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Abstract: The dual drive sliding feed system can obtain a uniform and stable resolution at extremely
low speeds and significantly reduce the system’s nonlinear friction. However, the numerous thermal
sources within the system and the multipoint sliding contact during transmission result in a significant
temperature rise, leading to considerable thermal deformation and errors. Moreover, the responsive
mechanism of the thermal characteristics needs to be clarified. Therefore, firstly, a frictional torque
model of the engagement of the screw and nut is established, and the heat generation, heat transfer,
and thermal contact resistance (TCR) are solved. Then, based on the solution, a finite element
thermal simulation model of the dual drive sliding feed system is established, and experiments are
performed for validation. The results show that the error in temperature at the measuring point is
less than 2.1 °C, and the axial thermal elongation of the screw is less than 6.2 um. Finally, the thermal
characteristics of the feeding system under various operating conditions are analyzed. The results
show that the established thermal simulated model can effectively describe the dynamic thermal
characteristics of the dual drive sliding feed system during operation. The effects of the rotational
speed and ambient temperature on the dynamic thermal characteristics of the dual drive sliding feed
system are investigated separately. The temperature increase in each part of the screw during the
operation is characterized.

Keywords: sliding screw; friction torque; feed system; thermal characteristic

1. Introduction

Due to the rising demand for diversity and quality products in recent years, many high-
end parts now need their surface form and precision to reach the micron or even nano-scale
levels. As an important part of the machining process, the feed system’s positional accuracy
directly affects the part’s final forming accuracy. However, a large amount of heat will be
generated during the operation of the feed system [1,2]. Numerous studies have shown
that thermal errors are difficult to control in machining due to their nonlinear and random
characteristics. Thermal errors have become the most important factor affecting positioning
errors [3,4]. Studying the thermal characteristics of a feed system under complex working
conditions is essential for improving the forming accuracy.

Most existing feed systems use mechanical feed mechanisms; however, they are diffi-
cult to use in ultra-precision machining due to their disadvantages: mechanical clearance,
friction and wear, and crawling. Therefore, Feng et al. proposed a dual drive feed sys-
tem [5], which utilizes two motors rotating at approximately equal speeds in the same
direction at high speeds. The worktable may get an exact micro-feed by the difference
between the two speeds. The system can also adjust the worktable’s speed from extremely
low to very high by switching the two motors from opposite to reverse spin. The system
becomes a traditional ball screw drive system when just the screw motor is powered. This
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type of drive significantly reduces the impact of nonlinear friction on the feed system [6].
However, because the actuator employed in the existing dual drive feed system is a ball
screw pair, when the system enters nano-scale control, the unevenness of the ball and the
multibody dynamic coupling characteristics have a significant impact on motion control at
very low speeds, which leads to difficulties in achieving accurate and uniform displacement
under nano-scale conditions. Therefore, based on previous research [7], this paper presents
a novel dual drive sliding feed system that replaces the ball screw in the conventional
dual drive feed system with a low-cost sliding screw pair, aiming to achieve uniform and
stable displacement resolution under extremely low-speed conditions. However, due to the
addition of the nut motor and the nut bearing and the multipoint contact inside the sliding
screw pair, more frictional heat will be generated during operation. Therefore, the thermal
field of the dual drive sliding feed system is extremely complex for obtaining accurate and
uniform feed displacement and improving the forming accuracy. Clearly, it is necessary to
establish a thermal estimation model of the dual drive sliding feed system and analyze the
thermal characteristics of the system.

Due to its high frictional resistance and severe wear, the standard sliding screw feed
system has been restricted in its application for ultra-precision machining. Therefore,
studies on the frictional properties and heat generation mechanism of sliding screws
are rare. However, research on planetary roller screws, ball screws, rolling bearings,
and other related transmission parts is highly developed [8,9]. Zhao et al. [10] analyzed
the relationship between the friction coefficient and torque balance equation of angular
contact bearing between a rolling body and a raceway. They clarified the change law
of the friction coefficient under changes in external factors. Helmig et al. [11] realized
the dynamic calculation of the heat transfer coefficient during bearing operation using
infrared thermal imaging. Ba et al. [12] established a friction model of the ball screw
feed system and designed a corresponding feed-forward compensation controller. Min
et al. [13] established a finite element model of a ball screw feed system and analyzed the
temperature characteristics of the system during operation. Ma et al. [14] established the
motion model of a planetary roller screw, analyzed the relative motion speed of the internal
contact interface, and solved the distribution of the friction forces inside it. Du et al. [15]
established a finite element model of a planetary roller screw and analyzed the temperature
characteristics of the system at different times and positions by considering the moving
heat source during operation.

In conclusion, although research on the friction characteristics, heat generation mech-
anism, and thermal field characteristics of rolling ball screws and other transmission
components has reached a high level of maturity, the working mode of the dual drive
sliding feed system still differs significantly from that of traditional transmission compo-
nents. A thermal model for a dual drive sliding feed system based on existing calculation
methods cannot be established. Moreover, there is no existing research on the thermal
characteristics analysis of the dual drive sliding feed system. This paper establishes a
thermal model of the feed system by analyzing the friction at the engagement of the screw
and nut. The influence of feed speed and ambient temperature on the dynamic thermal
field characteristics of the dual drive sliding feed system are explored. The framework of
this paper is organized as follows. In Section 2, the thermal boundary conditions of the
dual drive sliding feed system, including the heat generation, the thermal contact resistance
(TCR) between components and the convective heat transfer coefficient (CHTC) are solved
separately. On this basis, a finite element simulation model of the dual drive sliding feed
system is established in Section 3 to analyze the thermal characteristics of the dual drive
sliding feed system. The accuracy of the established thermal estimation model in terms of
temperature rise characteristics and axial deformation is also verified through experiments
in Section 4. Conclusions are provided in Section 5.
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2. Friction Torque Modeling of the Sliding Screw
2.1. Dual Drive Sliding Feed System

The dual drive sliding feed system is illustrated in Figure 1. The main difference
between this system and the traditional feed system is the addition of a motor to drive the
nut. During operation, the screw and the nut rotate simultaneously, and the worktable
obtains displacement through the velocity difference between the two. The distinction
between the dual drive sliding feed system and the existing dual drive feed system lies in
the replacement of the ball screw with a sliding screw.

Coupling Sliding screw Worktable Rotary nut Nutbearing  Nut servo motor ~ Rear earing

Screw servo motor  Front bearing Nut flange Slider Nut housing  Base Guide way
Figure 1. Structure of the dual drive sliding feed system.

The friction between components is the source of heat generation within the dual
drive sliding feed system, and the friction torque is an important parameter for measuring
the friction effect. Therefore, the thermal estimation model of the dual drive sliding feed
system is accurately established, and the internal heat generation mechanism of the system
is explored. Modeling and analyzing the frictional torque of the sliding screw are necessary.
The frictional torque of a dual drive sliding feed system is affected by many factors, such as
lubrication, material, and usage environment. The main reason for the frictional torque is
the sliding frictional resistance that is generated by the threaded tooth contact when the
relative rotation of the screw and nut occurs. Sliding friction comes from the differential
sliding, elastic hysteresis, and lubrication viscosity between the screw and nut raceways.
Therefore, the total friction torque of the sliding screw M7 can be expressed as:

MTIZ(Md+Mf+Ml) 1

where M, is the friction torque caused by differential sliding, My is the friction torque
caused by elastic hysteresis, and M,; is the friction torque caused by the lubrication viscosity.

In the following, the details of each friction torque will be provided in Sections 2.2-2.4,
respectively.

2.2. Friction Torque Caused by Differential Sliding

The contact part of the screw and nut is obtained as the dual drive sliding feed system
is not rigid. According to the Hertz contact law, the contact surface of the screw and nut
will produce a small contact area under the normal driving force, and its shape is an ellipse,
as shown in Figure 2. The red area in the figure indicates the contact area between the
screw and the nut, and the circumferential speed of the screw surface v; is proportional
to the distance to its axis. Similarly, the circumferential speed of the nut surface v, is
proportional to the distance to its axis. Pure rolling occurs only on two lines in the contact
area. Therefore, relative sliding in opposite directions, called differential sliding, occurs at



Machines 2023, 11, 1084

40f18

the remaining positions. The frictional moment caused by differential sliding is due to the
local shear stress in the contact area. Therefore, the differential sliding friction torque M,
can be expressed as [16]:

Md:/r-z~dA=/y-P~z-dA 2)

where z is the distance between the pure rolling line in the contact area and the local shear
stress location, mm, y is the differential sliding friction coefficient, P is the normal pressure

in the contact area, MPa, and A is the area of contact, mm?2.

N N\

prad Screw

N

Figure 2. Schematic of differential sliding of dual drive sliding feed system.

Essentially, the actuator of the dual drive sliding feed system is similar to the driving
mechanism of the planetary roller screw. Therefore, the differential sliding friction torque
of the dual drive sliding screw pair is modeled and analyzed utilizing the friction torque
modeling method of the planetary roller screw [17]. Taking the j contact area of the screw
and nut as an example, the differential sliding friction of the contact area is integrated, and
the differential sliding friction moment of the j contact area M; can be obtained as follows:

My — 0120 % /1 (3 = x*)ax -2 XZ(XZ—X4>dX @3)
d] - Y ]’l ] 2 R 1 Xl
where Qj is the normal load of the j contact area, N, a is the semi-major axis of the contact
ellipse, mm, R is the radius of the effective ball for Hertzian deformation (mm), and X; and
X, are dimensionless parameters specified as:

X=x
X; =2 4)
X, = 2

where a1 and a; are the distances between the centerline of the contact ellipse and the pure
rolling line on both sides (mm).

Due to the direction of the differential sliding friction torque being along the long
axis of the contact ellipse, there exists an angle between it and the centerline of the screw.
Consequently, in the process of engagement between the screw and the nut, the resulting
differential sliding friction torque can be expressed as:

g
M, = Z Myjcosa 5)
j=1

where ¢ is the number of engaged thread teeth.
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2.3. Frictional Moment Caused by Elastic Hysteresis

During the meshing and transmission process of double-drive sliding screw pairs,
elastic deformation occurs at some positions on the thread teeth. Consequently, the strain
lags behind the stress during loading and unloading, resulting in unbalanced elastic contact
forces on both sides of the meshing surface. This imbalance leads to resistive torque during
operation, referred to as frictional torque caused by elastic hysteresis. According to the
Hertz contact law, the work done by the compressive stress when moving forward one unit

distance is: 30BP
V=" (©)

where b is the short axis of the contact ellipse (mm), B is the effective axial distance of the
engaging contact between balls B = 2R (mm).

During the rotation of the screw and the nut, the system loses energy due to the elastic
hysteresis phenomenon. Therefore, the friction torque can be expressed as:

M, =nW (7)

where 7 is the energy loss coefficient.

Since the rotation of the dual drive sliding screw is driven through the threaded
teeth, the frictional moment caused by elastic hysteresis occurs between all the engaged
threaded teeth. The total elastic hysteresis frictional moment is evenly distributed among
the engaged parts and can therefore be expressed as [18]:

7. 3 3E 4
My =Y —yBy{| s=P; ®)
= L ag,

where 7 is the dimensionless coefficient of the semi-short axis of the contact ellipse, E is the
Young’s modulus, MPa, and ) p is the sum of the curvatures on the contact side.

2.4. Friction Torque Caused by Lubrication Viscosity

To enhance the transmission efficiency and minimize friction, lubricating grease must
be injected at the meshing point of the screw and nut. Therefore, when the screw and
the nut are driven by differential rotation, the system needs to overcome the friction
caused by the shearing effect of the grease. Concerning the rolling bearing calculation
method, the frictional characteristics at the engagement are analyzed by the elastic dynamics
lubrication effect. The resistance caused by the viscosity of the lubrication F; can be solved
as follows [19]:

Fy = 2.86E' f; R, 2k0348G0.022 0.6 5047 )

where f; is the thermal influence coefficient, Ry is the equivalent radius of curvature of the
contact ellipse in the semi-major axis direction (mm), k is the equivalent radius of curvature
ratio, G is the dimensionless material coefficient, U is the dimensionless velocity coefficient,
W is the dimensionless load coefficient, and E’ is the equivalent modulus of elasticity of
the screw and nut (Mpa), and can be expressed as:

E/_ 1_V12+1_M12_I - (10)
E Ey

where y; and i are the Poisson’s ratios of the screw and nut, respectively, E; and E; are
the Young’s modulus of the screw and nut, respectively (Mpa).

The j contact area between the screw and the nut is taken as an example. The frictional
moment caused by the lubricating viscosity of the j contact area can be obtained as:

M;j = FjRs (11)
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where R; is the nominal radius of the screw (mm). Therefore, the friction torque caused by
the lubrication viscosity is as follows:

o
M; =Y M (12)
j=1

3. Thermal Boundary Conditions of the Dual Drive Sliding Feed System

In the case of the feed system, a significant basis when performing a simulation of
thermal characteristics is to establish accurate thermal boundary conditions. The heat trans-
fer coefficient includes heat generation, the TCR between components, and the convective
heat transfer coefficient. Existing studies have revealed that the thermal error of a feed
system is influenced by external and internal heat sources. External heat sources mainly
include space temperature and previous environmental memory. It is difficult to carry out
a quantitative analysis. Precision machining processes mostly occur in a constant temper-
ature and humidity environment, so such heat sources are not considered in this paper.
The internal heat sources mainly include motors, bearings, screw nut, and guideways. To
accurately establish the thermal behavior model of the system, it is necessary to clarify
the heat generation and heat transfer mechanism. The heat generation and heat transfer
mechanism of the dual drive sliding feed system are shown in Figure 3.

[:j Fixed parts @ Moving parts

e Conduction across solid joints Forced Convection Natural convection

‘ Heat generation of guide way J ‘ Heat generation of servo motor ‘
: | [ Heat generation | Heat generation b: Heat generation
é“ holdgis"Lg Gv:/';ge [ by ﬁ'on loss j[ Mechanical loss}j [by c§pper loss}

f 1

[ Heat generation of front bearing ‘

Bearing
outer ring

Bearing
inner ring

‘ Heat generation of rear bearing ‘

‘ Heat generation of ball screw ‘

Screw shaft Screw shaft ]
Screw shaft Screw shaft
under front H ¢ under rear
bearing } [ in the air } [ under nut ] [ bearing
: Rote! Nut bearin, Nut bearin,
[Work table H Nut housing )4—( Nut ﬂangej [ St he ringg H et ringgj

Figure 3. Heat generation and heat transfer mechanism.

3.1. Analysis of Heat Generation

The dual drive feed system has 4 major heat sources: (1) heat generation of the
guideways, (2) heat generation of the servo motors, (3) heat generation of the bearings, and
(4) heat generation of the sliding screw. The sliders move continuously on the guideways;
the friction caused by the rotating motion of the ball between the sliders and guideways
is the main reason for the heat generation of the guideway. The heat generated by the
guideways H, can be expressed as:

where f, is the friction coefficient of the guideways, F; is the vertical load carried by the
guideways, N; and v, is the moving speed of the sliders relative to the guideways (m/s).

The dual drive sliding feed system has two servo motors, which drive the screw shaft
and the nut. The motor heat generation can be calculated by [20]:

_ Mung
Hu = 9550

(1-9) (14)
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where M, is the output torque of the motor (N.mm), 7, is the rotation speed of the motor
(rpm), and ¢ is the mechanical efficiency of the motor.

When bearing as a rotating part, friction is the main source of heat. The heat generation
of bearings can be calculated by [21]:

Hy, = 1.047 x 10~ *n,(Ms + My) (15)

where 1, is the rotation speed of the bearing (rpm), M; is the load friction torque caused
by the elastic lag of the material and the local differential friction, (N-mm), and Mj is
the viscous friction torque generated by the bearing and the lubricant (N-mm). The load
friction torque can be calculated by:

Ms = fip1dy (16)

where f; is the coefficient related to the type and load of the bearing, p; is the preload of
the bearing (N), and d, is the mean diameter of the bearing (mm).
For the front bearing and nut bearing [22]:

fra =1073(Py/Cp)*™ (17)

p1a = 1.4Fa — 0.1Fr (18)

where Py, Cy, Fa, and Fr are the equivalent static load (N), the rated static load (N), axial
load (N), and a radial load of the bearing (N), respectively.
For the rear bearing:
fip =9 x 1074(Py/Cp)*> (19)

p1p = 3Fa — 0.1Fr (20)

The viscous friction torque generated by the bearing and the lubricant can be calculated
by [21]:
M, = 1077 fo(vony)* 3dy. vony > 2000 1)

My = 160 x fody,®. vony < 2000 (22)

where fj is the coefficient related to the bearing type and lubrication, and v is the kine-
matic viscosity of the lubricant inside the bearing. In this study, Equation (21) is used for
the calculation.

The friction of the dual drive sliding screw is the cause of its heat generation, which is
related to the total friction torque and the speed of the sliding screw. The heat generation
can be expressed as [8]:

Mrnt
M = 5550
where nr is the relative speed of the screw and the nut (rpm).

(23)

3.2. Analysis of Heat Transfer

The heat transfer process of the dual drive sliding feed system can be divided into
two types. One is the natural convective heat transfer between the fixed surface and the
surrounding air. The other is the forced convective heat transfer due to the relative motion
of the parts and the air. The CHTCs of both can be expressed as [23]:

_ Nu-A

h L.

(24)

where Nu is the Nusselt number, A is the fluid thermal conductivity (W/m-K), and L; is
the component feature size (mm).
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Natural convection heat transfer occurs on the surfaces of fixed components such as
the bearing housing and base. The Nusselt number Nu, can be calculated by:

Nu, = C(Gr- Pr)? (25)

where C and 9 are the constants determined by the shape of the heat source and fluid
conditions, Gr is the Grashof number, Pr is the Prandtl number, and ¢ is the qualitative
temperature. Gr can be calculated by:

3(T, —
Gr= w (26)
a

where ¢ is the acceleration of gravity (m/s?), B is the volume expansion coefficient of air, Ty
is the surface temperature of the part (°C), T, is the ambient temperature (°C), and v, is the
kinematic viscosity of the air (mm?/s).

Forced convection heat transfer occurs on the surface of the moving components,
mainly including the screw shaft, worktable, nut servo motor, and other parts. The
screw shaft rotates and has a spiral groove on its surface, and its Nusselt number can be
calculated as:

Nus = 0.133Re?/3prl/3 27)

where Re is the Reynolds number. For the top and lateral surfaces of the remaining parts,
the Nusselt constant Nu,, can be calculated by:

Nu, = 0.332Re!/2pr1/3 (28)

For the front surface perpendicular to the direction of motion, the Nusselt constant
Nuy can be calculated by:
Nuy = 0.228Re%731prl/3 (29)

The motion of the worktable of the dual drive sliding feed system is the combined
motion of the screw motor and the nut motor. To analyze the thermal field characteristics
of the dual drive sliding feed system, the heat generation and key heat transfer coefficients
of each part of the system were calculated based on Equations (13)—(29) at an ambient
temperature of 20 °C for a synthesis speed of 0.18 m/min, as shown in Tables 1 and 2.

Table 1. Partial heat production of the dual drive sliding feed system.

Speed Heat Production (W)

£ Svnthesi Speed of Speed of Nut
ot Synthesis Screw (Rpm)  (Rpm) Guideways Screw Servo  Nut Servo  Front Nut Rear
(m/Min) Motor Motor Bearing  Bearing  Bearing
0.18 396 360 0.39 1.87 1.70 4.95 5.31 4.36

Table 2. Partial CHTCS of the dual drive sliding feed system.
CHTCS (W/m?-K)

(S)th;i thesis Speed of Speed of Nut
(m/Min) Screw (Rpm)  (Rpm) Screw Pair  Screw Shaft algttfrervo nglsing Slider Worktable
0.18 396 360 9.17 56.3 15.52 31.26 14.53 16.23

3.3. TCRs between Rough Contact Surfaces

The surface of the internal joint of the feed system is particularly rough at the micro
level due to the processing level constraint, resulting in the so-called rough joint. When heat
flows through a rough joint, it differs from heat conduction in a solid, which is hampered,
and a portion of the heat is lost. The temperature will drop on both contact surfaces.
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Therefore, to improve the simulation accuracy of the thermal model of the dual drive
sliding feed system, it is necessary to accurately describe the TCR between the rough
contact surfaces inside the system. According to the previous analysis of the TCR solution
by this group, the TCRs of some key bond surfaces of the dual drive sliding feed system
are shown in Table 3.

Table 3. The TCRs of the dual drive sliding feed system at key joints.

Joint Component TCR (m2-K/W)
Bearing outer ring-bearing housing 1.25 x 1073
Bearing inner ring-screw shaft 1.48 x 1074
Nut-screw 1.65 x 1074
Guideway-slider 6.89 x 1074
Nut servo motor-nut 3.68 x 1073

4. Establishment and Verification of the Thermal Model for Dual Drive Sliding
Feed System

To accurately describe the thermal characteristics of the dual drive sliding feed system
and compensate for the thermal error generated by the system, it is necessary to establish
a simulation model of the thermal characteristics of the feed system. The finite element
method is used to simulate the system, and an experiment is carried out to verify the
comparative analysis.

4.1. Finite Element Simulation Model of Dual Drive Sliding Feed System

A finite element simulation model of the dual drive feed system was created based
on the TCR, heat generation, and heat transfer coefficient calculated above to analyze
the thermal characteristics of the dual drive sliding feed system. To increase the solving
efficiency, the following appropriate simplifications and assumptions were made:

(1) The chamfers and some tiny parts inside the system were ignored;

(2) The screw shaft ignores the grooves on its surface and treats it as a cylinder;

(38) The parameters of heat generation and CHTCs obtained from the previous calculation
do not vary with the movement or temperature rise of the components.

The hexahedral and tetrahedral meshes were used to mesh the model once it was
imported into ANSYS. The heat sources, such as the screw and bearing, were coarsely
meshed to reduce simulation error. The mesh created 152,924 nodes and 282,832 elements.
The dual drive sliding feed system was subjected to the same thermal boundary conditions
and material attributes as in the preceding section. Table 4 shows the material qualities of
several of the system’s essential components.

Table 4. Material properties of the dual drive sliding feed system.

Apolication Densit Modulus of Poisson’s Linear Expansion Thermal Specific Heat
C(I)) 111)1 onents Material ( g/m3;’ Elasticity Ratio Coefficient Conductivity Capacity
P (GPa) (10-5/K) (W/m K) (/kgK)

Nut Copper alloy 8400 110 0.34 1.7 115 387

Screw /bearing GCr15 7800 200 0.28 12 48 729

Ease( bearing Q345B 7850 206 03 12 46 460

ousing
Guideways/slider 40Cr 7850 200 0.3 1.13 51 477

4.2. Experimental Verification Device and Scheme

To verify the accuracy of the solution of the simulation model, an experimental study
on the temperature rise and deformation of the dual drive sliding feed system is necessary.
Figure 4 depicts the experimental device. Concerning current studies, the temperature
measurement locations that have a substantial impact on the total thermal field of the feed
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system were chosen [22-24]. The temperatures of the front bearing (T1), the rear bearing
(T2), the nut flange (T3), the screw shaft (T4), the worktable (T5), the environment (T6),
and the axial elongation of the screw shaft (D) were measured separately. The temperature
data were acquired at T1-T3, T5, and T6 by five temperature sensors (PT100, KAIPUSEN,
Xinghua, China) with a resolution of 0.1 °C. The NI PXIe-1082 was used to acquire and
process the temperature data. The temperature at T4 was measured by a thermal infrared
imager (E86, FLIR, Oregon, United States) with a resolution of 0.1 °C. Axial elongation (D)
was measured using the laser displacement sensor (CL-3000, KEYENCE, Osaka, Japan).
When the temperature rise reached 95% of the maximum temperature rise and the stable
fluctuation of the value of the multiple temperature measurement points was less than
0.5 °C. The system can be considered to have reached thermal equilibrium. To minimize
the influence of experimental errors on the analysis results, the values of each temperature
measurement point were taken as the result of this experiment when the system reached
thermal equilibrium.

q
I
|

Figure 4. Temperature rise and deformation experimental device.

To clarify the thermal characteristics of the dual drive sliding feed system, the operat-
ing conditions shown in Table 5 are used for exploratory tests. The thermal characteristics
of the dual drive sliding feed system at different operating speeds and different ambient
temperatures are analyzed separately. Since the working temperature of the machine tool
is generally 15-25 °C, the working conditions in this paper are set the ambient temperature
to 15, 20, and 25 °C.

Table 5. Operating conditions of the experiments.

Operating  Speed of Synthesis  Speed of Screw  Speed of Nut Ambient

Condition  (m/Min) (Rpm) (Rpm) Temperature (°C)
I 0.18 396 360 20
II 0.36 1116 1080 20
I 0.54 2214 2160 20
v 0.36 1116 1080 15

A% 0.36 1116 1080 25
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4.3. Comparison of the Simulation and Experimental Results

In the simulation platform, the nut was defined to reciprocate relative to the screw,
and the worktable was moved periodically throughout the entire stroke. The transient
thermal analysis end time was set to 10,800 s. The corresponding simulation parameters
were set according to the five operating conditions in Table 6. The temperature field and the
axial deformation of the screw after the stabilization of the dual drive sliding feed system

are shown in Figures 5-9.

Table 6. Comparison of the measured and simulated temperatures.

Operation Condition

Measured Position

Simulated Value (°C)

Measured Value (°C)

Deviation (°C)

T1 28.1 27.1 1.0
T2 257 245 1.2
I T3 359 34.5 1.4
T4 33.9 33.2 0.7
T5 33.7 31.9 1.8
T1 30.8 29.6 1.2
T2 27.4 26.2 1.2
II T3 38.5 37.1 1.4
T4 36.4 35.8 0.6
T5 36.2 34.2 2.0
T1 31.1 30.1 1.0
T2 28.3 27.3 1.0
i T3 421 40.1 2.0
T4 39.2 38.2 1.0
T5 38.7 36.6 21
T1 24.7 23.6 1.1
T2 219 209 1.0
v T3 33.4 31.8 1.6
T4 30.2 29.5 0.7
T5 30.0 28.5 1.5
T1 34.5 33.2 1.3
T2 31.7 30.5 1.2
A% T3 42.4 40.8 1.6
T4 39.9 38.8 1.1
T5 40.0 37.9 21

36.58 33.65
35.12

30.72 27.42 23.76

32.19

29.26 25.59 21.93

(a)

Figure 5. Temperature field and axial deformation under the operating condition I. (a) Temperature
field distribution. (b) Axial deformation distribution of the screw shaft.
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Figure 6. Temperature field and axial deformation under the operating condition II. (a) Temperature
field distribution. (b) Axial deformation distribution of the screw shaft.

-

42.95 38.33 33. 7‘I 29.09 2447 46.3 29.5 12.7 -4.1 -20.9
40.64 36.02 4 26.78 2215 379 21.1 4.3 -12.5 -29.3

(a) (b)

Figure 7. Temperature field and axial deformation under the operating condition III. (a) Temperature
field distribution. (b) Axial deformation distribution of the screw shaft.
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Figure 8. Temperature field and axial deformation under the operating condition IV. (a) Temperature
field distribution. (b) Axial deformation distribution of the screw shaft.
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Figure 9. Temperature field and axial deformation under the operating condition V. (a) Temperature
field distribution. (b) Axial deformation distribution of the screw shaft.

The solved thermal field distribution shows that the dual drive sliding feed system
generates heat through the friction of the contact area, which leads to thermal deformation
and thermal error. Among them, the sliding friction at the engagement of the nut and
screw produces the most heat and is also affected by the heat generated by the nut bearing.
Moreover, because the bearing is inside the nut housing, convective heat transfer with
the surrounding air does not occur. This results in heat accumulation and local high
temperatures. Therefore, the highest temperature occurs at the nut. The lowest temperature
appears at the synchronous belt, which is due to the material of the synchronous belt being
rubber and its low heat transfer rate. The synchronous belt experiences forced convective
heat transfer with the surrounding air during operation, resulting in a lower temperature
than that of the other components.

From the solved axial deformation of the screw, it can be seen that the screw generates
thermal elongation in the axial direction under the action of a temperature load. The
deformation of the screw is affected by multiple thermal loads, such as the nut, front
bearing, and rear bearing. Thermal deformation occurs in both the forward and reverse
directions of the screw axis. The axial deformation at the connection between the screw
shaft and the front bearing is small. The axial deformation at the connection between
the screw shaft and the rear bearing is the largest. The reason is that the rear bearing is
supporting and cannot limit the axial displacement of the screw at all. Given the numerous
internal heat sources and the substantial heat generation of the sliding screw in the dual
drive sliding feed system, the axial deformation of the system under identical operating
conditions is greater than that of the conventional feed system [6].

The minimum and maximum temperatures of the thermal field of the entire dual drive
sliding feed system increased with increasing rotational speed. The thermal elongation
at the rear bearing also increased. Moreover, Figures 8 and 9 show that the thermal
field distribution, as well as the axial elongation, significantly changes after the ambient
temperature changes. Therefore, the dynamic thermal characteristics of the dual drive
sliding feed system are analyzed. The transient thermal field and axial elongation of the
screw are analyzed for the dual drive sliding feed system. According to the preliminary
experiment, the temperature increased rapidly during the initial period. Therefore, every
120 s was taken as a measurement cycle before 600 s, and every 600 s was taken as a
measurement cycle after 600 s. All rotating axes operated at specified speeds during
the experiment, and the worktable moved periodically throughout its entire stroke. The
comparative analysis results are shown in Figure 10, the temperature deviation after the
system reaches the thermal equilibrium state is shown in Table 6, and the axial thermal
elongation deviation is shown in Table 7.
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Table 7. Comparison of the measured and simulated elongations.

Operation Condition

Simulated Value (um)

Measured Value (um)

Deviation (um)

I 32.8 29.9 2.9
II 38.9 35.5 3.4
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Figure 10. Comparative analysis results.
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(a) Temperature field under operating condition I.

(b) Temperature field under operating condition II. (c) Temperature field under operating con-
dition III. (d) Temperature field under operating condition IV. (e) Temperature field under operating
condition V. (f) Axial thermal elongation under the screw.
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As shown in Figure 10, along with the increase in the system running time, the tem-
perature of each part, as well as the axial thermal elongation, will increase. Moreover,
the temperature difference at T3 is large relative to the other temperature measurement
points. The reason is that T3 is the result of the superposition of two major heat sources,
and the sliding screw produces more heat. As shown from the experimental and simu-
lated comparison data for each temperature measurement point in Figure 10, the values
measured in the experiment are lower than the simulation values. The reason is that the
temperature sensor is attached to the component surface. There is a large thermal contact
resistance, which affects the accuracy of the temperature measurements. In contrast, the
deviation in the temperature measured at T4 is smaller because the temperature at T4 was
measured by an infrared thermometer. There was no thermal contact resistance between
the sensor and the component. In addition, this experiment used air conditioning for tem-
perature control. Moreover, the experimental environment space is small, and the airflow
was disrupted during the experiment. As a result, the accuracy of temperature collection
was compromised, causing fluctuations in the experimental temperature measurement
data. Comparing the characteristics of the temperature rise for each operating condition
in Figure 10. It can be seen that the location with a higher temperature at the end has a
faster temperature rise at the beginning due to its higher heat generation. However, the
temperature rise at TS5 was slower than at T3 and T4. The reason was that the T5 was not
a heat source, and temperature rise could only be realized through heat transfer between
components. Therefore, the temperature at T5 was also easily affected by the environ-
ment and other heat sources. So, the error between the experiment and simulation was
more significant.

A comparison of Figure 10a—c reveals that the temperature increase rate at each tem-
perature measurement point increases with increasing rotational speed. The temperature
at which thermal equilibrium was reached also increased, and the thermal equilibrium
time gradually decreased. The system reached a thermal equilibrium state at 120, 100, and
90 min. The heat generation and heat transfer of the system reached a dynamic equilibrium
state. However, the increase in each part is different. Because the temperature at the
engagement point between the screw and the nut was the highest, the temperature increase
in the surrounding parts was greater. The temperature increase in the regions away from
the meshing was low, as shown in T1 and T2 in the figure.

Comparing Figure 10b,d e, it can be seen that the influence of ambient temperature
on the temperature characteristics of the feed system was significant. When the ambient
temperature was high, the heat generated by the system was more difficult to dissipate,
resulting in a faster temperature rise. On the contrary, when the ambient temperature was
low, the system can more easily dissipate heat, resulting in a slower rate of temperature
rise. The ambient temperature will affect the time for the feed system to reach thermal
equilibrium. At an ambient temperature of 25 °C, the dual drive sliding feed system
reached thermal equilibrium at 110 min. At an ambient temperature of 15 °C, the dual
drive sliding feed system reached thermal equilibrium at 70 min. It can be seen that at a
higher ambient temperature, the feed system needs longer to achieve thermal equilibrium
due to the difficulty of heat dissipation. The feed system can achieve heat equilibrium with
the environment at a lower ambient temperature more quickly.

Comparing Figure 10c,e,f, the temperature field of condition III was similar to that of
condition V when the thermal equilibrium state is reached. However, due to the difference
in ambient temperature, the final axial thermal elongation of the screw was 29 um. This
once again shows that the ambient temperature has an essential influence on the thermal
elongation of the feed system. Therefore, the feed system’s regular operation and precision
stability must be ensured. Not only can the internal heat generation be controlled, but the
ambient temperature should also be controlled within the appropriate range.

Tables 6 and 7 show the key temperature measurement points of the dual drive sliding
feed system. The deviation in the temperature simulation of the thermal model was less
than 2.1 °C, and the error in the axial elongation of the screw was less than 6.2 pm, which
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proves the effectiveness of the built thermal simulation model. It is shown that the devel-
oped thermal simulation model can more accurately describe the thermal characteristics
of the dual drive sliding feed system. The error in the axial thermal elongation of the
screw will be slightly greater than the error at each temperature measurement point. The
reason is that the axial elongation of the screw is the result of the combined action of
all the heat sources in the feed system and the environmental conditions. The deviation
results at several key temperature measurement points do not fully represent the final axial
deformation deviation of the screw. Therefore, a more accurate simulation solution model
was established, laying the foundation for thermal error modeling. The key temperature
measurement points of the dual drive feed system should be further optimized, and the
thermal boundary conditions of the system should be optimized.

Thermal simulation can obtain more operational process data than experiments can,
thus providing insight into the thermal characteristics of the feed system. Operation
condition I is taken as an example based on the transient thermal analysis of the feed
system. The temperature field of the screw shaft with respect to time and position changes
is determined. This is shown in Figure 11.
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Figure 11. The overall temperature rise of the screw.

As shown in Figure 11, over time, all the parts of the screw have different degrees
of temperature rise. The temperature in the middle of the screw is the highest, and the
temperature at both ends is the lowest. The axial variation along the screw is from low to
high and back again. The temperature at both ends is approximately symmetrical relative
to the middle. The conventional screw axial temperature distribution is the opposite of
the dual drive sliding feed system. The axial temperature distribution of the conventional
screw is low in the middle and high at both ends [25]. The reason for this difference is that
the dual drive sliding feed system utilizes a sliding screw, which results in greater heat
generation. In addition, a bearing is added inside the nut, and the nut motor affects the
distribution of the temperature field during operation. Therefore, the temperature rise of
the screw should be controlled, and the axial deformation should be reduced. Subsequently,
the structure of the dual drive sliding feed system should be further optimized to improve
the temperature field distribution.

5. Conclusions

To accurately depict the thermal field characteristics of a dual drive sliding feed system
under complex heat source effects and to elucidate the response mechanism of temperature
rise and thermal deformation. In this study, the dynamic thermal characteristics of the
system are explored by establishing a thermal simulation model and verifying the analysis
with the experimental results. Based on the results and analysis, the following conclusions
can be drawn:
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1.  The established thermal simulation model can effectively describe the dynamic ther-
mal characteristics of the dual drive sliding feed system. By comparing the temper-
ature rise and thermal elongation under simulation and experimental conditions, it
can be concluded that the temperature rise deviation under five operating conditions
is less than 2.1 °C, and the error in the axial thermal deformation of the screw is less
than 6.2 um. The established thermal characteristic simulation model can effectively
describe the thermal dynamic response characteristics of the dual drive sliding feed
system during operation.

2. The thermal field distribution and axial deformation of the dual drive sliding feed
system differ from those of conventional feed systems. Due to the difficulty of heat
dissipation and the combined effect of the screw and nut bearings, the main heat
distribution region of the dual drive feed system is at the nut. Given the numerous
heat sources in the system and the significant temperature increase in the sliding screw,
the axial deformation of the screw in the dual drive sliding feed system is greater than
that in the conventional feed system under the same operating conditions.

3. The thermal characteristics of a dual drive sliding system are significantly influenced
by both rotational speed and ambient temperature. An increase in rotational speed
results in a faster rate of temperature rise and a shorter time to reach thermal equilib-
rium. Conversely, higher ambient temperatures lead to a quicker temperature rise
and a longer time to achieve thermal equilibrium. The ambient temperature also has a
significant impact on the axial deformation of the screw. Even when the temperature
field is similar, substantial differences in the axial thermal elongation of the screw can
occur due to varying ambient temperatures.

This study investigates the temperature and deformation field distributions of a dual
drive sliding system under various operating conditions and describes the dynamic thermal
characteristics of the system. This research provides a foundation for temperature rise
and deformation control and guidance for structural optimization and installing cooling
systems. This work also lays the foundation for developing data-driven models to realize
dynamic thermal error compensation. However, due to the use of empirical formulas in
establishing thermal models, there are deviations in the simulation results. Future work
should consider optimizing the system’s thermal boundary conditions to further improve
the thermal model’s accuracy.
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