2 M processes

Article

Variable-Coefficient Dynamic Modeling Method for a Ball
Screw Feed System in the No-Extra-Load Running State

Huijie Zhang '*, Jun Zha!

check for
updates

Citation: Zhang, H.; Zha, J.; Du, C;
Liu, H,; Li, Y;; Lv, D.
Variable-Coefficient Dynamic
Modeling Method for a Ball Screw
Feed System in the No-Extra-Load
Running State. Processes 2023, 11, 793.
https:/ /doi.org/10.3390/pr11030793

Academic Editor: Udo Fritsching

Received: 8 February 2023
Revised: 28 February 2023
Accepted: 3 March 2023
Published: 7 March 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Chao Du 2, Hui Liu 1, Yang Li Tand Dun Lv?

Collaborative Innovation Center of High-End Manufacturing Equipment, Xi’an Jiaotong University,
Xi’an 710054, China

2 Shaanxi Fast Gear Co., Ltd., Xi’an 710077, China

*  Correspondence: zhanghuijie@xjtu.edu.cn

Abstract: In a ball screw feed system of high-speed /high-acceleration machine tools, large frictional
and inertial forces may change the real contact state of the kinematic joints, resulting in changes in
the contact and transmission stiffnesses and, hence, changes in the dynamic characteristics of the
system. In this study, a variable—coefficient dynamic modeling method for a ball screw feed system is
proposed, considering the influence of changes in the no-extra-load running states, such as position,
speed, and acceleration. Based on Timoshenko beam elements with two nodes and four DOFs, an
equivalent dynamic model of a ball screw feed system is established using the hybrid element method.
The expression for the equivalent axial stiffness of individual kinematic joints is derived, considering
the influence of the feed speed/acceleration under the no-extra-load running state of the system. In
addition, the stiffness and mass of the screw shafts on both sides of the screw nut are calculated,
considering the influence of the system’s feed position. Hence, we obtain the total stiffness and
mass of the system in the no-extra-load running state and analyze the natural frequency. Finally, we
conduct validation experiments on a ball screw feed system of a large gantry-type machine tool with
different no-extra-load running states.

Keywords: ball screw feed system; variable coefficient; dynamic modeling method; kinematic joints;
machine tool

1. Introduction

The ball screw feed system is the most common transmission mechanism in machine
tools; its dynamics are related to the dynamic characteristics of the mechanical structure,
the control performance of the system, and the matching performance between them [1-3].
System dynamics directly influence the position accuracy [4-6], machining accuracy [7,8]
and stability of the cutting process [9-11]. In addition, a suitable dynamic model of the feed
system is a prerequisite for designing the control system of a high-performance machine
tool [12]. The stiffness of the individual kinematic joints (screw nut joints and bearing joints)
of the feed system and the tension/compression and torque stiffnesses of the screw shaft on
both sides of the nuts are the most significant factors affecting the dynamics of the system.
Therefore, the accuracy of the kinematic joint parameters is crucial for the dynamic model
of the ball screw feed system.

Researchers have studied the dynamic characteristics of a ball screw feed system using
the lumped parameter method [13], the hybrid element method [14,15], and the finite element
method [16-18]. Feng et al. [19] used the lumped parameter method to analyze the influence
of the preload of screw nut joints on the dynamic performance of the screw nut system.
Zhou et al. established a hybrid dynamic model of a ball screw feed system [20]; they
analyzed the variation in the dynamic characteristics of the screw shaft with different axial
stiffnesses of the bearing joints. Mi et al. [21] explored the variation in dynamic stiffness
at the tool point with a series of preloads applied on the screw nut joint and discovered
that the preload could significantly influence the stiffness in the transmission direction.
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Based on signals acquired from an embedded sensing system on a ball screw structure,
Feng et al. [22] diagnosed the preloads of a ball screw nut under different conditions using
the support vector machine method and monitored the fitness of a ball screw. A recently
proposed method applied by Tsai et al. [23] provided an economic means of detecting the
preload loss of ball screws. All the above studies provided a deeper understanding of the
characteristics and dynamic modeling of a ball screw feed system.

Currently, high-speed and high-acceleration machine tools are widely used [24,25].
Moreover, a large-scale NC machine tool is required for manufacturing large workpieces.
However, the inertial force derived from the acceleration and the friction force derived
from the velocity [26-31] may change the real contact state of the kinematic joints, resulting
in changes in the contact and transmission stiffnesses, which will further affect the dynamic
characteristics of the system. For the ball screw feed system of a large-scale machine tool,
the position of the screw nut joints will change significantly when the moving component
moves along its entire stroke. Therefore, the tension/compression and torsion stiffnesses
of the screw shaft on both sides of the screw nut joints change. Thus, the transmission
stiffness of the system varies and affects the dynamic characteristics of the system.

In this study, a variable-coefficient dynamic modeling method for a ball screw feed
system is proposed, considering the influence of changes in the no-extra-load running
state of the system. Based on Timoshenko beam elements with two nodes and four DOFs,
an equivalent dynamic model of a ball screw feed system is established using the hybrid
element method. The expression for the equivalent axial stiffness of individual kinematic
joints is derived, considering the influence of the system feed speed/acceleration. The stiff-
ness of the screw shafts is calculated, considering the influence of the system feed position.
Hence, we obtain the total stiffness of the system in a no-extra-load running state and
analyze the natural frequency. We perform experiments on the ball screw feed system of a
large gantry-type machine tool to verify the proposed dynamic model.

2. Materials and Methods
2.1. Equivalent Dynamic Model

As a typical transmission unit with high precision and efficiency, a ball screw feed
system is widely used in various types of machine tools. It primarily comprises a coupling
and servo motor, bearing units, a screw shaft, a screw nut, a linear guide and slider, and a
worktable, as shown in Figure 1. Among the six directions of freedom (TX/TY/TZ transla-
tional degrees of freedom and RX/RY/RZ rotational degrees of freedom) for workability,
the non-feed directions of freedom (TY/TZ/RX/RY/RZ) of the worktable are constrained
by a linear guide with high stiffness. The worktable in the TX direction (the transmis-
sion direction) is constrained by the screw nut, the bearing units, the screw shaft, the
bearing housing, and the screw nut bracket. The stiffness in the transmission direction
is less than that in the non-feed direction because of the kinematic joints and the flexible
components. The contact stiffness of the kinematic joints is affected by the inertial and
frictional forces, which originate from acceleration and speed, respectively. Consequently,
the system dynamics primarily depend on the transmission stiffness, and the associated
dynamic characteristics of the system directly affect the machining quality [7,8,32] and limit
the bandwidth of the control system [12,33]. Therefore, the dynamic modeling method of a
ball screw feed system in the transmission direction with the system in the no-extra-load
running state is discussed.



Processes 2023, 11, 793

3of 14

Motor . Front-end support bearing unit
Slider

Worktable
Screw-nut

Y Rear-end support bearing unit
Figure 1. Schematic structural diagram of a ball screw feed system.

The length of the screw shaft on both sides of the screw nut joints changes significantly
because of the reciprocating motion of the worktable. In this model, the screw shafts on
both sides of the screw nuts are equivalent to Timoshenko beam elements with two nodes
and four DOFs (two for rotation and two for axial movement), owing to the applied ten-
sion/compression and torque on the screw shaft between the screw nuts and the servo
motor. The frictional force associated with the feed speed and the inertial force associated
with the feed acceleration may change the real contact state of the kinematic joints and,
hence, the contact stiffness. Furthermore, the screw nut joints and the bearing joints are
equivalent to lumped spring elements; however, the stiffness of a lumped spring element
varies with the feed speed/acceleration of the system. The worktable is treated as a lumped
mass element. Neglecting the influence of the servo stiffness on the transmission stiffness,
an equivalent dynamic model of a ball screw feed system in the transmission direction,
considering the influence of the no-extra-load running state, is established, as shown in
Figure 2.

© Lumped mass element ww-Spring element @ Node
e— (Continuous beam element —I1-Damping clement

V4

Figure 2. Equivalent dynamic model of a ball screw feed system.
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In Figure 2,

m; is the total mass of the system; a; and v; are the feed acceleration and the speed of the
system, respectively; x,,,; is the distance between the screw nut and the front-end support-
bearing units, and Ly, is the screw shaft length between the front-end support-bearing
units and the rea- end support-bearing units.

k1px(Fas—p.f(@t,01)), kopy(Fas—p,f(ar,01)), and kyyt(Pcg f (a:,01)) are the equivalent axial stiff-
nesses of the front-end support-bearing unit joints, the rear-end support-bearing unit joints,
and the screw nut joints, respectively. They are the functions of speed, acceleration, etc.

(@ and (2) are Timoshenko beam elements; 1, 2, 3, and 4 are the node numbers. Node 2
moves along the X direction. The position changes of node 2 can reflect the variations in
the length of the screw shafts on both sides of the screw nut, which further influences the
stiffness and mass matrix of the system.

2.2. Variable-Coefficient Dynamic Equation

As described in Section 2.1, the running state leads to variations in system stiffness
and mass matrix. Therefore, in view of the equivalent dynamic model and the D’ Alembert
principle, a variable-coefficient dynamic equation of a ball screw feed system can be derived
as follows:

M (rvart){} + [CI{@} + [K(F@01), P Frsby %varis L) [ {0} = 0] (1)

where

[M(x44,i)] is the total mass matrix of the ball screw feed system, [C] is the total damping
matrix of the ball screw feed system, and [K(f(at,0t), Pca, Fas—b, Xvari Lfix)] is the total stiffness
matrix of the ball screw feed system. The total stiffness matrix is primarily determined
by the equivalent stiffness of the screw nut joints, the front-end support-bearing units,
the rear-end support-bearing units, and the screw shafts. In this study, only the natural
frequency of the ball screw feed system was considered; hence, the damping coefficient [C]
was neglected.

2.3. Determination of the Variable-Coefficient of the Dynamic Equation
2.3.1. Stiffness and Mass Matrices of the Equivalent Beam Element

As described in Section 2.1, considering the influence of the worktable position and
the screw pitch, the stiffness matrix of the equivalent beam element (1) can be obtained as

follows: Lo
Kl = |- I,<l,1 1 I,<12 R )
Kl | Kr
21, B2
where ) ‘
— 1 0
Egs-Ass 2 Gss ], |
K =Kp=| R ()2 ®3)
0 | C;s'lpes
| xVal’l
1 ‘
e — 1 0
Ess-A 7 Gss-lpss |
K=Ky = | _ % ()= 4. . (4)
0 ‘ GSS'IpqS
I xVal’l
where

Ess and Ggs are Young’s elastic modulus and shear modulus, respectively, Iy is the
polar moment of inertia for the beam element; and Ass and pss are the cross-sectional area
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and the pitch of the screw shaft, respectively. Similarly, for element (2), the stiffness matrix
can be derived [31] using Equation (5).

_Ess-Ass ; __EssAss 0
fix — Xvari | LffX —Xvari
K K 0 0 0 0
2 _ 22 1 B3 | !
K |:KTKT:|_ T EsAs T g EsiAs T T 0 ©®)
32, 33 fix—Xvari | Lfix_xvari
0 0r 0 0

As described in Section 2.1, the mass matrices of the equivalent Timoshenko beam
elements D and (@ vary with the worktable position and are determined [34] by Equations
(6) and (7).

o0t o
I I I
M M 0 pss 0 pss
]\/I1 11,‘, 12 — A x - _3Apss | _6Aess _ 6
[ M% 1 M%2 OssessXvari % IO : % IO (6)
0 &hs ' 0 34
I 0 : 0
| I | Loss
M M2 0 pss 0 pss
M= { T ] = pssAAes (L = wvari) |- 1 - 2571y 5 @)
M3, | M3 ee\Tpe el 10 '3 10
0 &hs ' 0 34

where
pss denotes the material density of the ball screw shaft and Ag; is the cross-sectional
area of the equivalent Timoshenko beam element.

2.3.2. Equivalent Axial Stiffness of the Screw Nut Joints

Figure 3 shows a cross-sectional view of a typical gasket-type double-nut ball screw
joint. The positive and negative rotations of the screw shaft are converted to the recipro-
cating movement of the worktable because of the direct link between the screw nut and
the worktable.

Nut A Spacer NutB

****** ) /‘ /‘
)—-—O GH&% —

|

e

\\L‘,\!\‘

- |
WLY

Figure 3. Cross-sectional view of a typical gasket-type double-nut ball screw joint.

Suppose that the worktable moves along the negative X direction with feed speed v;
and feed acceleration at, the frictional and inertial forces applied to the screw nut joints.
Assuming that elastic deformation only exists on the ball between the screw shaft and
the screw nuts [30,31], which can be calculated using the Hertz contact theory [35], the
equivalent axial stiffness of the screw nut joints, considering the feed speed and the feed
acceleration, can be obtained by Equation (8).
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. 2\ 1/3
knut (Pea, f (a1, 01)) = 3K32/3 - (Pea + f(ar,01))"3 - <sin5 tcon - COS° Py - (d’;gj(gp) > - Cam ®)

PCa:Pd'Cp

where

P4 and C,, are the rated dynamic load of the screw nut joints and the coefficient of the
rated dynamic load of the screw nut joints, respectively. P, is the initial preload of double
nuts, ac, and ¢, are the contact angles between the ball and race and the lead angle of
the screw shaft, respectively. i, is the total number of load-bearing rings of the single nut
and dy and dg, are the nominal diameter of the screw shaft and the diameter of the ball in
the screw nut joints, respectively. ¢y, is the coefficient of the equivalent axial stiffness of
the screw nut joints and K}, is the Hertz contact coefficient. It is determined by the contact
shape of the screw nuts and the material properties of the ball [36,37].

2.3.3. Equivalent Axial Stiffness of the Bearing Joints

Figure 4 shows the assembly structure of the support-bearing units on both ends of a
feed system.

Rear-end support bearing unit
\ P

f v, +f a, /_\|—E ‘ o N d [L|/_\
E., —%’ @ @é 7 S+ f(a)
TE? X

Va4 NN

N/
Bies
L

Front-end support bearing unit
Figure 4. Assembly structure of the support bearing units of a feed system.

Assume that the worktable moves along the negative X direction with the feed speed
vy and the friction force applied on both bearings has the same value but an opposite
direction; the value of single-ended is f(v;)/2. Similarly, suppose that the worktable moves
along the negative X direction with the feed acceleration a; and the inertial force applied
on both bearings has the same value but an opposite direction; the value of single-ended
is f(ar) /2. Assuming that elastic deformation exists only on the ball of the bearing joints
(Figure 4), the equivalent axial stiffness of the front-end support bearing unit and rear-end
support-bearing unit [30,31,35] can be derived using Equations (9) and (10).

1/3 1/3
EK 2/3, E. , — fo)+f(ar) . sinsoc (irn 2 -C
klbx(Fas_b,f(Ut/ﬂt>) _ 28 ( as—b 2 ) ( cb (b b) ) wb

©)

1/3
k2bx(Pas—brf(vt1 ﬂt)) = %KhZ/?) ’ (Fas—b + w) : (Sil‘lS Xcp - (ib ’ nb)2)1/3 * Cuwb (10)

2

where F,;_j, is the ball screw tension force, ay, is the contact angle of the bearing joints, 7,
and n;, are the number of single-ended load-bearing units and the ball number of a bearing,
respectively. ¢, is the coefficient of the equivalent axial stiffness of the bearing joints.
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2.3.4. Total Stiffness and Mass Matrices of the System Based on Changes in the
No-Extra-Load Running State

According to the stiffness matrix of the equivalent beam element in Section 2.3.1 and
the equivalent axial stiffness of the kinematic joints in Sections 2.3.2 and 2.3.3, the total
stiffness matrix of the system can be derived using Equation (11), with changes in the
no-extra-load running state [34].

Ky K Ky o 00
ke | K KRR IG R, )
0K, KK 0
0 1 Kzzut 1 0 I Knut
where
gibx — | Kiox(Fas b, for,ar)) 10
0 : 0
g2bx | Koo (Fas—v, f(0r,a1)) 1 O
» 0 0 (12)
Knut — gnut — |- Ifnﬂtgf,(zit’,ai)’}jg”,) i Q,
22 44 0 1 0

Kot — gt — { —knut (f(01,81), Pea) 1 0 }

Similarly, the total mass matrix of the system, with changes in the no-extra-load
running state, is expressed as follows:

MG My 00
My ML+ M3, M2 0
M= |-2"21_, 2722 22,723 . 13
S0 M, ME, 0 19
U L
where ‘
t . mt\o
M44—{00} (14)

3. Dynamic Measurement of a Ball Screw Feed System in Different Running States

The experiments on a ball screw feed worktable system of a large gantry-type machine
tool driven in different running states was performed to verify the proposed dynamic
model. The worktable was driven by a ball screw feed system BNFN80165-5), and the ball
screw support-bearing units (NSK 60TAC 120B) were used at both ends of the screw shaft
in the form of a DT structure. Table 1 lists the parameters of the experimental device for the
ball screw feed system.

Table 1. The parameters of the experimental device.

Parameter Value Parameter Value Parameter Value
Fae_p/kN 1.70 P;/kN 163.4 Apss/m? 4.8 x 1073
wep/° 60 Cp 0.10 Ags/m? 42 %1073
ip/ 1y 2/29 &eon/° 60 Ess/(N/m?) 2.1 x 101
Coob/ Coon 0.8 op/° 3.643 Gss/(N/m?) 0.8 x 1011
me/ kg 7400 isn 2.5 pss/(kg/m3)  7.85 x 10°
d0/mm 80 dg/mm 9.525 Ipss/m* 3.6 x 1076

Pss/mm 16 Lﬁx/m 5.3
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The dynamic characteristics of the ball screw feed system were tested using the
LMS Test.Lab SCMO05, where the screw nut was located in the middle of the screw shaft
(Xpari = 2.65 m); five tests were performed, as shown in Figure 5. Acceleration sensors with
three directions were installed on the four corners of the worktable. The excitation point
was exerted on one side of the worktable. The frequency bandwidth was 512 Hz and the
number of spectral lines was 1024. The type, serial number, and sensitivity of the hammer
were 086D50, SN 36973, and 0.23 mV /N, respectively. Table 2 lists the types, the serial
numbers of the acceleration sensors, and the sensitivities of the acceleration sensors in the
X, Y, and Z directions.

Rear-end support bearing unit

Figure 5. Dynamic measurement of the ball screw feed system.

Table 2. Detailed parameters of the acceleration sensors.

Sensitivity (mV/g)
Type Number
X Y z
SN 190783 9.99 9.85 1033
SN 190788 9.96 10.08 10.11
35666 SN 190789 9.95 9.78 9.82
SN 190791 9.76 10.01 10.08

Further, the displacements (control strategy: linear acceleration — uniform speed
— linear deceleration) of the worktable in the feed direction was measured using a laser
interferometer system with a model of Renishaw Laser XL-80, as shown in Figure 6. The
measurement mirror was fixed at the center of the worktable and the sampling frequency
was set to 10,000 Hz. During testing, the worktable was restricted from moving in the
range of x,,; = [2.50-2.80] to reduce the influence of the variation in the stiffness matrix of
the equivalent beam element. The feed system began to accelerate, at an acceleration of
0.50 m/s?; it maintained a uniform speed until the feed speed reached 150 mm/s, and then
decelerated to a halt. The displacement response was acquired and stored using the data
acquisition system of the Renishaw Laser XL-80.
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o Laser ' =
! Measurement mirror

Computer

Figure 6. Displacement response measurement of the ball screw feed system in the feed direction.

4. Results and Discussion
4.1. Comparison of the Theoretical and Experimental Results Based on the Worktable Position
Figure 7 plots the average acceleration vibration response for the five tests. The mode

shape corresponding to the marked natural frequency (32.0 Hz) in Figure 7 translates along
the feed direction by LMS Test.Lab SCMO05.

._.
o
|

Xvari Lﬁ\’= 0.5
i 32.0Hz~ _ Fu,=170kN

Acceleration Vibration Response (1e-6%g/N)

0 15 30 45 60 75
Frequency (Hz)

Figure 7. Frequency response of the feed system in the static state.

The undamped natural frequency of the system was calculated when the screw nut
was located in the middle of the screw shaft, using the parameters in Table 1 and the
equations in this study. Table 3 lists the theoretical (fy,.1) and experimental results (fexp1)
of the natural frequency of the ball screw feed system. fy,.q is the natural frequency of
the ball screw feed system when the worktable is near the front-end support bearing unit
(xvari/Lﬁx =0.2).

Table 3. Theoretical and experimental results of system frequency under static state.

fihe (Hz) fexp1 (Hz) Error (%)

fiheo 35.9 32.0 12.19
fihe1 33.7 32.0 5.31
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4.2. Comparison of the Theoretical and Experimental Results Based on the Feed Speed of
the Worktable

The speed of the worktable in the feed direction was obtained by differentiating the
displacement obtained by the Renishaw Laser XL-80, as shown in Figure 8. The acceleration
of the worktable was 0.50 m/s? and the acceleration time was 0.3 s. Hence, the feed speed
of the worktable was 150 mm/s. The electric current of the servo motor was measured
using SigmaWinPlus when the feed speed of the worktable was 150 mm/s, as shown in
Figure 9. The average value of positive uniform motion was —3.83 A and the average value
of reversal uniform motion was 3.73 A; therefore, the average value of the electric current
was 3.78 A.

160 — a,=0.50 m 5

1,=0.300s

120

80

Feed Velocity (mm/s)

40

Time (s)

Figure 8. The speed of the worktable in the feed direction. B is the uniform velocity interval, C is the
acceleration interval.

30 =

Current (A)
<o

-10 N 7 .
N Reversal uniform motion
\

=20 = . > .

Positive uniform motion
230 1 | 1 | 1 | 1 J

0 300 600 900 1200
Point

Figure 9. Electric current of the servo motor.

The friction force of the ball screw feed system is equal to the output-driven force of
the servo motor when the worktable moves at a uniform speed. It can be expressed as
follows [38,39]:

{ Tsm'%'SdT‘_f(vt):O (15)

Tom = kt . IA
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where

Tsm is the output-driven torque of the servo motor, Sy, is the reduction ratio of the
servo motor, k; is the torque constant of the servo motor, and 14 is the average current at
uniform speed.

By substituting the friction forces calculated using Equation (15) at a feed speed of
150 mm/s and the detailed parameters in Table 1 into the equations in this study, the natural
frequency of the ball screw feed system was calculated. After the Fourier transform of the
velocity during the uniform speed process (region B) in Figure 8, the frequency response
of the worktable was obtained, as shown in Figure 10. The sampling frequency was set to
10,000 Hz. A fitting method called Burg’s method was used and the order was set to 300.
Nfft was the point at which FFT was performed, and it was set to 10,240. Table 4 lists the
theoretical (fy,.2) and experimental results (fexp2) of the ball screw feed system frequency at
a feed speed of 150 mm/s.

1107 v,= 150 mm/s

~35:2 Hz
v
&~

Mag(mm

12 : 1 " 1 ’ L . 1 I
110 0 20 40 60 80 100

Frequency (Hz)

Figure 10. Frequency response of the system during the uniform speed process.

Table 4. Theoretical and experimental results of system frequency during the uniform speed process.

[ftne (Hz) fexp2 (Hz) Error (%)
fthe1 33.7 35.2 4.26
fthe2 341 35.2 3.13

4.3. Comparison of the Theoretical and Experimental Results Based on the Feed Acceleration of
the Worktable

The ball screw feed system frequency was calculated by substituting the parameters
in Table 1 and a feed acceleration of 0.50 m/s? into the equations in this study. After a
Fourier transform of the speed during the acceleration process (region C), as shown in
Figure 8, the frequency response of the ball screw feed system was obtained, as shown in
Figure 11. Table 5 lists the theoretical (fy,.3) and experimental results (fex,3) of the ball screw
feed system frequency. The sampling frequency was 10,000 Hz. A fitting method called
Burg’s method was used and the order was set to 300. The Nfft was set to 10,240.
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1 —_— ;= 0.50 m/s”

l\/lag('mm,‘sz)2

0 20 40 60 80 100
Frequency (Hz)

Figure 11. Frequency response of the system during the acceleration process.

Table 5. Theoretical and experimental results of system frequency during the acceleration process.

[ftne (Hz) fexp3 (Hz) Error (%)
fihel 337 36.1 6.57
fthes 34.7 36.1 3.88

In summary, the maximum error between the theoretical and experimental results of
the ball screw feed system frequency was 5.31% when the running states were considered.
However, the maximum error between the theoretical and experimental results of the ball
screw feed system frequency was 12.19% when the influence of the running states was not
considered. Therefore, the variable-coefficient dynamic modeling method proposed in this
study, which is based on a ball screw feed system with a no-extra-load running state, has
high accuracy. There is an evident error between the theoretical and experimental results.
The primary reason for the error is that the influences of servo stiffness and non-dominant
factors on transmission stiffness were neglected when calculating the transmission stiff-
ness of the ball screw feed system. Furthermore, an accurate method to determine the
value of the ball screw tension force and select the coefficient also affects the result of the
transmission stiffness.

5. Conclusions

The main conclusions of this study are as follows:

(1) A variable-coefficient dynamic modeling method was proposed for a ball screw
feed system, considering the influence of changes in the system’s no-extra-load running
state, such as feed position, feed speed, and feed acceleration. Based on Timoshenko beam
elements with two nodes and four DOFs, an equivalent dynamic model of a ball screw feed
system was developed using the hybrid element method.

(2) The expression for the equivalent axial stiffness of individual kinematic joints was
derived by considering the influence of the ball screw feed system'’s feed speed /acceleration.
The stiffness and mass of the screw shafts on both sides of the screw nut were calculated by
considering the influence of the system’s feed position and screw pitch. Consequently, the
total stiffness and mass of the ball screw feed system in its no-extra-load were obtained in a
running state and the natural frequency was analyzed. Finally, experiments on a ball screw
feed system were performed to verify the accuracy of the proposed variable-coefficient
dynamic model.
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(3) The variable-coefficient dynamic modeling method proposed for a ball screw feed
system in a no-extra-load running state has high accuracy. The relationship between the
equivalent axial stiffness of the kinematic joints, the stiffness of the screw shafts, and
the dynamic characteristics of the ball screw feed system with the system’s no-extra-load
running state can be used to guide the matching design of the kinematic joint stiffness of
the system and assembly process.

6. Future Directions

In this paper, a variable-coefficient dynamic modeling method under a no-extra-load
running state was established, calculated, and verified, and it has high accuracy. This pa-
per’s proposed model can not only provide a theoretical basis for the electromechanical
integration and design/control of the ball screw feed system, but also improve the motion
accuracy of the ball screw feed system. Finally, the machining accuracy and machining
efficiency of the parts were increased. In the future, it will be necessary to study the electrome-
chanical integration and control of the ball screw feed system in machine tools with variable
dynamic characteristics. In addition, the influence of cutting force on the variable dynamics
of the ball screw feed system needs to be studied.
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