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Load-induced error identification of hydrostatic turntable and
its influence on machining accuracy
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Abstract: In heavy duty machine tools, hydrostatic turntable is often used as a means for providing rotational motion and supporting
workpiece, so the accuracy of turntable is crucial for part machining. In order to analyze the influence of load-indcued errors on
machining accuracy, an identification model of load-induced errors based on the deformation caused by applied load of hydrostatic
turntable of computerized numerical control (CNC) gantry milling heavy machine is proposed. Based on multi-body system theory
and screw theory, the space machining accuracy model of heavy duty machine tool is established with consideration of identified
load-induced errors. And then, the influence of load-induced errors on space machining accuracy and the roundness error of a milled
hole is analyzed. The analysis results show that load-induced errors have a big influence on the roundness error of machined hole,
especially when the center of the milled hole is far from that of hydrostatic turntable.
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1 Introduction

With the increasing requirements of high
metal-removal rate and high productivity [1], multi-axis
machine tools are extensively used in manufacturing
industry. However, addition of rotary axes is prone to
numerous error sources, making the calibration process
more difficult [2]. According to results of LEI et al [3],
rotary axes are the major error sources in multi-axis
machine tools. In heavy duty machine tools, the location
of a hydrostatic turntable rotary axis constitutes a
significant error source [4]. Therefore, the accuracy of
turntable is for part manufacturing with
multi-axis machine tools [5]. LIN et al [6] proposed a
modified formulation accounting for the corner effect on
the flow resistance of the rectangular hydrostatic bearing.
CHEN et al [7] used finite element method to study the
static and dynamic behavior of a shaft supported by
hydrostatic bearings. LIN [8] analyzed the surface
roughness, centripetal inertia and recess volume fluid
compressibility effects on a hydrostatic bearing.
YACOUT et al [9] analyzed the surface roughness and
the predominant centripetal inertia terms due to the shaft
rotation of the externally pressurized thrust spherical
bearings. NADUVINAMANI et al [10] presented a

crucial

theoretical study on the effects of MHD and surface
roughness on the couple stresses squeeze film lubrication
between circular stepped plates. HSU et al [11]
investigated the performance of ferrofluids to enhance
the design of journal bearing within a magnetic field.

Error sources in multi-axis machine tools are due to
the flaws in components and joints. MEKID and
OGEDENGBE [12] have listed geometric errors,
thermally induced errors, and load-induced errors as the
three main factors. For geometric errors caused by
mechanical imperfections and misalignments are most
significant [13], most of the recent research has focused
on the reduction or compensation of it [14—15].
Load-induced errors badly affect the stiffness of a
machine tool structure for internal or external forces
producing unavoidable stresses and strains causing
elastic strain with distributed or varying effects [16]. The
magnitude of load-induced errors depends on the object
loading behaviour, object weight, machining forces, and
unbalanced unforeseen forces [17], and a lot of research
work on load-induced error compensation has been
found to improve machine accuracy [18—19].

To improve the accuracy of hydrostatic turntable
machine finally accomplished by error compensation,
plenty of research work based on hydrodynamic
characteristics of the bearing oil has been found to

Foundation item: Projects(51575010, 51575009) supported by the National Natural Science Foundations of China; Project(Z1511000003150138) supported

by Beijing Nova Program, China
Received date: 2015—-10-28; Accepted date: 2016—-03—14

Corresponding author: LIU Zhi-feng, Professor; Tel: +86—10-82317756; E-mail: liuzhifeng187@gmail.com



J. Cent. South Univ. (2016) 23: 25582569

2559

analyze the whole model of the hydrostatic turntable
guideway. SHAMOTO and PARK [20] developed a new
model to analyze motion accuracy of hydrostatic feed
tables and proposed an algorithm to improve their
accuracy. EKINCI and MAYER [21] investigated the
relationship between the motion errors of the axis
carriage and the guideways’ geometric errors both
mathematically and experimentally. KHIM and PARK
[22] introduced a corrective machining algorithm to
improve the motion accuracy of linear motion bearing
tables. PARK [23—26] introduced a new method using a
transfer function for analyzing the motion errors of
hydrostatic bearing tables, which shows good agreement
with the motion errors calculated by the Multi Pad
Method. ALEYAASIN et al [27] considered a high
precision grinding wheel as a rigid rotor mounted on two
hydrostatic bearings which proposed an optimization
algorithm considering speed.

In view of the present situation, although the
research on the hydrodynamic characteristics of
hydrostatic bearings and the modeling method of the
hydrostatic turntable have been given lots of attention,
the research of load-induced error caused by the tilt of
the turntable ralated to the hydrodynamic characteristics
is still needed. So in this work, in order to analyze the
influence of load-indcued errors on the machining
accuracy, an identification model of load-induced errors
based on the deformation caused by applied load of the
hydrostatic turntable is proposed.

2 Load-induced error identification

2.1 Deformation of hydrostatic turntable

A CNC heavy gantry milling machine tool was
selected as illustrative example, and its structure frame is
shown in Fig. 1. The gantry milling machine can be
divided into: countertop (c-axis), lathe bed, apron
(y-axis), ram (z-axis). The diameter of the hydrostatic
turntable of the heavy gantry milling machine tool is
10 m.

In Fig. 2, a hydrostatic bearing is used as the main
shaft bearing of hydrostatic turntable, which makes the

7

Fig. 1 CNC heavy gantry milling machine tool: 1-Countertop
(c-axis); 2—Lathe bed; 3—Apron (y-axis); 4—Ram (z-axis)

Supporting oil pad
Fig. 2 Structure diagram of hydrostatic turntable

spindle function of the turntable as well as its motor
function integrated in the structure. The movement of
load is supported by the hydrostatic bearing with the
viscous fluid flowing in the small gap between the
moving parts and the stationary parts.

In Fig. 3, when the countertop of the turntable is
under load, the countertop will be inclined (For example,
with the material removing during machining process,
the gravity center of the parts might be changed), which
will cause deformation at the same time.

Load
Countertop

—

Fig. 3 Sketch map of countertop deformation

As shown in Fig. 4, the hydrostatic turntable of the
heavy machine tool is supported by hydrostatic bearing,
in which, 24 supporting oil (inside 8, outside 16) pads
provide upward support force, and one preloaded oil pad
provides downward preload. Ignoring the influence of
cutting force on the precision of the machine tool, the
influence of the concentrated load force to the
deformation of the countertop is analyzed. According to
the stress characteristics of the hydrostatic turntable, the
force model is simplified to the resultant force of
multiple concentration forces.

In Fig. 4, as for the oil within the oil pad, with
consideration of its flow characteristics in the machine

Countertop

Supporting oil pad outside

Supporting oil pad inside

Preloaded oil pad

Fig. 4 Force model of hydrostatic turntable
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operation process, the oil can be regarded as Newtonian
fluid [28]. In this research, it is assumed that the oil fluid
can not be compressed and its height is far less than the
radius, which makes the oil liquid in the turntable is
consistent with the film lubrication theory. So, the N-S
equations of the oil pad can be simplified as [29]

1 0(r-u,) +l.5(u¢,) . a(u,)

r or r Oop Oz =0 M)
0=n-6;;‘” ©)
Z—Zr’:o )

Considering the boundary conditions above, the
Reynolds equation is obtained as
1 & rh’ gp, oh
~gr by )
r or 12nor ot

The structure diagram of supporting oil pad is
shown in Fig. 5.

l g Countertop

g
g

Hydrostatic oil

/ Supporting oil pad

Fig. 5 Structure diagram of supporting oil pad

Integrating Eq. (5) by boundary conditions 7=R;,
p=po; r=R,, p=0, the bearing pressure of a single
supporting oil pad can be gotten with Reynolds equation.

30y (R - RY)

R
F:nRi2p0+2an2rp(r)dr: 3
1 N

1

Oh,
ot (6)

4 o4
3oV (RS~ RY) IR~ R
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where V, is the rotating speed of the hydrostatic turntable;
Qo is the oil supply for supporting oil pad, which is
defined by designers.

The structure diagram of preloaded oil pad is shown
in Fig. 6.

As shown in Fig. 6, the boundary conditions are: z=h,
u,=0, V,=0h/ot; z=0, u,=0, V,=0, then the Reynolds

Supporting oil pad

A\
7%

L]

T hyé Cl
Rcoe
Countertop Res /'l/ 0,

Hydrostatic oil I Pump

Fig. 6 Structure diagram of preloaded oil pad

equation is obtained as

1.0 0 dp_p@rh,
r or 12n or 407

_oh

=% (7

Considering of the action of boundary oil, the
bearing pressure of preloaded oil pad can be described:

Re
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where Q; is the oil supply for preloaded oil pad, which
can be calculated by Eq. (8) and Eq. (9) while the
turntable is in initial equilibrium state: h=h,, 6,=0, 6,=0.
From above equations, the mechanical equilibrium
schematic diagram of the countertop is shown in Fig. 7.
As shown in Fig. 7, the turntable is supported by
two laps of oil pads, consisting of 24 oil pads. For the
supporting oil pads inside, their supporting forces are F;
(i=1-8); the angles between lines connecting oil pads
and loading point as well as lines connecting oil pads and
the center of countertop are ¢=27n(i—1)/8 (i=1-8). the
distance between center of oil pads center and center
of turntable is R, . For the supporting oil pads outside,
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Fig. 7 Force structure diagram of countertop 3 ln( R Res J Rey
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their supporting forces are F; (j=1—16); the angles
between lines connecting oil pads and loading point as
well as lines connecting oil pads and the center of the
countertop are ¢=2m(j—0.5)/16 (j=1-16); the distance

between center of oil pads center and center of turntable

is Rs. The pre-tightening force of preloaded oil pads is F;.

The radius of turntable is Ry. The rotating speed of
turntable is w. The load is Fy, and the angle between
x-axis and the line connecting loading point and center of
turntable is ¢,; the distance between loading point and
center of turntable is R,. The average value of oil film
thickness of all supporting oil pads is /, which equals the
sum of the displacement of the center of turntable in
vertical direction (Ah.) and the initial thickness of oil
film (k). The tilt angles of x-axis and y-axis of turntable
are respectively 6, and 6,. Obviously, the maximum tilt
angle of the turntable is 6,, 6= arctan(Ry/h¢). Assuming
no deformation in the turntable, the dynamic equilibrium
equation of the turntable can be obtained.

g d’h
DF, +ZF = F-Mg=M-5
i=1 Jj=1

8 16
Z "R; sing, + ZEiRS sing; — F,,R,, sin(@,, +wt) =

i= Jj=1

d*0
J—
de
8 16
Z FR; cosg, + Z F;Rgcosp; —F R, cos(p,, +wt) =
i=l j=1
2
; d-o,
dr®

©)
In Eq. (9), M is the quality of the turntable; J is the
rotating inertia of the turntable under the action of

eccentric force F), and can be calculated as J = %MR%

In this work, only steady state problem is
considered, and the differential item about time ¢ can be

neglected above all, so each equation can be changed to:
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h; =h+ Ry sing, tan 6, + R cosg; tan 6,
h; =h+Rgsing; tan6, + Rgcos @, tan g, (16)
h, =h,+hy+h

Among those equations, i=1-8, j=1-16.

Solving Eq. (10) to Eq. (16) by Gauss-Newton
method and MATLAB [30], the numerical solution of the
countertop deformation (4, 0,, 6,) can be obtained.

2.2 Load-induced error identification of turntable

In Section 2.1, the countertop deformation caused
by eccentric load of hydrostatic turntable is obtained. It
influences positioning accuracy of turntable during
rotation and leads to machining error, which is expressed
as the load-induced error of turntable. This section will
focus on the method to convert the countertop
deformation to the load-induced error of turntable.

In order to avoid confusion with traditional
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geometric error, it needs to point out that the geometric
errors here are including load-induced errors of turntable.
Considering the geometric errors of turntable caused in
geometric error produced during the production or
assembly process, the method to convert load-induced
error of countertop to integrated geometric error of
turntable is needed. Based on multi-body system theory
[31-32], the topological structure of hydrostatic turntable
is established, as shown in Fig. 8.

Fig. 8 Topological structure of hydrostatic turntable

According to the structure of turntable and the
movement those parts, the
transformation characteristic matrix of each adjacent

relationship  between

body is established [33]. Because static errors of moving
parts and motion errors of the non-moving parts are
relatively small, their error matrices are definited as the
unit matrix (/4x4). To facilitate the derivation of back
order, the feature matrix of turntable components T is
shown in Table 1.

Table 1 Feature matrix of turntable components
Adjacent Ideal stationary,
body motion feature matrix

0_1 TOlp

c-axis ATOIS

Stationary, motion feature
error matrix

ATOlp
ATOlsa ATOIF

In Table 1, p stands for stationary and s stands for
motion; Aa, AS, Ay are angle errors respectively around
x-axis, y-axis, z-axis; Ax, Ay, Az are linear errors along
the x-axis, y-axis, z-axis. Each feature matrix is as

follows:
cosC —-sinC 0 0
sinC cosC 0 O
ATOlp :I4><45T01p :I4><4’T015 = 0 0 1 0
0 0 0 1
1 “Aye  ABc Axc
A 1 -Aa, A
AT, = Yc c B
STl -ABe Ao 1 Az
0 0 0 1
1 “Ayp  ABr Axp
Ay 1 -Aap Ay
ATy =| /7 B (17)
-ABr  Aag 1 Az
0 0 0 1

Tables 2 and 3 show the geometric errors and load-
induced errors and their meanings of the turntable.

Table 2 Six motion geometric errors of c-axis

Geometric implication of error Symbol
c-axial x direction linear error Ax,
c-axial y direction linear error Ay,
c-axial z direction linear error Az,
Angle error of c-axis around x-axis Aa,
Angle error of c-axis around y-axis AB.
Angle error of c-axis around z-axis Ay,
Table 3 Six load-induced errors of c-axis
Geometric implication of error Symbol
c-axial x direction linear load-induced error Axg
c-axial y direction linear load-induced error Ay
c-axial z direction linear load-induced error Azg
Angle load-induced error of c-axis around x-axis Aog
Angle load-induced error of c-axis around y-axis APr
Angle load-induced error of c-axis around z-axis Ay

As the numerical solution of the countertop
deformation had been obtained in Section 2.1, the
load-induced errors of the countertop can be calculated.

Displacement along z-axis of countertop, Azg, is

Azp =h—hy (18)
Tilt angle of x-axis of countertop, Aap, is

Aoy =6, (19)
Tilt angle of y-axis of countertop, App, is

AP =0, (20)
Because the mechanical equilibrium equation is

based on mass center of countertop, defining the

countertop height (4,), 4, =500 mm, the other load-

induced errors can be obtained.
Displacement along x-axis of countertop, Ax, is

1, .
AXFZEhz sin @, (21)
Displacement along y-axis of countertop, Ay, is
1, .
Ay = Ehz sind, (22)

Because hydrostatic turntable rotates around z-axis,
tilt angle of z-axis of countertop, Ay, is

Ayp =0 (23)
By Eq. (10) to Eq. (16) , the load-induced errors of

turntable should be interrelated with the rotating speed of
turntable (w), the distance between loading point and
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center of turntable (R,), and the loading force (F),), as
well as the angle between x-axis and the line connecting
loading point and center of turntable(p,,).

By Gauss-Newton method and MATLAB,
substituting different rotating speed (w), loading force
(F,), and load radius (R,) into Eq. (15), the numerical
solution of load-induced errors can be obtained. Figure 8
shows the different load-induced errors of countertop
with different rotation speed.

As shown in Fig. 9, as the rotation speed of w
increases gradually, the errors of Afr, Ayg, Azp show
increasing trend, and Aap, Axp show reducing trend,
among which Afg, Ayr have the biggest changing amount.
The results show that the rotation speed has an influence
on load-induced errors of countertop, and the impact
range is about a few microns.

2

Load-induced error of coutertop/um

_2 -
4 — Axg +—Ayp
* — Azp v — Aoy
4 " — ABg o — Ay
0.2 0.4 0.6 0.8 1.0

Rotation speed/(r-s™")
Fig. 9 Countertop load-induced errors with different rotation
speed

Figure 10 shows the different load-induced errors of
countertop with different loading force. It can be seen
that, as the loading force of F,, increases gradually, the
errors of Axg, Ayr, Az, Aag, AP all show increasing trend,
among which Aag, Axp, Afr have the biggest increasing
amount. The results show that, the loading force has

2

Load-induced error of coutertop/um

a—Axp o— Ayg
*—AZF v— AOCF
4 n— APy | o— Ay | |
117.6 156.8 196.0 235.2 274.4
Load force/kN

Fig. 10 Countertop load-induced errors with different loading
force

an influence on load-induced errors of countertop, which
makes all errors increased, and the impact range is about
a few microns.

Figure 11 shows the different load-induced errors of
countertop with different load radius. It can be seen that,
as the load radius of R,, increases gradually, the errors of
Axg, Ayr, Azg, Aog, APr all show increasing trend, among
which Aag, Axg, AP have the biggest increasing amount.
The results show that, the load radius has an influence on
load-induced errors of countertop, which makes all errors
increase, and the impact range is about a few microns.
The influence of load radius on countertop load-induced
errors is more obvious than the influence of the loading
force.

Load-induced error of coutertop/um

4l A—AxF o—AyF
*—Azp  v—Aog I
"—Afp o= Ay
-6 L . ;
0.5 1.5 2.5 3.5 4.5

Load radius/m
Fig. 11 Countertop load-induced errors with different load

radiuses

In machining, the machining accuracy of machine
tool is decided by the relative displacement error
between tool forming point and workpiece forming point.
In the process of establishing the error identification
model of turntable,
between workpiece forming points and workpiece
forming points in the condition of the ideal state is

the mathematical relationship

demonstrated, which is also the accuracy of the model
called Egy:

cosC —sinC 0 0
sinC cosC 0 O
R ) 0o 1 0f
0 0 0 1
1 “Aye  ABe Axc
Ayc 1 -Aa- Ay
-Af-  Aac 1 Az,
0 0 0 1

1 “Ayg  ABp Axp) [ Pux
Ayg 1 -Aayp Ay Py
ABe Aay 1 An || p,.

0 0 0 1 1

(24)
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In Eq. (24), C is the angle of rotation of the c-axis
of turntable; p,.., p, , Pw- represent the initial position of
the workpiece, respectively.

The first three terms of the numerical solution of the
matrix Egy: Eg, Espr, Esps represent the final position of
workpiece, respectively. Therefore, the integrated
geometric errors of turntable: Axgy, Ayg:, AzZgy can be
calculated. Table 4 shows the integrated geometric errors
and their meanings of turntable. The integrated geometric
errors of turntable: Axgy, Aygy, Azgy can be calculated by
MATLAB.

Table 4 Integrated geometric errors of turntable/mm

Geometric implication of error Symbol Unit
x direction linear error of turntable Axgy mm
y direction linear error of turntable Ay mm
z direction linear error of turntable Az, mm

Figure 12 shows the different integrated geometric
errors of turntable with different rotation speed. It can be
seen that, as the rotation speed of w increases gradually,
Axgytends to increase slightly, Ay, tends to increase, and
Az, tends to decrease. The results show that the rotation
speed has an influence on integrated geometric errors of
turntable, which makes the horizontal error increase as
well as the vertical error reduce as it increases, and the
impact range is about a few microns.

Figure 13 shows the different integrated geometric
errors of turntable with different loading force. It can be
seen that, as the loading force of F), increases gradually,
Axgy tends to increase, Ayg, tends to increase slightly, and
Az, tends to increase. The results show that the loading
force has an influence on integrated geometric errors of
turntable, which makes all errors increase, and the
impact range is about a few microns.

Figure 14 shows the different integrated geometric
errors of the turntable with different load radius. It can be
seen that, as the loading force of ), increases gradually,

2:5
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e 0Of
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g e 4
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Fig. 13 Turntable integrated geometric errors with different
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-i.g g A_Axspt
;EDH ._Ayspt
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-8 . . ;
0.5 1.5 2.5 3.5 4.5

Integrated geometric error of
turntable/102 mm

=-5.0

A= Axspt
= Ayspt

m = AZgy

0.2

0.4

0.6

0.8

1.0

Rotation speed/(r-s™")
Fig. 12 Turntable integrated geometric errors with different
rotation speeds

Load radius/m
Fig. 14 Turntable integrated geometric errors with different

load radius

Axgy tends to increase, Ay, tends to increase slightly,
and Azg, tends to increase. The results show that, the
load radius has an influence on integrated geometric
errors of the turntable, which makes all errors increase,
and the impact range is about a few microns. The
influence of load radius on turntable integrated geometric
errors is more obvious than that of the loading force.

Figure 15 shows the integrated geometric error test
of the turntable with different loading force. In Fig. 16,
the experimental verification shows that the maximum
difference between integrated geometric errors by
calculation and actual measurement error is 0.0081 mm,
which meets the modeling requirements basically.

3 Modeling of spatial machining error

3.1 Error model establishment based on topological

structure

The integrated geometric errors and their meanings
of the illustrative machine tool are listed in Table 5. ¢
represents linear error, ¢ represents angular error, and S
represents squareness error. P represents parallelism error.
0y, represents the linear error in x-direction when y-axis
moves, which means that the first subscript is the
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Fig. 15 Integrated geometric error test device of turntable:
(a) Test device configuration; (b) Dial indicator

0.01

!
g
=

|
o
S
w

Integrated geometric error of
countertop/mm

+ — Measurement error
= — Simulation error

-0.05 L :
0 100 200 300

Load/t
Fig. 16 Experimental verification for integrated geometric error

Table S Integrated geometric errors of gantry machine tool

Geometric implication of error Number Symbol
of errors
Linear positioning error (include 3 S s s
z-axis linear load-induced error) > Oz B2C
Horizontal straightness error
(include x-axis linear load- 3 02y Oxzs Oxc

induced error)

Vertical straightness error (include 3 5
y-axis linear load-induced error) R
Rolling angle error (include z-axis

5yz> 5yC

angle load-induced error) 3 Er 22> E2C
Pitch angle error (include x-axis 3 PP
angle load-induced error) > Gz OxC
Yaw angle error (include y-axis 3 P
angle load-induced error) 2 Sy SyC
Squareness error 2 Sz Syos
Parallelism error 2 PX,c, PY,,

direction of error and the other is the direction of
movement, namely linear axis. As for angular error &,
the first subscript is the rotation direction of error and the
other is the direction of movement. These geometric
errors can be expressed as twists, and the error model can
be established using screw theory [34—35].

Based on multi-body system theory [36—37], the
movement parts of the machine tool are to set up the
corresponding “body” by representation of B; (=1, 2, 3,
4). As shown in Fig. 17, the model of the machine tool is
arranged in the order of B; according to the order of
c-axis and y-axis to z-axis.

Fig. 17 Machine tool topological structure chart

3.2 Screw model of spatial machining error

In the ideal case, there exist no errors. Then, the
order of the model based on the screw theory is shown as
Ci—Y,—Z;. The ideal transformation matrix, namely the
ideal POE model [38], is obtained as T

T} = e_c$ G .e_y$Yi 'e—z$ Zi (25)

Considering the error twists, including Parallelism
errors, squareness errors, linear errors, and rotation errors,
the order of the model is obtained as T,:

e, .

T _$C . —C$ $ . ygyf .eﬁye . zgzs . $Ze

a:e ¢ .o cs.ebe =e

. R R . Lol
(e’PYzC$yr .ePXzC$xr ).e7$ci .(e*PYzC$yr .ePXzC$xr ) .
R . . PR .
&% .(e‘Syc$yr ).ey$n- ( o Srcdir ) e ( e b )
S, [ 5.8\ s
% '(e ¥ ‘) el (26)

In this equation, §ib =[0, 0, 0, 0, 0, 0]" represents
the machine bed.

The difference between the ideal and the actual
homogeneous coordinates of tool tip is the tool tip error.
And the error transformation matrix is:

E=T'T (27)

1 a

where E represents the POE model of geometric errors.
And the position errors of tool tip in the workpiece
coordinate system are E,, E,, E.:
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[E,.E,.E..1] =E-[0,00,1] (28)

4 Analysis of space machining error

4.1 Space machining error of turntable machine

In Section 3.2, the spatial error model of the heavy
gantry hydrostatic turntable machine tool has been
obtained. By MATLAB software, the space machining
errors represented by E,, E,, E. can be obtained. As
known from Section 2.1, the space machining errors of
the machine tool should be interrelated with the rotating
speed of the turntable(w), the distance between loading
point, center of turntable (R,,), and the loading force (F,,),
as well as the angle between x-axis and the line
connecting loading point and center of turntable (¢,,) .

4.2 Influence of different factors on space machining
accuracy

As the screw model known from Section 3.2, with
different rotation speed, the space machining errors of
the machine tool: E,, E,, E. can be calculated by
MATLAB. Table 6 shows different space machining
errors of machine tool with different rotation speeds. It
can be seen that, as the rotation speed of w increases
gradually, E, tends to decrease, E, tends to increase, and
E. tends to decrease. The results indicates rotation speed
has an influence on space machining accuracy of
machine tool, which makes the x-axis error increase,
y-axis error reduce and z-axis error reduce as it increases.

Table 6 Space machining errors with different rotation speed

Rotation Space machining errors/mm

speed/(r's ") E, E, E,

0.2 3.2709807x1072 3.201347213x10 % 3.84x107°
0.4 3.2709806x1072 3.201347219x10 % 3.83x107°
0.6 3.2709805x1072 3.201347229x10 % 3.81x107°
0.8 3.2709805x1072 3.201347242x10% 3.78x107
1.0 3.2709804x1072 3.201347259x10 % 3.75x107

Table 7 shows the different space machining errors
of the machine tool with different loading force. It can be
seen that, as the loading force of F,, increases gradually,
E, tends to decrease, E, tends to decrease, E. tends to
increase. The results indicates that loading force has an
influence on space machining accuracy of machine tool,
which makes the horizontal error reduce as well as the
vertical error increase as it increases.

Table 8 shows the different space machining errors
of the machine tool with different load radius. It can be
seen that, as the load radius of R, increases gradually, E,
tends to decrease, £, tends to decrease, E, tends to

Table 7 space machining error with different loading force

Loading Space machining error/mm

force/kN E, E, E.
117.6  3.2709806x1072  3.201347565x10% 3.02x107°
156.8  3.2709806x1072 3.201347407x10% 3.42x10°°
196 3.2709805x1072  3.201347229x10% 3.81x10°°
2352 3.2709805x1072  3.201347032x10% 4.20x107
2744  3.2709804x107%  3.201346815x10% 4.60x107

Table 8 Space machining error with different load radius

Load Space machining error/mm

radius/m E, E, E.

3.201347824x107% 2.23x10°°
3.201347565x107% 3.02x10°°
3.201347229x107% 3.81x10°°
3.201346815x107% 4.60x10°°
3.201346325x107% 5.38x10°°

0.5 3.2709807x1072
1.5 3.2709806x 107
25 3.2709805% 107
35 3.2709804x107
45 3.2709802x107

increase. The results indicates that load radius has an
influence on space machining accuracy of machine tool ,
which makes the horizontal error reduce as well as the
vertical error increase as it increases.

5 Roundness error analysis of milling hole

5.1 Factors affecting roundness error

In the process of milling holes in workpieces, the
roundness error of a hole is the difference between the
maximum and minimum distances from actual processing
point to circle center. It can be expreseed as .

50 = Tmax ~ 'min

29

where 7y, and ry, are repestively the maximum and
minimum distances between the actual processing point
and the circle center.

According to pratical experience, the roundness
error of the hole of the workpiece should be related to the
distance between the center of the circular hole and the
center of the turntable (R), and the radius of the hole (r).
To analyze their effect on the hole roundness error, the
roundness error of the hole can be obtained by
calculating the spatial error model of the heavy gantry
hydrostatic turntable machine tool in Section 3.2 by
MATLAB.

5.2 Influence of hole radius on roundness error

As shown in Fig. 18, the position of the hole is
unchanged (R=0 mm), and the round hole profile
changes with different hole radius (»=100—800 mm). The
dotted line is the ideal machining curve, and the scattered
point line is the actual curve.
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It can be drawn from Fig. 19 that the round hole
radius error changes with different hole radius. As the
hole radius increases gradually, the round hole radius
error tends to be unchanged.

As shown in Fig. 20, the round hole roundness error
changes with different hole radius. As the hole radius
increases gradually, the round hole roundness error tends
to increase slightly.
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5.3 Influence of hole position on roundness error

As shown in Fig. 21, the radius of the hole is
unchanged (=100 mm), and the round hole profile
changes with different position of the hole (R=100—
800 mm). The dotted line is the ideal machining curve,
and the scattered point line is the actual curve.

As shown in Fig. 22, the round hole radius error
changes with different positions of the hole. As the
distance between the center of the circular hole and the
center of the turntable increases gradually, the round hole
radius error has large change; however, little fluctuation
occurs when only the hole radius changes.

As shown in Fig. 23, the round hole roundness error
changes with different position of the hole. As the

en
g 100 [ oot e R . JPET e
e osop v v T T
25 o100 mmIR=300 mgR=500 mndR=700 m

=1 * * * +|
- N L N N . .
5 S 100} Fewee e ett v S
s =150 . . .

0 200 400 600 800

y-axis machining point/mm
Fig. 21 Changing trend of round hole profile with different hole

positions
g .
£ 0.04
g
5
=
5 O
g
2
]
=
2-0.04F |
== From left to right
R=100-800 mm
_0.08 1 1 1
0 100 200 300 400

Polar coordinates machining point/(°)
Fig. 22 Changing trend of round hole radius error with different
hole positions

0.120

0.118

0.116

0.114r

Round hole roundness error/mm

0.112 L L L
100 300 500 700

Round hole position/mm
Fig. 23 Changing trend of round hole roundness error with

different hole positions



2568

J. Cent. South Univ. (2016) 23: 2558-2569

distance between the center of the circular hole and the
center of the turntable increases gradually, the round hole
roundness error tends to increase.

From above, the results show that, when load-
induced errors are considered, with the location of a hole
machined fixed, the changes of roundness error of
machined hole with different machined hole radius is not
obvious. When the radius of the machining hole is
unchanged, the change of the roundness error of the
machined hole with different machining hole location is
more obvious.

6 Conclusions

Geomtric errors, load-induced errors and thermal
errors are the main inducments to reduce machining
accuracy of heavy duty machine tool. In this work, in
order to analyze the influence of load-induced errors on
machining accuracy, the deformation caused by applied
load of hydrostatic turntable of CNC gantry milling
heavy machine is establish based on hydromechanics
firstly. And then an identification method of load-
induced errors from deformation of turntable is proposed.
On the basis of multi-body system theory and screw
theory, the space machining accuracy model of heavy
duty machine tool is established with consideration of
load-induced errors. Finally, the influence of load-
induced errors on space machining accuracy and the
roundness error of milling a hole is analyzed.

Despite the progress, it should be pointed out that
the fuel supply type of turntable analyzed in this work is
quantitative type, and turntable using the constant
pressure pump is not taken into consideration, which
means that the numeriacl solution of the countertop load-
induced errors should be calculated differently. Therefore,
load-induced errors in different working-conditions need
to be further addressed, which is of more practical
significance.
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