynamics and
electromechanical coupling. It can be seen from the
Table 4 that when the speed is changed, the error rate
between the experimental value and the theoretical
value of the vibration of the mechanical dynamics
model reaches a maximum of 7.5% because the
influence of the motor is not considered. The error rate
of electromechanical coupling model is less than 5%
because the electrical parameters and control
parameters are taken into account. Among them, when
the motor speed is 580r/min, the simulation data and
the experimental data can draw the conclusion that the
vibration displacement at the cutting tool is minimum
under this condition. According to the Table 4, the
cutting stability in the x-direction is better at motor
speeds of 580r/min and 630r/min. However, as the
motor speed increases, tool wear also increases.
Therefore, the optimal cutting stability is achieved at a
motor speed of 580r/min. In conclusion, considering
the cutting tool wear, the motor speed can be
appropriately increased to ensure machining accuracy
while balancing the cutting tool longevity.

Vibration Characteristics of the System at Different
feed rates

The vibration characteristics of the centerless
lathe cutterhead cutting system exhibit significant
changes in the x-direction at different feed rates (with
other parameters kept constant, a fixed depth of cut of
0.9mm, and motor speed set to 580rpm). The feed rates
are set to 0.5m/min, 0.6m/min, 0.7m/min, 0.8m/min,
and 0.9m/min, and the vibration magnitude and trends
are observed with changes in feed rate. Based on this,
adjustments to the cutting system parameters are made
to improve machining accuracy.

Fig. 19 shows the fluctuation of the system's
vibration acceleration at different feed rates. From Fig.
19(a), it can be seen that within the first 8 seconds, the
acceleration fluctuation range for feed rates between
0.5m/min and 0.8m/min is roughly the same, while the
acceleration fluctuation range at 0.9m/min is
significantly smaller than at the other feed rates. From
Fig. 19(c), it is observed that at 9 seconds, the
acceleration fluctuation at 0.9m/min gradually
approaches the fluctuations seen at other feed rates.
This phenomenon suggests that, in the initial stage, the
vibration acceleration fluctuation is smaller at higher
feed rates. However, as time progresses and cutting
conditions change, the acceleration fluctuation at
higher feed rates gradually increases.

Fig. 20 shows the curve of the average
acceleration value changing with feed rate, considering
the impact of both motor speed and feed rate on the
average acceleration. It can be observed that as the feed
rate increases, the trend of the average acceleration
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value remains relatively consistent across different
motor speeds, indicating that the feed rate has a
minimal impact on the average acceleration value. At
a motor speed of 580 rpm, the average acceleration
value performs the best, with the smallest average
acceleration values occurring at feed rates of 0.5m/min
and 0.6m/min. This suggests that under these cutting
conditions, the cutting process is relatively stable.

Feed rate =

Feed rate

Feed rate
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Fig. 19.Fluctuations of acceleration vibration signals
at different feed rates

Through electromechanical coupling simulation
and mechanical dynamics simulation, the cutting tool
vibration signal in x-direction (i.e., radial direction of
cutterhead cutting system) is obtained. The various of
vibration displacement of cutting system was observed
by changing the feed rate (0.5m/min, 0.7m/min,
0.9m/min). Table 5 compares the change of the mean
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value of vibration displacement of cutterhead cutting
system with the change of feed speed under different
models.

107

—A—— Speed =430 rpm
6 || —O— Speed =480 rpm
—5— Speed =530 rpm
N 5 ||—<7— Speed =580 rpm
— & — Speed =630 rpm

Average acceleration value. (m/s

-3 L I T
0.5 0.55 06 0.65 0.7 0.75 0.8 0.85 0.9

Feed rate (m/min)

Fig. 20. Curves of the average acceleration as a
function of the feed rate

Table 5 Comparison of x-direction experimental
parameters and simulation parameters

Feed rate
m/min)
Mean 0.5 0.7 0.9
Displace-
ment(mm)
Mechanical
dynamics 3.76x102 | 4.13x102 | 3.99x102
simulation
Experiment | 3.63x102 [ 3.97x102 | 3.83x107
Error rate 3.58% 4.03% 4.18%
Electromecha-
nical coupling | 3.69x102 | 4.02x102 | 3.91x107
simulation
Error rate 1.65% 1.26% 2.09%

As can be seen from the Table 5, when the feed
rate is 0.5m/min, the average vibration displacement
obtained by mechanical dynamics simulation is
3.76x102, and the average value obtained by
electromechanical coupling simulation is 3.69x1072,
while the experimental average value is 3.63x102. The
error rate of mechanical dynamics simulation is 3.58%,
and the error rate of electromechanical coupling
simulation is 1.65%. When the feed rate is 0.7m/min,
the average vibration displacement obtained by
mechanical dynamics simulation is 4.13x102, and the
average value obtained by electromechanical coupling
simulation is 4.02x102, while the experimental
average value is 3.97x102 The error rate of

mechanical dynamics simulation is 4.03%, and the
error rate of electromechanical coupling simulation is
1.26%. With the feed rate increased to 0.9m/min, the
average vibration displacement obtained by
mechanical dynamics simulation is 3.99x1072, and the
average value obtained by electromechanical coupling
simulation is 3.91x10?2, while the experimental
average value is 3.83x1072. It can be found that the
error rate of mechanical dynamics simulation reaches
4.18%, and the error rate of electromechanical
coupling simulation also increases to 2.09%.

Through calculation, the error between the
simulation value and the experimental value in x-
direction of the cutterhead cutting system is less than
5%, but the mean displacement error under
electromechanical coupling simulation is smaller and
closer to the experimental value. This shows that
changing the feed speed will not have much effect on
the vibration response of the system. According to the
above analysis, the change trend of vibration
displacement of the system is the smallest when the
feed speed is 0.5m/min, so the feed speed can be
appropriately reduced to improve the machining
accuracy.

CONCLUSIONS

This paper presents an electromechanical
coupling dynamic model which can be applied to the
cutting system of finishing process equipment under
variable speed and variable load conditions. The effect
of changing cutting parameters on the dynamic
characteristics of the motor-load coupling system is
analyzed. The main conclusions are as follows:
(1)When the motor speed ranges from 430r/min to

630r/min, the system acceleration fluctuation range
can be observed. It can be found that the
acceleration fluctuation range is the minimum under
580r/min. When the motor speed increases from
430r/min to 530r/min, the mean of acceleration
increases with the motor speed, and the minimum
vibration acceleration occurs at 580r/min. Under
this condition, the error rate between the average
vibration displacement under the mechanical
dynamics simulation model and the experimental
value is 7.49%, and the error rate between the
average vibration displacement under the
electromechanical coupling simulation model and
the experimental value is 2.59%. The error rate of
the mean displacement and the experimental value
under the electromechanical coupling simulation is
less than 3%, which verifies the accuracy of the
electromechanical coupling model.

(2)The fluctuation range of acceleration under
different feed rates is basically consistent with the
change trend of the mean acceleration, and the
change of vibration displacement is also very small,
which indicates that the feed rate has little influence
on the dynamic characteristics of the system. The
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error rate between the mean displacement and the
experimental value under the mechanical dynamics
simulation is less than 5%, and the error between the
mean displacement and the experimental value
under the electromechanical coupling simulation is
less than 2.09%, and the result of the
electromechanical coupling simulation is closer to
the experimental value.

(3)When the motor speed is 580 r/min and the feed
speed is 0.5m/min, the acceleration fluctuation
range and the mean of displacement are the smallest.
In summary, taking into account the processing
efficiency, the motor speed can be appropriately
increased and the feed speed reduced to ensure the
processing accuracy.
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