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Abstract: Dynamic parameters are the intermediate information of the entirety of machine dynamics.
The differences between components have not been combined with the structural vibration in the
cutting process, so it is difficult to directly represent the dynamic characteristics of the whole machine
related to spatial position. This paper presents a method to identify sensitive parts according to
the dynamic stiffness-sensitivity algorithm, which represents the dynamic characteristics of the
whole machine tool. In this study, two experiments were carried out, the simulation verification
experiment (dynamic experiment with variable stiffness) and modal analysis experiment (vibration
test of five-axis gantry milling machine). The key modes of sensitive parts obtained by this method
can represent the position-related dynamic characteristics of the whole machine. The characteristic
obtained is that the inherent properties of machine-tool structure are independent of excitation. The
method proposed in this paper can accurately represent the dynamic characteristics of the whole
machine tool.

Keywords: modal characteristics; dynamic stiffness; machine tool; position correlation; sensitive
components

1. Introduction

Against the background of advanced manufacturing, chatter has become a key prob-
lem hindering the development of machine tools for high-speed and high-precision ma-
chining. Hung J et al. proposed that the machining performance of a machine tool is
jointly determined by the machine tool’s structure and spindle tool, and the dynamic
characteristics of machine tools are expressed in different forms in different frequency
ranges, such as low-frequency structural mode and high-frequency tool mode [1]. Munoa ]
et al. found, through research on the cutting stability of different materials processed by
machine tools, that, for aluminum processing, chatter is mainly related to the tool mode
(high frequency), and the cutting stability is highly dependent on the tool rather than the
position of the machine tool [2]. For the machining of iron, the chatter is mainly related
to the structural mode (low frequency), and the cutting stability is highly dependent on
the dynamic characteristics of the structure rather than the tool. Due to the complexity of
machine-tool dynamics, different scholars have different research priorities. Schmitz et al.
mainly focused on the dynamic kneading degree of the tool tip [3], while Weck M et al.
paid more attention to the whole machine mode and the frequency response function (FRF)
of the tool tip [4]. Altintas Y et al. pointed out in the modal analysis of the actual machine
tool that the machine-tool structure, as the boundary condition of the spindle tool system,
will affect the tool tip’s FRF [5]. Therefore, the tool or structure cannot be isolated in the
study of the dynamic characteristics of the machine tool.
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A change in the spatial position of the movable parts of the machine tool will lead to a
change in the mass matrix, stiffness matrix, and damping matrix of the system, resulting in a
change in the dynamic characteristics of the machine tool. Weck M et al. also proposed that
the research on the dynamic characteristics of the machine tool should be comprehensively
analyzed from the workspace as early as last century [4]. Baumann ] et al. proposed an
interpolation method of dynamic parameter values based on a dynamic model to obtain the
FREF of different spatial positions of machine tools [6]. Law M et al. proposed a simplified
finite element model based on multi-body dynamics and modified the model according to
experimental modal analysis (EMA), so as to quickly present the dynamic characteristics of
machine tools in different positions and directions [7]. Luo B et al. put forward the concept
of the spatial sensitivity of machine-tool dynamics in order to quickly and efficiently obtain
the dynamics of the whole space position of a machine tool, so as to reveal the variation
law of dynamics related to machine-tool position and predict the dynamics [8]. Deng C
et al. proposed a milling-stability prediction method based on the Kriging model [9]. The
dynamic characteristics of the whole machine tool are jointly determined by the spindle
tool system and structure. The structural dynamic characteristics are predicted by the
Kriging model and combined with the spindle tool system by the receptance coupling
substructure analysis (RCSA) technique, so as to predict the FRF of the tool tip at any
spatial position. Berthold ] et al. evenly divided the machine-tool workspace and selected
45 representative points to study the dynamic characteristics of the machine tool in the
whole space through special cutting technology and modal analysis methods [10].

The dynamic characteristics of the whole machine tool have not only position correla-
tion, but also running-speed correlation [11,12]. Munoa J et al. pointed out that the dynamic
characteristics of the machine tool in the running state are very different from those in
the static state, and a failure to accurately obtain the dynamics of the machine tool in the
normal machining state leads to flutter prediction error [13]. M. Weck et al. conducted an
EMA of the machine tool under static and running conditions, and the results showed that
the maximum difference in the amplitude of the structural response was approximately
30% [4]. Gagnol V et al. analyzed the interaction and weak-link identification of various
parts of the machine tool under different machining parameters [14]. The experimental
results showed that a difference in machining parameters will have a significant impact
on the dynamic characteristics of the whole machine. Wan M et al. proposed a method
to identify machining damping directly from a chatter-free milling test, and established a
functional model between cutting process damping and cutting parameters, so as to more
accurately analyze the dynamic characteristics of machine tools [15]. Yue C et al. estab-
lished the process-damping prediction model, considered the process-damping effect and
workpiece dynamic characteristics by using the full discrete method, and then analyzed
the stable lobe diagram of different cutting parameters [16].

Peng Y et al. divided the whole machine-tool workspace, selected limited representa-
tive points, and then identified the natural frequency and damping ratio of each position
individually and represented the dynamic characteristics of the machine tool [17]. How-
ever, such dynamics are the intermediate information about the dynamics of the whole
machine tool. The differences between various parts of the machine tool have not been
combined with the structural vibration in the cutting process of the machine tool, so it is
difficult to directly represent the dynamic characteristics of the whole machine tool [18].
Miao J et al. analyzed the cutting trajectory and the intermediate frequency waveform
error to indirectly obtain the vibration of the tool tip [19]. Through the analysis, it was
found that the vibration of the frequency waveform error of the tool tip was dominated
by the sixth-order mode in the finite element modal analysis, rather than the participation
of all modes to the same extent. Yin L et al. studied the relationship between workpiece
surface morphology and machine-tool mode [20]. The mode with large participation in
the vibration signal also dominates the workpiece surface morphology, so the workpiece
morphology can be predicted according to the dominant mode of the machine tool. He S
et al. proposed the concept of a modal mass distribution matrix to evaluate the dynamic
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characteristics and weak parts of machine tools [21]. Zaghbani I et al. proposed to use the
dominant mode to represent the dynamic characteristics of the whole machine [22]. The
experiment showed that a change in the spatial position of the machine tool will lead to a
change in the number and energy proportion of the dominant modes. Shen L et al. pointed
out that the optimization of some parts of the machine tool does not necessarily improve
the machining performance of the whole machine; rather, one should first identify and
optimize the weak parts according to the dominant mode, so as to improve the dynamic
characteristics of the machine tool [23]. Deng C et al. put forward the theory of modal
flexibility and elastic energy distribution to judge the sensitive modes and weak links of
machine tools, and find the optimal stiffness configuration by using an orthogonal test
method, so as to reduce the flexibility of sensitive modes [24]. Zulaika ] J et al. analyzed
the sensitivity of each mode to improve the cutting stability lobe and optimized the com-
ponents that have the greatest impact on the sensitive mode, so as to improve the cutting
stability of the machine tool in all directions [25].

Position-related dynamics are the intermediate information about machine-tool dy-
namics, which are unable to directly reflect the spatial position-related dynamic characteris-
tics of a machine tool. This paper presents a method to reflect the dynamic characteristics of
the whole machine tool which converts the dynamic characteristics of the whole machine
tool to the key modes of sensitive components according to the sensitivity of dynamic
stiffness. Firstly, dynamic stiffness is explained by modal analysis theory, and the method
of judging sensitive components is introduced. Then, the accuracy of the method is verified
by simulation experiments with different physical parameters. Finally, the sensitive parts
of the five-axis gantry milling machine are analyzed using a dynamic stiffness-sensitivity
algorithm. Compared with the prediction results of LMS (professional modal test software
of Siemens), it is verified that the key modes of sensitive components proposed in this
paper can accurately represent the dynamic characteristics of the whole machine tool.

2. Dynamics of Machine Tools Based on Dynamic Stiffness Sensitivity
2.1. Dynamics of Machine Tools

At present, the dynamic characteristic analysis of machine tools is mainly divided
into the finite element analysis (FEA) method and EMA method. The FEA method is
mainly used in the initial stage of machine-tool design and development. It analyzes
the dynamic characteristics of the whole machine through modeling, assembly, meshing,
and adding constraints to the machine tool and its components. However, this method
has the disadvantages of complex calculation, large time consumption, and low accuracy.
The EMA method is based on the measured FRF of the machine tool, and it analyzes the
modal characteristics and weak parts of the machine tool, so as to analyze the dynamic
characteristics of the machine tool. As the machine tool is a complex system composed of
many parts, the EMA method based on the actual machine tool is more reliable. When
the spatial position of the machine tool changes, the mass matrix, stiffness matrix, and
damping matrix of the whole machine caused by the moving parts will change, resulting
in a change in the number of dominant modes and the energy ratio of the whole machine
tool or each part. As the intermediate information of machine-tool dynamics, the dynamics
obtained from modal analysis do not combine the differences in the machine-tool space
and components with the specific application in the machining process of an NC machine
tool, so they cannot directly represent the dynamic characteristics of the whole machine
related to the position of the machine tool and analyze the vibration characteristics in the
machining process.

In view of the shortcomings and defects of the existing methods, a characterization
method of the dynamic characteristics of the machine tool based on the sensitivity of
dynamic stiffness is proposed in this paper. Dynamic stiffness sensitivity is defined as the
change rate of the characteristic modal dynamic stiffness of the machine tool relative to the
structural parameters, including the mass, stiffness, or damping of the component. Firstly,
the dynamics of the measured system are identified through EMA, and then the sensitivity
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of the dynamic stiffness of each order mode to the stiffness change between the measuring
points of each component is analyzed, so as to obtain the sensitivity of each component
of each order mode. If the dynamic stiffness sensitivity of each component to the change
in relative stiffness is similar, the whole system has no sensitive component in this mode.
If the dynamic stiffness sensitivity of a component to the change in relative stiffness is
large, the component is determined as the sensitive component of this order mode. The
sensitive component has component-related and frequency-band-related characteristics,
and the determined sensitive component is the inherent characteristic of the machine
tool, which is independent of the excitation force. Through the comprehensive analysis
of the dynamic stiffness sensitivity of each component of each mode, the key modes of
the sensitive components are obtained in order to represent the dynamic characteristics
of the whole machine. This method combines the differences between dynamics and
multi-component dynamic characteristics, and realizes the transformation of structural
dynamics into the key modes of sensitive components of machine tools according to the
dynamic stiffness-sensitivity algorithm, so as to obtain the characterization of the dynamic
characteristics of the whole machine related to the position of the machine tool.

The equation of motion of an undamped multi-degree-of-freedom system is
expressed as:

M]{X} + [K]{x} = {0} M)
where [M] is the system mass matrix and [K] is the system stiffness matrix, both of which

are symmetric matrices, and; {X} and {X} are displacement vectors and acceleration

vectors, respectively.
Through transformation, the FRF of the system is obtained:

Yq)r
2
Z P )
where m, is the r-th modal mass of the system, k, is the r-th modal stiffness of the system,
and {¢,} is the r-th modal mode shape of the system, {¢;} = [ @1, @2 ... @n ]T
The r-th order modal stiffness is defined by the stiffness matrix and vibration
mode vector:
k= {of }IKI{or} )
Derivative of Equation (2) relative to structural parameter p:
ok om
aH n —grp; (G — 205))
=L : 4)

(kr — WZ r)z
when the structural design parameter p is the stiffness matrix K.

aH 2 — 9oy {o/ } [Ki{er}
=B () ()

Sensitivity expression of the r-th modal dynamic stiffness relative to the stiffness
between various degrees of freedom of the system:

OH,(w) _ [ —¢re] {%} {Gvr
oK <(kr _Wzmr)2> ( ) ©

T
According to Equation (6), the coefficient % of the r-th modal dynamic stiffness
r—wWny

relative to each degree of freedom of the system is the same, and the difference is mainly

T
proportional coefficient ({(P'}a[lé]{qpr} ) .
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In order to obtain the sensitive component of relative stiffness change under a certain
mode, it is necessary to analyze the sensitivity ratio of the dynamic stiffness of this mode
to the stiffness change in each measuring point of each component, so as to be the sensitive
component according to the sensitivity proportion coefficient. For example, the sensitivity
ratio of the dynamic stiffness of the second mode to the system stiffness parameters K;; and

o (@) 9H,(w)
J0H,(w) JH,(w 2
9K : Koo = (Gpir - Gojr) : ((Pmr - §9nr)2 ®)

g

We can use Equation (8) to calculate the sensitivity of the dynamic stiffness of the
machine tool to the stiffness between each unit of the machine tool. In the process of a modal
experiment, the acceleration sensor is arranged on the key components of the machine
tool. Each acceleration sensor installed on the surface of the machine tool is defined as a
test unit, and the modal data of each test unit can be obtained through experiments. If the
acceleration sensor is installed on the base, workbench, spindle, and other components of
the machine tool, the dynamic stiffness sensitivity of the relative stiffness of the component
can be calculated through the sensitivity of all test units on the component, and its statistical
principle is as follows:

a = /(0 +ody+ -+ ) /n ©)

where gy represents the sensitivity proportional coefficient of a modal dynamic stiffness
relative to the stiffness change in the component, and gy, represents the sensitivity propor-
tional coefficient of a modal dynamic stiffness relative to the stiffness change in the n-th
measuring point of the component.

2.2. Dynamic Simulation Verification of Variable Stiffness

In Section 2.1, based on the modal vibration analysis theory, the judgment method
of sensitive parts based on dynamic stiffness sensitivity is described through theoretical
derivation, and the set of structural dynamics is transformed into the key modes of sensitive
parts of a machine tool, so as to represent the position-related dynamic characteristics of
the whole machine. However, the accuracy of the method of judging sensitive parts by the
dynamic stiffness sensitivity of relative stiffness change needs to be verified. Therefore,
this section establishes a simulation system to verify the accuracy of the dynamic stiffness-
sensitivity method to determine sensitive components. In order to improve the similarity
between the simulation model and the actual machine-tool system, a simulation system
similar to the distribution of machine-tool components is established in this section, as
shown in Figure 1 [21]. For the established spring mass simulation system, two groups
(group A and group B) of physical parameters are defined, so as to more intuitively analyze
the sensitivity of dynamic stiffness and determine the accuracy of sensitive parts. Sensitive
parts are established by setting a smaller stiffness value between the internal degrees of
freedom of the parts, i.e., the parts with smaller stiffness are sensitive parts. In group A,
there are no sensitive parts, the mass of each mass block is 1 kg, and the stiffness of each
connection point is 1000 N/m. In group B, there are sensitive parts, the mass of each mass
block is 1 kg, the stiffness values of connection points (No. 11, 21, 31, and 41) are 1 N/m,
and the others are 1000 N/m. For the above two groups, the system mass and system
stiffness are defined, respectively; then, the modal analysis of the system is carried out
to obtain the dynamics, the dynamic stiffness-sensitivity analysis of the relative stiffness
change is carried out to determine the sensitive components, and, finally, the analyzed
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sensitive components are compared with the set sensitive components. If the sensitive
components identified according to the dynamic stiffness sensitivity are the same as the set
sensitive components, it is proven that the method proposed in this paper can effectively
identify the sensitive components.

Y-worktable X-worktable

K3 Ky Ky Ky Kso
_/\j\_ My
= -
C32 C4.() C41 C42 C50
Column Headstock

K Ky {('%l K> Kz
J\/\_—/\/\_ Mg [\ My JV\_JV\_ My
- - = T

Cn Cyn Cy 2 Cy

Figure 1. Schematic diagram of system simulation system.

As shown in Figure 1, the simulation system includes five components and 50 degrees
of freedom [21]. Among them, degrees of freedom 1-10 represent the base, degrees of
freedom 11-20 represent the column, degrees of freedom 21-30 represent the headstock,
degrees of freedom 31-40 represent the Y workbench, and degrees of freedom 41-50
represent the X workbench.

Since the simulation system is an undamped system, the damping of each degree of
freedom of the simulation system is:

C1=Cy=... =C5=0 (10)
The mass of each degree of freedom of the simulation system is set as:
M1=M2=...=M50=1kg (11)

For case A, if sensitive parts are not included, the internal stiffness of the parts
is consistent:
Ki =Ky =---=Kgyp = 1000N/M (12)

For case B, the sensitive part is set as the headstock, the stiffness of other parts is still,
and the stiffness of the headstock is:

Ky =Kp ==Kz =1IN/M (13)
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The stiffness matrix of the system is further described as follows:

i Ki + K>
-K —Ky

Ko+ Kijg+ Kz - —Kz3

—Ky :
[K] = . - (14)
K31 + Kz
—Kz1 —K3
—Kso
—Ksp  Kso

Place the mass matrix and stiffness matrix of case A and case B into Equation (1),
respectively, to obtain the natural frequency and vibration mode of the first four modes of
the system, so as to analyze the dynamic stiffness sensitivity of each measuring point of
the system in each case. Firstly, in case A, the dynamic stiffness sensitivity of the relative
stiffness change of each degree of freedom of the system is analyzed, as shown in Figure 2.
The red asterisk in the figure represents the dynamic stiffness sensitivity of the relative
stiffness change of each degree of freedom of the base; the green star point in the figure
represents the dynamic stiffness sensitivity of the relative stiffness change of each degree of
freedom of the main shaft; the blue asterisk in the figure represents the dynamic stiffness
sensitivity of the relative stiffness change of each degree of freedom of the headstock; the
yellow asterisk in the figure represents the dynamic stiffness sensitivity of the relative
stiffness change of each degree of freedom of Y workbench; the magenta stars in the figure
represent the dynamic stiffness sensitivity of the relative stiffness change of each degree
of freedom of the X worktable. Figure 2a shows the first-order modal dynamic stiffness
sensitivity of each degree of freedom of the system, and the dynamic stiffness sensitivity
of relative stiffness changes of each component is basically the same; Figure 2b shows the
second-order modal dynamic stiffness sensitivity of each degree of freedom of the system,
and the dynamic stiffness sensitivity of the base relative to the stiffness change of other
components is small; Figure 2c shows the second-order modal dynamic stiffness sensitivity
of each degree of freedom of the system, and the dynamic stiffness sensitivity of the base is
greater than that of other components. Figure 2d shows the fourth-order modal dynamic
stiffness sensitivity of each degree of freedom of the system, and the dynamic stiffness
sensitivity of the base is greater than that of other components. According to the analysis
results of the fourth-order modal dynamic stiffness sensitivity of each degree of freedom
of the system, the difference in each order modal dynamic stiffness sensitivity of different
components is small, so the system has no sensitive components. The second-order modal
dynamic stiffness sensitivity of the base is low, and the third- and fourth-order modal
dynamic stiffness sensitivity of the base is high. This situation may be caused by the special
spatial position of the base and the connection of multiple worktables and columns at the
same time. Therefore, the slight difference in the modal dynamic stiffness sensitivity of
each component may be related to the spatial position of the component in the system.
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Figure 2. In case A, the modal dynamic stiffness sensitivity of each degree of freedom: (a) the first order, (b) the second
order, (c) the third order, and (d) the fourth order.

In case B, the dynamic stiffness sensitivity of the relative stiffness change of each
degree of freedom of the system is analyzed, as shown in Figure 3. Figure 3a shows the
first-order modal dynamic stiffness sensitivity of each degree of freedom of the system.
The dynamic stiffness sensitivity of the spindle box is much greater than that of other
components. In addition, Figure 3b shows the second-order modal dynamic stiffness
sensitivity of each degree of freedom of the system, Figure 3c shows the third-order modal
dynamic stiffness sensitivity of each degree of freedom of the system, and Figure 3d
shows the fourth-order modal dynamic stiffness sensitivity of each degree of freedom of
the system. In the second—fourth-order modal dynamic stiffness-sensitivity distribution
diagrams, the modal dynamic stiffness sensitivity of the headstock is also greater than that
of other components. From the results of the dynamic stiffness sensitivity of the first four
modes of each degree, the dynamic sensitivity of the headstock stiffness change is much
larger than that of other parts, and the headstock sensitivity ratio coefficient has obvious
mutations. Therefore, the headstock was judged to be a sensitive part of the system, which
was consistent with the set result, thus proving the accuracy of identifying sensitive parts
based on the sensitivity of dynamic stiffness.
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Figure 3. In case B, the modal dynamic stiffness sensitivity of each degree of freedom: (a) the first order (b) the second order

(c) the third-order, and (d) the fourth order.
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3. Verification of Dynamics of Variable-Position Machine Tool

3.1. Experimental Setup

In order to obtain the dynamics of the machine tool and analyze the sensitive parts,
the EMA is carried out on the five-axis gantry machining center in this section. The main
equipment selected for the EMA is shown in Table 1.

Table 1. Main equipment for EMA.

Main Equipment

Parameter

Five-axis gantry machining center

Numerical control system: SIEMENS 840D

Data acquisition equipment

Model: LMS SCADAS Mobile SCM05

Data analysis system

LMS SCADAS

Force hammer

Model: PCB- HDFC-DFC-1
Sensitivity: 2.2 mV /N
Measurement range: £2224 N

Acceleration sensor

Model: PCB356A16

Sensitivity: 100 mV/g
Sampling frequency: 2-5000 Hz
Measurement range: 50 g
Resonance frequency: >25 kHz
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A total of 33 measuring points are arranged in the five-axis gantry machining center
for measurement and analysis, as shown in the layout of measuring points in the percussion
experiment in Figure 4, and three-way acceleration sensors are used for signal acquisition.
Measuring points 1-7 are arranged on the spindle part, measuring points 8-18 are arranged
on the spindle head part, measuring points 19-28 are arranged on the ram part, measuring
points 29-32 are arranged on the beam part, measuring point 33 is arranged on the tool
handle part, and measuring point 33 is set as the reference point of the experiment. As the
data acquisition equipment can only connect 12 acceleration sensors at a time, with the
exception that the three-way acceleration sensor on the spindle head component needs
to be fixed as the reference point, the other 11 acceleration sensors move three positions,
respectively, to complete the measurement of all measuring points.

(a) (b)

Figure 4. Layout of measuring points in percussion test: (a) five-axis gantry machining center;

(b) layout of measuring points.

3.2. EMA of Machine Tool

In Section 2, the method of identifying sensitive parts by dynamic stiffness sensitivity
is described through theoretical derivation, and a multi-degree-of-freedom simulation
system similar to the structural layout of the machine tool is established for verification.
This section takes the solid machine tool as the experimental object, uses the dynamic
stiffness-sensitivity method to identify the sensitive parts, and uses the modal modification
prediction of LMS to modify and predict the sensitive parts, so as to further prove the
practicability and reliability of the dynamic stiffness-sensitivity method to identify the
sensitive parts.

In the static state of the machine tool, the force hammer is used to excite the machine
tool, so as to collect the vibration response signal, and the EMA method is used to obtain the
dynamic characteristics of the machine tool. The tapping point is selected as the measuring
point of the tool-handle sensor, the tapping direction is the X direction, and the sampling
frequency is set to 4096 Hz. In order to suppress the interference of noise, the experiment is
repeated five times and the average value is obtained. At the same time, the input force
signal and output vibration signal are collected, and the FRF is calculated. The PolyMAX
algorithm of LMS software is used to identify the dynamics of the machine tool. The
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dynamics of the FRFs in the X direction of all measuring points in the knocking experiment
are identified. The analysis frequency band is set within 10-500 Hz and the modal order
is set to 32. The FRFs of all measuring points of the machine tool are comprehensively
analyzed to obtain the steady-state diagram of EMA, as shown in Figure 5. In the steady-
state diagram, the green line represents the multivariable modal indication function (MIF),
the red line represents FRF, “S” indicates that the modal natural frequency, modal shape,
and damping ratio of this order are stable within the tolerance range, “V” indicates that
the pole vector is stable within the tolerance range, and “O” indicates extremely instability.
According to the distribution of the FRF and pole queue in the steady-state diagram, the
sixth-order modes are identified in the range of 10-500 Hz. The dynamics of each order
mode are shown in Table 2.
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Figure 5. Steady state of EMA of gantry machine tool.

Table 2. Dynamics of the spindle of the percussion experimental machine tool.

Modes f (Hz) ¢ (%)
Mode 1 64.15 3.21
Mode 2 105.65 3.04
Mode 3 161.86 2.01
Mode 4 228.01 3.07
Mode 5 415.02 6.07
Mode 6 437.98 4.22

3.3. Analysis of Dynamic Characteristics of Machine Tool

According to the dynamic stiffness-sensitivity algorithm, the modal dynamic stiff-
ness sensitivity of the machine tool’s respective changes in stiffness is analyzed, and the
measurement points are arranged in order, as shown in Figure 6. Figure 6a—f present the
sensitivity of the sixth-order modal dynamic stiffness of the machine tool to each measuring
point in turn. The red asterisk in the figure represents the dynamic stiffness sensitivity of
the relative stiffness change of each degree of freedom of the main shaft; the green star point
in the figure represents the dynamic stiffness sensitivity of the relative stiffness change of
each degree of freedom of the pendulum head; the blue asterisk in the figure represents the
dynamic stiffness sensitivity of the relative stiffness change of each degree of freedom of
the ram; the magenta stars in the figure represent the dynamic stiffness sensitivity of the
relative stiffness change of each degree of freedom of the beam.



Processes 2021, 9, 2260

12 of 16

2 o
~ Sensitivity of relative stiffness -

Sensitivity of relative stiffness

(e

~—

Sensitivity of relative stiffness

0.8

0.61

0.4y

0.2

0.8f

0.6

0.4f

0.2

0.8/

0.6/

0.4f

0.2

Spindle | Spindle‘ Ram Beam
head
Fx
*/\‘\ /
Spindle  Spindle Ram  Beam
head
/“‘m‘*/ﬁ
Spindle | Spindle‘ Ram  Beam
head

(b)

e
[

o
)

Sensitivity of relative stiffness

o
A

e
-

| e

~
o
~—
o

o
)

e
o

<o
)

Sensitivity of relative stiffness

S

(

N

o
[

Sensitivity of relative stiffness

N
+

Spindlé
head

Spindle

Rém

Beam

o
S

o
e

<
v

Spindle
head

Spindle

Rém

v

Beam

%*f

0 Spindle |

Spindle
head

Ram

Beam

Figure 6. Modal dynamic stiffness sensitivity of each degree of freedom of each component of the machine tool: (a)—(f): t

first mode to the sixth mode.

Figure 6a shows the sensitivity of the first modal dynamic stiffness of the machine

tool to the stiffness change of each degree of freedom of the machine tool. It is easy to
observe that the peak values of the red points, green points, and blue points have little
difference, and they are much larger than the magenta points, i.e., the dynamic stiffness
sensitivity of the beam relative to other components is low. Figure 6b shows the sensitivity
of the second-order modal dynamic stiffness of the machine tool to the stiffness change of
each degree of freedom of the machine tool. The peak values of the green points and blue
points are close and the largest, while the peak values of the red points are the smallest, i.e.,
the dynamic stiffness sensitivity of the spindle head and sliding array is high. Figure 6¢
shows the sensitivity of the third-order modal dynamic stiffness of the machine tool to
the stiffness change of each degree of freedom of the machine tool. The position of the
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green point is much higher than that of the blue point, red point, and magenta point, i.e.,
the dynamic stiffness sensitivity of the spindle head is much higher than that of other
components. Figure 6d shows the sensitivity of the dynamic stiffness of the fourth mode of
the machine tool to the stiffness change of each degree of freedom of the machine tool. It is
easy to observe that the peak values of the red points, green points, and blue points have
little difference, and are much larger than the magenta points, i.e., the dynamic stiffness
sensitivity of the beam relative to other components is low. Figure 6e shows the sensitivity
of the dynamic stiffness of the fifth mode of the machine tool to the stiffness change of each
degree of freedom of the machine tool. Similar to the third mode, the sensitivity of the
spindle head to the dynamic stiffness of other components is much higher. Figure 6f shows
the sensitivity of the dynamic stiffness of the sixth mode of the machine tool to the stiffness
change of each degree of freedom of the machine tool. Similar to the third mode, the
sensitivity of the spindle head to the dynamic stiffness of other components is much higher.
Considering the sensitivity of the first six modes of dynamic stiffness to the stiffness change
of each measuring point of the machine tool, the spindle head component is determined
as a sensitive component. It can be seen from Figure 6¢,e,f that, in the sensitivity analysis
of the dynamic stiffness of the third-order mode relative to the stiffness change of each
degree of freedom of the machine tool, the dynamic stiffness sensitivity of the spindle head
relative to other components is much higher. Therefore, the spindle head component is
used as the sensitive component and the third, fifth, and sixth modes are used as the key
modes to represent the dynamic characteristics of the machine tool. In addition, with the
change in modal order, the dynamic stiffness sensitivity of each component of the machine
tool will also change, and there is no obvious change law.

3.4. Verification of Sensitive Components Using Modal Modification Prediction

In order to more accurately represent the dynamic characteristics of the whole ma-
chine tool, the dynamic stiffness-sensitivity algorithm is used to transform the dynamic
characteristics of the whole machine tool into the key modes of sensitive components,
so as to realize the characterization of the dynamic characteristics of the whole machine
tool. In Section 3.3, through the EMA and dynamic stiffness-sensitivity analysis of the
actual machine tool, it is determined that the spindle head is the most sensitive part of the
whole machine. In order to further verify the accuracy of the identification results of the
algorithm, this section details the modification of the physical parameters of the original
machine tool with the help of the modal modification prediction module of LMS, predicts
the dynamic characteristics of the modified machine tool, and compares and analyzes the
FRF curves before and after modification, so as to confirm the reliability of improving the
stiffness of sensitive parts and the overall dynamic stiffness of the machine tool.

In the modal modification prediction module, the physical parameters of the original
model can be modified according to the actual needs. The spindle head component is
determined as a sensitive component through dynamic stiffness-sensitivity analysis, and in
order to verify the impact of the sensitive component on the stiffness of the whole machine
tool, a spring with stiffness of 1 x 1010 N/m is added between measuring point 1 and
measuring point 2 of the spindle head component, as shown in the schematic diagram of
physical parameter modification of modal modification and prediction in Figure 7. Figure 8
is a schematic diagram that more clearly shows the spindle head part after adding the
spring, and the gray line is the spring added between the measuring points.
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Add stiffness

Figure 8. Adding stiffness to spindle head parts.

After modifying the physical parameters of the spindle head components, the FRF
comparison diagram of the whole machine at 10-500 Hz before and after the change of the
spindle head stiffness is obtained by fitting in the modal prediction module, as shown in
Figure 9. The amplitude of the FRF after the stiffness of the spindle head is increased is
reduced compared with the original machine tool, i.e., the stiffness of the whole machine
is effectively improved after the stiffness of the spindle head is increased. The modal
analysis software is used to identify the FRF of the whole machine before and after the
modification of the swing head, and the comparison table of dynamics before and after
the modification of the spindle head is obtained, as shown in Table 3. It can be seen from
the table that the natural frequencies of the first six modes of the machine tool decrease
in varying degrees, and the amplitude corresponding to the natural frequency decreases
significantly, which proves that improving the stiffness of the sensitive parts can effectively
improve the stiffness of the whole machine, and also proves the reliability of judging the
sensitive parts by the sensitivity of the dynamic stiffness.
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Table 3. Comparison of dynamics before and after modification of spindle head.

q Original Machine Tool Modified Machine Tool
Modes
f (Hz) Amplitude (g/N) f (Hz) Amplitude (g/N)

1 64.15 —53.53 61.51 —61.92

2 105.65 —47.14 102.56 —51.96

3 161.86 —57.42 155.38 —57.11

4 228.01 —53.58 222.84 —58.58

5 415.02 —46.93 414.53 —47.05

6 437.98 —52.92 436.12 —54.33

4. Conclusions

As the dynamic parameters are difficult to use to directly represent the spatial position-
related dynamic characteristics of the machine tool, a dynamic stiffness-sensitivity algo-
rithm was proposed in this paper which transforms the dynamic characteristics of the
machine tool into the key modes of sensitive components, and obtains the position-related
dynamic characteristics of the machine tool. Firstly, the definition of dynamic stiffness
sensitivity is described through modal analysis theory, and the method of judging sensitive
parts by dynamic stiffness sensitivity is introduced. Then, the accuracy of the scheme is
verified by carrying out multi-freedom simulation system experiments under different
physical parameters. Finally, the sensitive parts of the five-axis gantry milling machine
are analyzed by using the dynamic stiffness-sensitivity algorithm. It was found that the
swing head component as a sensitive component and its third, fifth, and sixth modes as key
modes represent the dynamic characteristics of the machine tool, which is consistent with
the prediction results of LMS software. The results show that the key modes of sensitive
parts proposed in this paper can accurately represent the dynamic characteristics of the
whole machine tool. There are some shortcomings in this study. The method proposed
in this paper cannot quantitatively represent the dynamic characteristics of the whole
machine tool. Therefore, we need to focus on this issue in the follow-up research.
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