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Abstract

Based on the topology analysis of a screw grinder mapping the dressing error of the grinding wheel (DEGW) to the geometric
errors of the virtual axis, an improved accuracy model of the screw grinder with 36 geometric errors is established, and an error
model of ball screw profile parameters is established according to the forming principle. Then, the Sobol method is performed to
analyze the error sensitivity and obtain the crucial geometric errors affecting the profile parameters by considering the individual
and intercoupling effect. It is worth mentioning that the overall change of the global sensitivity sum of the crucial geometric errors
for lead error (EL) and pitch diameter error (EPD) is 22.9% and 30.2%, respectively, which indicates that the model considering
the DEGW has a stronger ability to identify the geometric errors. Lastly, the grinding experiments of ball screw under the
adjustment of four grinder geometric errors are conducted. The results show that the crucial geometric error corresponding to the
EL and EPD is consistent with the calculation results of the Sobol method, which verifies the effectiveness of the proposed
method, and provides a way to trace the machining errors.

Keywords Screw grinder - Grinding wheel dressing error - Accuracy model - Ball screw - Profile parameters

Nomenclature e(0) the angular positioning error of C-axis around z-
EPIGs the position-independent geometric errors direction
EPDGs the position-dependent geometric errors DEGW  the dressing error of the grinding wheel
Szx the perpendicular error between X-axis and z- €AV the Abbe error caused by the assembly of the
direction wheel axis and the diamond roller shaft
Sxy the perpendicular error between X-axis and y-  €4,(V) the swing angle error of virtual V-axis around A-
direction axis
Exc the angular misalignment error of C-axis around (V) the positioning error of the grinding wheel car-
X-axis riage moving along the x-direction guideway
Eye the angular misalignment error of C-axis around I « 4 the fourth-order unit matrix
y-direction T the homogeneous characteristic matrix
0(2) the radial runout of Z-axis along x-direction Ti» the characteristic matrix of geometric error trans-
0.2) the positioning error of Z-axis ferring from rigid body 1 to body 2
elZ) the swing angle error of Z-axis around x-direction  ayq” the actual contact angle of the raceway
e(2) the roll angle error of Z-axis around z-direction T, the actual homogeneous characteristic transforma-
0(C) the radial runout of C-axis along x-direction tion matrix
0(0) the axial runout of C-axis 0" the position error
eC) the angular error of C-axis around x-direction g” the pose error
R” the coordinate vector of any point on the revolving

surface in the grinding wheel coordinate system
the global sensitivity index

the radius vector

the linear velocity vector

the normal vector

>4 Kai Wang
wongk0300@163.com

Department of Mechanical Engineering, Nanjing University of
Science and Technology, Nanjing 210094, China

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00170-021-07917-3&domain=pdf
mailto:wongk0300@163.com

Int J Adv Manuf Technol (2022) 118:533-550

534

ij, k the unit vectors in the x, y, z-directions of the
workpiece coordinate system

Py the lead of ball screw

ij.k the unit vectors of the grinding wheel coordinate
system

( Z w , the array of the two-dimensional profile of the

Ry) grinding wheel

a the vertical distance between the workpiece axis
and the grinding wheel axis

A the helical angle of the workpiece

F the ideal contact line

P the actual contact line

M the homogeneous transformation matrix from the
grinding wheel coordinate system to the work-
piece coordinate system

0 the phase angle of the space curve turning around
the workpiece axis

P the ideal normal profile vector

rPe the actual normal profile vector

I the projection function of the spiral raceway to the
normal section

EL the offset of the actual ball center along the x;-

(AP)) direction in the plane

E P D the offset of the ball center along the y,-direction

(AD)) in the plane

rg’ the actual arc radius of the raceway

T, the ideal homogeneous characteristic transforma-
tion matrix

Jrie the fitting function of the normal discrete points
with respect to four parameters

G the vector group of geometric errors

AF the vector group of raceway profile errors

S; the first-order sensitivity index

o the actual contact angle

CS, a moving coordinate system

Aoy the contact angle error

n" the normal vector of any point on the revolving
surface in the grinding wheel coordinate system

af the ideal contact angle

Arg the error of the raceway arc radius

rg” the actual radius of the raceway

1 Introduction

The parameters of ball screw raceway profile directly deter-
mine the load distribution in ball screws, and therefore affect
the contact rigidity, friction characteristics, and service life [1].
The grinding surface of the ball screw raceway is Archimedes
spiral, which has a relatively complex process compared with
cylindrical grinding and surface machining. The machining
accuracy of the raceway is affected by multi-source errors,
such as geometric error, grinding wheel error, thermal error,
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deformation error, and servo control error. Considering that
the geometric error accounts for about 40% of all the errors
and its advantage in repeatability, stability, and systematisms,
it could be measured and compensated [2]. Therefore, the
crucial geometric errors of screw grinder should be analyzed,
which can provide an efficient way to improve the machining
quality of raceways [3].

Existing researches on machine tool manufacturing errors
mainly used the homogeneous transformation matrix method
of the multi-body system theory [4]. Based on the multi-body
theory, Han et al. developed a geometric error model of a
three-axis CNC machine tool and studied the distribution
and evolution of the comprehensive error in the workspace,
which indicated that the positioning error of an axis constitutes
a high proportion in the axial component of the comprehen-
sive error [5]. Wu et al. used the homogeneous transformation
matrix to establish the relative motion constraint equation of
the five-axis machine tool for iterative compensation of geo-
metric errors [6]. Wang et al. established a geometric error
model of a five-axis CNC machine tool based on multi-body
system theory, of which effectiveness was verified through
cutting experiments [7]. Chen et al. proposed a model includ-
ing the geometric errors of the translation axes and rotary axis
for a large-scale grinding machine tools with six axes [8], and
Khan et al. presented a systematic geometric model for cali-
bration of a newly designed 5-axis turbine blade grinding
machine [9]. Summarily, the mentioned machine tool error
models mainly focused on the traditional workpiece-tool error
transmission chain composed of five axes and lacked the re-
search of dressing error under the error transmission chain.

With regard to the generation of geometric errors in the
forming process of complex surfaces, existing researches
mainly involved the importance of cutting tool displacements
and dynamic deflections in terms of the surface finish and the
error modeling and analysis by point contact and line contact
machining [10, 11]. Pimenov et al. determined the torsional
angle of a machine tool-device-spindle unit and developed a
flatness deviation model considering milling and tool wear
[12]. Wojciechowski et al. analyzed of relations between the
instantaneous tool displacements and surface roughness
formed during ball end milling of surface with inclination
towards the tool’s axis, demonstrating that the value of tool’s
overhang significantly affects the mechanisms of surface
roughness generation [13]. Pimenov et al. studied the influ-
ence of the relative position of the face mill towards the work-
piece and milling kinematics on the components of the cutting
forces, the acceleration of the machine spindle, and the surface
roughness [14]. For point contact machining, Lin and Shen
established a tool pose error model to characterize the machin-
ing error [15]. Fan et al. studied the error source of the CNC
machine tool and proposed an error space model of side mill-
ing for the S-shaped specimen [16]. For the workpiece proc-
essed based on the line contact meshing principle such as gear
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and worm, Li et al. studied the gear transmission by the fourth-
order polynomial function and established a modified tooth
surface error model to describe the local deviation [17]. Dudas
et al. analyzed the pitch fluctuation of conical thread surface
caused by the geometric error of machine tool spindle and
designed the pin which can eliminate the pitch error [18].
Wei and Zhang carried out the error simulation by mapping
the relative pose error of the grinding wheel and screw rotor
into the center distance, grinding wheel deflection angle, and
wear error [19]. The forming mechanism of the ball screw
raceway is similar to that of the screw rotor and the worm,
and the effect of the error on the surface can be analyzed by
the forming process of the spiral surface. Considering that the
performance of the ball screw is essentially affected by the
error accumulation in the effective travel, the geometric error
of the screw grinder acts on the relative position of the grind-
ing wheel and workpiece will generate the error and affect the
performance. Summarily, the existing researches mainly con-
centrated on the machining accuracy of conventional revolv-
ing surface, while few scholars have studied the influence of
geometric errors on the profile parameters reflecting the prod-
uct performance for the ball screw.

Considering the various geometric errors and the complex
coupling relationship in machine tools, it is of significance to
identify the crucial geometric errors. Based on the error mod-
el, the parameter sensitivity can quantify the influence of pa-
rameters in the whole, including local sensitivity and global
sensitivity [20, 21]. Li et al. analyzed the error sensitivity of
the precision model of machining center based on the matrix
differential method [22]. Based on the theory of exponential
product and the relation of differential axis in a coordinate
system, Fu et al. proposed a contribution model of geometric
error for the motion axis of a five-axis CNC machine tool [23,
24]. Cheng et al. used the Sobol method and Morris method
and Liu et al. used the reliability theory to analyze the error
sensitivity [21]. Sobol method, which has both characteristics
of local sensitivity and global sensitivity, possesses advan-
tages of fast convergence speed and simple operation and
has good applicability for quantifying the influence of ma-
chine tool geometric errors [25-27].

Therefore, to analyze the crucial geometric errors that af-
fect the profile parameters in the processing of ball screw with
screw grinder, this paper proposes a novel accuracy model
based on the topology analysis mapping the DEGW to the
geometric errors of the virtual V-axis and introducing the geo-
metric error into the transmission chain of tool-workpiece. To
study the relationship between revolving surface and profile
parameters, an error model of ball screw profile parameters
referring to the forming principle is established. The rest of
this paper is organized as follows. In “Section 2,” the accuracy
model of the screw grinder considering DEGW is established.
In “Section 3,” the error model of profile parameters based on
forming error is established. In “Section 4,” the sensitivity

analysis of crucial geometric parameters is carried out based
on the Sobol method. In “Section 5,” the sensitivity results are
analyzed and verified by designed experiments. Finally,
“Section 6” is the conclusion of the paper.

2 Accuracy model of screw grinder
considering the DEGW

2.1 Structure of screw grinder

According to the forming mechanism of the ball screw race-
way, during the raceway forming process, the workpiece ro-
tates around its own axis, while the grinding wheel rotates
around its own axis at a high speed and moves along the
workpiece axis at a constant speed. Under the circumstance,
every time the workpiece rotates for one circle, the grinding
wheel moves forward a lead travel. The schematic diagram of
the main shafting for external and internal screw grinder is
shown in Fig. 1.

The forming process of raceway with equidistant helicoids
is mainly the linkage between the rotation of C-axis and the
translation of Z-axis, of which motion relationship satisfies the
specific functions. The grinding wheel frame is set on the
translational shaft (X-axis) to realize the reciprocating move-
ment of the grinding wheel from the workpiece to the diamond
roller, which is used in the dressing if the grinding wheel is
worn. To meet the requirements of the specific helical angle of
the ball screw, A-axis is used to adjust the angle between the
axis of the grinding wheel and the workpiece.

The topological structure of grinding machine suitable for
both external screw and internal screw grinder can be
established based on the theory of multi-body system, which
is shown in Fig. 2. 1-2-3-S is the error transmission branch
chain from bed to workpiece, and 1-4-5-6-W is the error trans-
mission branch chain from bed to grinding wheel. In the
grinding process of the screw grinder, carriage 2 moves along
Z-axis to realize the axial feed of workpiece and grinding
wheel. The cross slide 4 slides along the X-axis to realize
the grinding wheel dressing during grinding. The slipway 5
is fixed on the moving pair of y-direction, so there is no rela-
tive movement in the grinding process, but its pose error af-
fects the grinding. The pendulum shaft 6 can rotate along A-
axis to adjust the deflection angle of the grinding wheel.

2.2 Traditional accuracy model

The geometric errors of the grinder include position-
independent geometric errors (EPIGs) and position-
dependent geometric errors (EPDGs). The EPIG is caused
by the assembly error of shafting, which has nothing to do
with the position of the motion axis. The EPDG is caused by
the manufacturing defects of the shafting, which is related to
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Fig. 1 Schematic diagram of the
main shafting for external and
internal screw grinder. a External
screw grinder, b internal screw
grinder

(2

the position of the moving shaft. In the traditional multi-axis
CNC machine tools, X-axis, Y-axis, and Z-axis are the main
translational axes, which constitute the basic orthogonal axis
system of CNC machine tools. In the rigid analysis of the
screw grinder, the model is simplified to describe the grinding
completely. Considering that there is no translational motion
in Y-axis, the geometric error caused by Y-axis is not consid-
ered, and the geometric error of other axes along y-direction is
retained.

In the multi-body theory, the machine tool is regarded as a
multi-body system, and low order volume array is used to
describe the relationship among the bodies in the topology.
Establishing the generalized coordinate system for the multi-
body system, the reference coordinate system O — xyz is set
on Z-axis. Analyzing the EPIGs between adjacent bodies, the
error relations can be obtained. There are some perpendicular
errors between spindle C and x-direction and y-direction of
machine tool coordinate system. There are some

Wheel
___—Screw (or nut)

Fig. 2 General structure diagram of internal and external screw grinder.
1—Bed, 2—carriage (Z-axis), 3—spindle (C-axis), 4—cross slide (X-
axis), 5—slipway, 6—pendulum shaft (A-axis)
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(b)

perpendicular errors between X-axis and Z-axis. There are
some perpendicular errors between slipway 5 (y-direction de-
grees of freedom) and x-direction and z-direction of the ma-
chine tool coordinate system. There are some perpendicular
errors between A-axis and y-direction and z-direction in the
machine tool coordinate system. Accordingly, the grinder
contains 7 EPIGs. Fig. 3 is a schematic diagram of geometric
error transmission between bodies which is independent of
position based on the topological structure of the screw grind-
er. Szy is the perpendicular error between X-axis and z-direc-
tion; Sy, is the perpendicular error between X-axis and y-di-
rection; eyc is the angular misalignment error of C-axis
around X-axis; €,¢ is the angular misalignment error of C-
axis around y-direction; and other error terms have a similar
referential relationship.

Due to the inevitable manufacturing defects, each axis will
produce 6 geometric errors, including 3 translational errors

O

Fig. 3 EPIGs in topological structures of screw grinder
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and 3 rotational errors, which generate the errors between the
actual motion and the ideal motion. The grinder contains 24
EPDGs, and Fig. 4 shows the schematic diagram of geometric
error transmission which is dependent on the position based
on the topological structures. 6,(2) is the radial runout of Z-
axis along x-direction; d,(Z) is the positioning error of Z-axis;
ex(Z) is the swing angle error of Z-axis around x-direction;
e.(Z) is the roll angle error of Z-axis around z-direction;
0,(C) is the radial runout of C-axis along x-direction; §,(C) is
the axial runout of C-axis; £,(C) is the angular error of C-axis
around x-direction; and £,(C) is the angular positioning error
of C-axis around z-direction.

2.3 DEGW

In the grinding process, a small amount of surface damage on
the grinding wheel is inevitable, and the wear caused by long-
term operation needs to be trimmed to ensure the normal pro-
file and machining accuracy. In the dressing process, the geo-
metric error will cause the deviation of the position and pose
of'the grinding wheel and produce the raceway profile error by
influencing the revolving surface of the grinding wheel.

Based on the action mode of each error and the multi-body
system theory, the traditional accuracy model is improved,
that is, introducing the virtual V-axis into the model and
representing the grinding wheel dressing error by the geomet-
ric errors of V-axis. The DEGW is inserted into the error
transmission branch chain of the bed-grinding wheel and is
regarded as the typical high order body of A-axis and the
typical low order body of grinding wheel. The error transmis-
sion branch of the bed-grinding wheel is changed to 1-4-5-6-
V-W, and the geometric error transmission diagram of the
screw grinder considering the DEGW is established, as shown
in Fig. 5.

The effect of DEGW on raceway profile error is equivalent
to that of the geometric error of virtual V-axis, which is suit-
able for both internal and external screw grinding methods.
The coordinate system in the grinding wheel dressing process
is constructed in Fig. 6.

£,(4)
3.(4),6,(4),6.(4)

T (10,6,00.0.00)

SN (D)
X ¥

x wz\ -
s 6.(2),6,(2),6.(Z)

Fig. 4 EPDGs in topological structures of screw grinder

Fig. 7a shows the EPIGs in the mapping process of the
DEGW to the geometric error of virtual V-axis. Among them,
eav represents the Abbe error caused by the assembly of the
wheel axis and the diamond roller shaft. This can be obtained
by the perpendicular error between A-axis and the virtual V-
axis.

Fig. 7b shows the EPDGs in the mapping process of the
DEGW to the geometric error of virtual V-axis. Among them,
e4(V) represents the wheel deflection angle error, which can be
equivalent to the swing angle error of virtual V-axis around A-
axis. 6,(V) is the positioning error of the grinding wheel car-
riage moving along the x-direction guideway. The error affects
the actual center distance between the grinding wheel shaft
and the diamond roller shaft, which can be equivalent to the
positioning error of the virtual V-axis along x-direction. The
straightness errors of the X-axis in the y and z-directions 4,(V)
and 6,(V) affect the relative position of the grinding wheel and
the diamond roller, which can be equivalent to the straightness
error of the virtual V-axis in the y and z-directions. Therefore,
the virtual V-axis contains 1 EPIG and 4 EPDGs.

2.4 Improved model

After adding the DEGW into the model, the screw grinder can
be regarded as a special five-axis machine tool with 36 geo-
metric errors. The geometric errors of the screw grinder are
shown in Table 1, including 8 EPIGs and 28 EPDGs.

According to the structure of the screw grinder, 1-2-3-S is
the error transmission chain from bed to workpiece, and 1-4-
5-6-V-W is the error transmission chain from bed to grinding
wheel. The ideal position matrix between adjacent bodies can
be expressed as a fourth-order unit matrix 7, « 4, and the
position error matrix can be expressed by EPIGs. The homo-
geneous characteristic matrix is represented by 7, and T}, is
the characteristic matrix of geometric error transfering
from rigid body 1 to body 2. Table 2 shows all the
position characteristic matrices between adjacent rigid
bodies in the screw grinder.

The motion axis includes two translation axes (Z-axis and
X-axis) and two rotation axes (C-axis and A-axis). The posi-
tion parameters are regarded as variables, and the ideal motion
matrix between adjacent bodies can be obtained. The motion
error matrix can be obtained by expressing the EPDG with the
homogeneous characteristic matrix. The ideal motion matrix
of virtual V-axis contains no variable, while the motion error
matrix contains 4 EPDGs. Table 3 shows all motion charac-
teristic matrices of adjacent rigid bodies of the screw grinder.

According to the structure of the screw grinder, 1-2-3-S is
the error transmission chain from bed to workpiece, and 1-4-
5-6-V-W is the error transmission chain from bed to grinding
wheel. Therefore, the complete transmission chain of geomet-
ric error from grinding wheel to workpiece is W-V-6-5-1-2-3-
S. The accuracy model of the screw grinder considering the
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Fig.5 Structure diagram of screw Spindle 3
grinder considering virtual axis . Serew (nut) (S) 'Wheel (W
corresponding to the dressing (C —axis)
error Wheel dressing error
<« —— — — —
(virtual V — axis)
Carriage 2 Pendulum shaft 6
(Z — axis) (A — axis)
Cross slide 4
Bed 1 — Slipway 5
(X — axis)

DEGW can be obtained. The ideal homogeneous characteris-
tic transformation matrix 7", from the grinding wheel coordi-
nate system to the workpiece coordinate system is as follows:

-1
) u=1 j=1

T = I Tyoerpet i, oot I Tpsip iy, Ty e
ws L:’W(G):O @)L 6)pd 14(6)L 1 (6)s (30 23 Bpd @)1 3)s

= [irwl, ] [ire, ot [irse irsel] ” [(rasl iresl]

{[TM],,[TM]S] I[le]p[Tn]s[Tzz]p[Tzz]s[Tss]p
(1)

The actual homogeneous characteristic transformation ma-
trix 7%, from the grinding wheel coordinate system to the
workpiece coordinate system is as follows:

— -

Ty (6)} I

» u=1
Tys = I1

Tpsyeeis)
u=n,L"(6)=0

J=nL"(3)=0

= 17wl | [Tl ovlelrasliTevl ] [i7sel 1TsellTscl sl ]

{[thS]p[TAtS]pe[TAtSL[T45]Se} B [[T14]p[T14]pg[T14]s[T14]se]7]
(T12], [Tl e [Trali[T 1) 7231, [T 23] e [T23 ][ T23)e [T3s),

(2)

The accuracy model of screw grinder considering DEGW
can be expressed by the position error 6" and the pose error "
of grinding wheel:

8" = [T§s~Tys] x R" (3)
" = [T4sTiys] x n"

Fig. 6 Schematic diagram of the
coordinate system in the wheel
dressing process

Turntable

@ Springer

where T denotes the actual characteristic matrix consid-
ering the DEGW; T denotes the ideal characteristic matrix;
the coordinate vector of any point on the revolving surface in
the grinding wheel coordinate system is R” = [R,, R,, R.,
l]T; and the normal vector of any point is n” = [n,, ny, N,
0]". The forming process of the workpiece spiral surface is
discretized, and the position and pose error of the grinding
wheel in the whole machining path can be calculated by the
simulation program.

3 Error model of profile parameters based
on forming surface

According to the spiral surface forming theory of the grinding
wheel, the radius vector r is constructed from the origin O of
the workpiece coordinate system to the point on the revolving
surface of the grinding wheel. If the linear velocity vector v’
of this point during the spiral motion around the workpiece
axis is perpendicular to the normal vector 7" of the revolving
surface at this point, the point is defined as the contact point on
the revolving surface, and the contact line is connected by
many contact points. Assuming that i, j, k represent the unit
vectors in the x, y, z-directions of the workpiece coordinate
system. The ideal contact line on the formed spiral surface can
be obtained from the revolving surface of the grinding wheel,
which can be expressed as:

X — direction rail
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Fig. 7 Mapping of DEGW to
geometric errors of virtual V-axis. Y y
a Sketch of EPIGs, b sketch of
EPDGs
Dressed roller — axis z z
X Wheel 5. (V),8,0),6.(V) wheel
Dressed roller — axis
Y virtual V — axis v Y
virtual V — axis z &, (V) / -— o = z
X O Wheel 5 1).6,(07).6.0)
wheel
(@) (b)
(k xr+pk)n=0 (4)  R"(Rw, ) = [Rwcosp, Rycoso, f(Rw), 1] (5)

where p = Py/27; Py, is the lead. In the finish grinding
process of workpiece, the geometric error of grinding synthet-
ically affects the final position and pose of the grinding wheel,
which causes the relative spatial position error between the
grinding wheel and workpiece. In that case, the actual contact
line deviates from the ideal contact line, and the final spiral
surface has a certain degree of deviation to generate the profile
errors.

Assuming that the unit vectors of the grinding wheel coor-
dinate system are i',j',k', and (Zy, Ry) is the array of the two-
dimensional profile of the grinding wheel. If R,,, is a variable,
the two-dimensional profile of the grinding wheel can be
expressed as (f{Ry), Ry). The coordinate vector of any point

The vector diameter r can be expressed as r = R + ai,
where constant « is the vertical distance between the work-
piece axis and the grinding wheel axis. The normal vector of
grinding wheel revolving surface can be expressed as:

OR"
ORw

ORY
Op

n" (Rw, (p) = X

(6)
The derivative of Ry to Zy is calculated by the difference
method. If A is the helical angle of the workpiece, the relation-
ship between the unit vector of the grinding wheel coordinate
system and the workpiece coordinate system is as follows:

of .
1 =1

on the revolving surface of the grinding wheel can be j/ = cosA j+ sin\ k (7)
expressed as: k' = —sin\ j + cosA k

Table. 1 Geometric error parameters of screw grinder

Error Linear displacement error Angular displacement error

Direction X y z X y z
Translational Z-axis 0(2Z) 0,(2) 0.2) el 2) eW2) e2)
Rotational C-axis 5/(C) 5(C) 5(C) £4(0) (0) £(0)
Translational X-axis 04X 0,(X) 5AX) g4 e(X) &0
Rotational A-axis O,(A) 0,(A) 0.(A) e A) ey(A) eW(A)
Virtual V-axis x(V) v (V) 2 (V) a(V)

Perpendicular error EXC> EvCs Sz Sxin Sz1» Evas Ezs €AV

The geometric errors caused by virtual V-axis after considering the DEGW
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Table.2  Position matrices between adjacent bodies

Adjacent bodies Matrix corresponding to the ideal position Matrix corresponding to the
error position
éigaxis) gl 2}p=j4x4 [Th2lpe=laxa 1 . .
-3 23Jp=laxa &yC
(C-axis) ’ 0 1 *é xc 0
[TB]P" - —EyCc  Exc 1 0
0 0 0 1
3-S T S]p =lyxs
1-4 . T]4p=]4><4 1 —Ezx 0 0
(X'aXIS) Ezx 1 0 0
Mahe=170 0 10
0 0 01
4-5 . [T45]p=[4><4 1 _EZy 0 0
(Y-axis) T4s],, = €z 1 —€x 0
Ble™ 1 0 ey, 10
0 0 0 1
56 [Tselp=1laxa 1 —€z4 &a 0
(A-axis) : A 1 0 0
Tsshe =120 0 1 0
0 0 0 1
6-V . [T()V]p=14><4 1 0 O 0
(V-axis) 0 1 —eav O
[T 6V]pe 1o £Av 1 0
0 0 0 1
V-W [Tvwl=laxa

Table. 3  Motion transformation matrices between adjacent bodies

Adjacent Matrix corresponding to ideal motion Matrix corresponding to error motion
bodies
1-2(Z-axis) 1 0 0 0 1 —.(2) e,(2) 6:(2)
[0 1 0 0 | e(2) 1 —(Z2) 6,(Z)
Teli=1¢9 0 1 2z Tele=1 L2 a2 1 b2
0 0 0 1 0 0 0 1
2-3(C-axis) cos(C) —sin(C) 0 0 1 —£.(C) &,(C) 6(C)
(T23]. = sin(C) cos(C) 0 0 (Tas]., = e,(C) 1 —&:(C) 6,(C)
s 0 0 10 Blse —£,(C)  &(C) 1 5.(C)
0 0 0 1 0 0 0 1
1-4(X-axis) 1 0 0 X 1 - X) X)) &X)
(714, = 01 0 0 (T1al,, = e.(X) 1 —&(X)  0,(X)
s o 01 0 e = — (X)) e(X) 1 5.(X)
00 0 1 0 0 0 1
4-5(Y-axis) [Tysly=I4x4 [Taslse=Iax4
5-6(A-axis) 1 0 0 0 1 —.(A) &(A4) 0(A)
Tse], = 0 cos(A) -sin(4) 0 (Tse].. = e.(A) 1 —&¢(A)  6,(A)
$ls = {0 sin(A) cos(A) 0 Blse = | = (A)  £.(A) 1 8.(A)
0 0 0 1 0 0 0 1
6—V(V—axis) [Tﬁv]x=14 x4 1 0 0 6X (V)
o1 e 8w
Tovle =1 a(V) 1 8,(V)
0 0 0 1

The geometric errors caused by virtual V-axis after considering the DEGW
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The new position of the grinding wheel is obtained from
the grinding wheel-workpiece geometric error transmission
chain. In the geometric error model of screw grinder, the char-
acteristic transformation matrix from grinding wheel to work-
piece affects the position and pose of grinding wheel, and the

actual modified contact line equation considering the geomet-
ric error of screw grinder is obtained. The equations of the
ideal contact line and the actual contact line are as follows:
f(Rw, e, Tiys k x + pk)-[Tysm”| =0
S (Rw, o, Tys k x +pk)-|Tysn™| =0
(8)
The influence of characteristic transformation matrix
Tws should precede the transmission of the unit vector
between grinding wheel and workpiece coordinate sys-
tem. By solving the above two contact line equations,
the grinding wheel parameter array with geometric error
[Rw,Zw, %] and parameter array without geometric er-

TiyR" + ai
T4sR" +ai

ror [RW,ZW,%V] can be obtained. Then the ideal con-
tact line I and the actual contact line F“ in the work-
piece coordinate system are expressed as:

where M*" is the homogeneous transformation matrix from
the grinding wheel coordinate system to the workpiece coor-
dinate system, given by:

lsi = MR (RW7 SDIW)

P4 = MSWRW(RW,SD;V) (9)

1 0 0 a

sw__ |0 coshA sinA 0
M= 0 —sinA cosA 0 (10)

0 0 0 1

Considering that the contact line belongs to a space curve,
the vector equation of the workpiece spiral surface is
expressed as:

where 0 is the phase angle of the space curve turning
around the workpiece axis.

Fig. 8 shows the ideal contact line and the actual contact
line considering the geometric errors in the forming
process. The actual raceway can be obtained by spiral
transformation of the actual contact line. Considering
that the ball screw raceway is formed by spiral motion
based on its normal profile, the normal profile can be
obtained by projecting the workpiece spiral surface to
any normal section. Essentially, the ideal normal profile
vector 7' and the actual normal profile vector 7 are

r(0) = F(k, 0)* + pok

() = 1"(k, 0)F + pok (11)

Theoretical contact line

Actual contact line raceway

Fig. 8 Schematic diagram of actual and theoretical contact lines
considering geometric errors

composed of numerous discrete points.

{ =1, (r'(0))
= f,(r(0))

where f, is the projection function of the spiral raceway to
the normal section. After calculating the ideal normal profile
vector and the actual normal profile vector, four raceway pro-
file errors can be obtained, namely, EL, EPD, contact angle
error, and raceway arc radius error [28, 29]. Fig. 9 is the
schematic diagram of the four profile errors, where rg is the
actual arc radius of the raceway; cvy” is the actual contact angle
of the raceway; Ar is the error of arc radius; A« is the error
of contact angle; ADp is the error of pitch diameter; and APy, is
the lead error. Accordingly, the error model of raceway profile
parameters can be established:

(12)

AF = {APy, AD,, Ay, Arg} :fﬁt(rfpa)—fﬁt(rspf) (13)

where f3, is the fitting function of the normal discrete points
with respect to four parameters.

4 Analysis of crucial geometric errors
of raceway profile parameters

4.1 Global sensitivity analysis based on Sobol method

The profile parameter model established in “Section 3” is a
typical multi-input and multi-output system, that is, 36 geo-
metric errors inputs corresponding to 4 errors outputs of race-
way profile parameter, which can be simplified to:

AF = f(G) (14)
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Fig. 9 Schematic diagram of 4
raceway profile errors

where G = [x1, X, ..., x,,]' refers to the vector group of
geometric errors, and AF refers to the vector group of race-
way profile errors. To identify the crucial geometric errors of
the grinder affecting four raceway profile parameters, the
Sobol method based on variance is used to calculate the error
sensitivity by estimating the error contribution to the output
variance of the model. The sensitivity calculation method
based on variance is to decompose the function AF = fG)
into 2" increasing terms:

@) = Fot S £ilx) + 3 1)+

i<j
+f12“'m(x17x27.“’xm) (15)

where f; is a constant, fi(x;) is a univariate function with
respect to x;, and f;;(x;, x;) is a function with respect to x; and x;,
and so on. The variance of the function AG) is decomposed
into multiple sub-items, given by:

m m
V=2Vit X Vit ot Vizen (16)
i= i=

where V is the total of the model output variance; V; is the
output variance caused by x;; V;; is the output variance caused
by the coupling of x; and x;; and other high-level sub-items
have similar definitions.

To characterize the contribution of individual variables to
the total variance of the model output, the first-order sensitiv-
ity index S; can be calculated by:

Si=++ (17)

@ Springer
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- --- Theoretical
— Actual

Similarly, to characterize the comprehensive contribution
of variables to the total output variance of the model, the
global sensitivity index S7; is introduced. It can be obtained
by comprehensively calculating the influence of the individual
variable and the mutual coupling with any other input items.

_ EGNZ'(V(,ZI"X[((;X|GN[)) — 1= VaI”GNi(Exi(5X|GNi)) (18)

Vv Vv

Sti

The traditional sensitivity calculation obtains the expecta-
tion and variance of the model by calculating the corresponding
integral value, which results in a surge of computation.

Sobols — ampling matrixes Raceway parameters

and Wheel track points and wheel profile data

! Y

Improved grinding machine Contact equation

accuracy model of space surface

Y {

Ideal and actual Contact equation considering
characteristic matrix the accuracy of grinder
Wheel model Ideal and actual raceway
—_—
and raceway model Ideal and actual normal shape

Normal shape projection parameter deviation

_).

function of raceway Sensitivity index:S; and S

Fig. 10 Sensitivity analysis flow of grinder crucial geometric errors
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Considering the statistical significance of the geometric error, it is
inappropriate to set it as a specific value for analysis. The Sobol
method based on variance uses the quasi-Monte Carlo method to
estimate the integral value, which significantly reduces the com-
putation. It converts sensitivity calculation into mutual calcula-
tions between two sampling matrices, which ensures any calcu-
lation of the sampling matrix can be input at a time.

Fig. 10 is the sensitivity analysis flow of grinder crucial
geometric errors which affects the profile error. Generally,

Table. 4  Statistics of the Sobel method when N = 100

Number Error Mean Variance
(pm/ (pm?/
mdeg) mdegz)
1 Exc 1.1467 0.6695
2 gy 1.1491 0.6626
3 Syx 1.1449 0.6652
4 Sy 1.1412 0.6656
5 Sz 1.1517 0.6639
6 €y 1.1459 0.6648
7 €za 1.1510 0.6666
8 Eav 1.1474 0.6666
9 e2) 1.4363 0.8333
10 e(2) 1.4309 0.8269
11 el2) 1.4338 0.8302
12 02 7.5079 4.3454
13 0,(2) 7.5094 43719
14 0.2) 7.4987 43330
15 (o) 1.4338 0.8296
16 e (0) 1.4324 0.8198
17 () 1.4324 0.8258
18 0(C) 7.5375 4.3699
19 0,(C) 7.5189 43170
20 0.(0) 7.4626 43332
21 X0.¢) 1.4269 0.8313
22 &) 1.4221 0.8299
23 X 1.4331 0.8310
24 0(X) 7.5093 43175
25 0,(X) 7.5188 43383
26 0.(X) 7.5000 43159
27 e(A) 1.4315 0.8247
28 £,(A) 1.4433 0.8319
29 e(A) 1.4292 0.8245
30 0(A) 7.4971 43132
31 0,(A) 7.4695 43359
32 0,(A) 7.5006 43719
33 64(V) 1.4350 0.8294
34 02 7.5072 43374
35 0,(V) 7.5702 4.3484
36 0.(V) 7.4905 4.3505

the raceway calculation can be solved by substituting the race-
way parameters and wheel profile data into the contact line
equation, which is based on the grinding wheel model and the
raceway model. The ideal raceway equation can be obtained
by the ideal contact line after substituting the discrete process-
ing tracepoints into the ideal characteristic matrix of grinder
geometric error transmission. The actual raceway can be ob-
tained by the actual contact line equation after substituting the
Sobol sampling results and the discrete processing tracepoints
into the actual characteristic matrix of grinder geometric error
transmission.

For the screw grinder, 12 EPDGs and 3 EPIGs of the two
linear axes are measured by the Renishaw XL-80 laser inter-
ferometer, and 12 EPDGs of the two rotational axes are mea-
sured by the Renishaw XR-20W laser interferometer.
According to the measuring results, the position error and
the pose error are distributed in [0,20] wm and [0,30] mdeg,
respectively, and the sampling range of the perpendicular error
is [0,30] mdeg. For the model proposed in this paper, the
number of sampling is N and the matrix dimension m is 36,
and the total number of sampling calculation is N(m + 2). The
statistics in the case of N = 100 is shown in Table 4.

Finally, the sensitivity index of a single variable can be
obtained by:

_ Var, (Eg~i(0x|xi)) Ly _
5= T EGIEE R 5 1), (101 8))
_ Eg~i(Vary,(6:[G~)) 1 N

v =

St

Fig. 11 shows the calculation flow of the Sobol method.
Firstly, generating two sampling matrices (A and B) with the
dimension of N x 36 according to the Sobol sequence and the
probability distribution of geometric errors. Secondly,

Sampling matrix:H (N, 72)
based on Sobol method

A=H(:1:36), B=H(:,37:72) ¢A§;:A except Aj (:,))= B(:,i)

’ Input matrix:4, B and A}
inputA (j,:),B(j,:) and 45 (j,:)

Parameter error model of raceway profile f(G):

Any row of the matrix as input once

G =[x1,2, .., X3] !

¢

Output matrix:f(A4),f(B) and f(A})

N

Sy S B A0, ) | S D040, 1)

J=1

Sensitivity index:S; and Sy

Fig. 11 Sensitivity calculation flow chart by Sobol sequence
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Fig. 12 Influence of sampling

times on sensitivity index of EL 0.20
0.18
0.16

0.14

Sensitivity index

0.12
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replacing the iy, column of B with the iy, column of A, and the
other columns remain the same as B to obtain the matrix
Al Thirdly, taking any row of A, B, and A} as a set of
inputs, and the output results f{A), f(B), and f(A}) can
be obtained by the model. The calculated methods are
implemented by programming.

4.2 Sensitivity analysis of crucial parameters for
raceway profile

The Sobol method takes enough samples to calculate the influ-
ence of a single variable on the output result. Therefore, it is
necessary to study the influence of the increase of sample ca-
pacity on the stability of the results. Fig. 12 is the influence of
sampling times on the sensitivity index of EL. When the num-
ber of samples is greater than 1500, there is no large fluctuation

0.25
0.20

0.15

Sensitivity index

0.10

0.05

0.00

1000 2000 3000 4000 5000

Number of samples

in the result. When the sampling times are 3000, 4000, and
5000, the sensitivity result is gradually stable. As the number
of samples increases, the variables can be easily divided into
two groups according to the obvious difference of sen-
sitivity index. Therefore, 5000 is selected as the final
sampling time.

A moving coordinate system CS; = {x, y1, z1}, with its
origin on the nominal ball center pathway, is established such
that its x;-axis has a helical angle with the screw axis, and y;-
axis is along the radial direction of the screw. The normal
section of the ideal raceway is in a two-dimensional x;-y,
plane. The EL (AP) is the offset of the actual ball center
along the x,-direction in the plane. The result of the sensitivity
indices of the EL is shown in Fig. 13. Similarly, the EPD
(AD,) is the offset of the ball center along the y;-direction
in the plane. The result of the sensitivity indices of the EPD
is shown in Fig. 14.

1 23 45 6 7 8 9 10111213 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36

Fig. 13 Sensitivity indices of EL
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Fig. 14 Sensitivity indices of EPD

When the raceway profile changes, it can be indicated by
the contact angle error of the left and right raceways. The
contact angle error Aqy is expressed as:

AO[() = Oé()a_()éoi (20)

where o is the actual contact angle; o/} is the ideal contact
angle. The actual contact angle can be obtained by fitting the
points on the raceway arc. Fig. 15 shows the calculation re-
sults of the sensitivity indices of 36 geometric errors to the
contact angle error.

The error of the raceway arc radius Arg is expressed as:

Arg = r¢"—rg' (21)

where 75 is the actual radius of the raceway; 7' is the
design radius of the raceway. Fig. 16 is the result of the sen-
sitivity indices of the raceway radius error.

0.25 ~
0.20

0.15

Sensitivity index

0.10

0.00

Parameter sequence

5 Discussion and validation
5.1 Results analysis based on Sobol method

From the sensitivity result in “Section 4.2,” it can be seen that
the relative trends of the sensitivity index S; and S7; are the
same in most cases, and the individual effect of each variable
on the output result is basically consistent with its coupling
ability, which indirectly verifies the reliability of the result.
Whether a single variable has a strong individual effect or a
strong coupling ability, it is the performance of a variable with
high sensitivity. It has to be mentioned that the sensitivity
index and performance of a variable are inconsistent in some
cases, such as No. 22 and No. 28 variables in Fig. 13. They
have a significantly lower sensitivity index S; than most other
variables. Although their sensitivity index S7; are less than that
of the five highest variables, they are significantly higher than

s,
s,

1 23 45 6 7 8 9 10111213 14 1516 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36

Fig. 15 Sensitivity indices of contact angle

Parameter sequence
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Fig. 16 Sensitivity indices of arc radius of raceway

the other nearly 30 variables. This indicates that these two
variables have little individual contribution to the output, but
they have a strong coupling ability with other variables. As
such, the index S7; and S; should be considered
comprehensively.

Table 5 is the crucial geometric errors affecting the sensi-
tivity of profile parameters. According to the results, the EL is
mainly caused by linear geometric errors, and the contact an-
gle error is mainly caused by angular geometric errors. The
crucial errors with respect to the raceway radius and pitch
diameter include linear and angular geometric errors.
According to the machining experience, the EPD is greatly
affected by the linear geometric error related to x-direction,
and the EL is greatly affected by the linear geometric error
related to z-direction, which are consistent with the experi-
mental results.

To analyze the influence of the improved accuracy model
on the sensitivity index of crucial errors, the total of the global
sensitivity Sz; of the crucial geometric errors in the proposed
model and the traditional model is compared respectively. For
the traditional accuracy model, the global sensitivity sum of
the crucial geometric errors for the EL is 0.61, and that for the
EPD is 0.52. For the improved model, the global sensitivity
sum of crucial geometric errors for the EL is 0.75, and that for
the EPD is 0.68. The overall change of the global sensitivity

sum of the crucial geometric errors for EL and EPD is 22.9%
and 30.2%, respectively, which indicates that the model con-
sidering the DEGW has a stronger ability to identify the geo-
metric error.

5.2 Experiment verification

To verify the effectiveness of the established model and
the sensitivity analysis results, it is persuasive to pro-
cess the raceways after changing the geometric errors of
the grinder. For the screw grinder, only part of the
positioning parameters can be adjusted manually within
a certain range, and the rest parameters are regarded as
fixed values after the factory calibration. By analyzing
the influence of several controllable geometric errors on
profile parameters, the sensitivity of geometric errors
can be verified.

The angle between the axis of the grinding wheel and the
workpiece can be adjusted along A-axis by the rotary gear
located at the rear of the bed. The angle between the axis of
the grinding wheel and the diamond roller can be adjusted
along V-axis, which can be monitored by an electronic angle
measuring instrument. The displacement fine-tuning along the
X-axis and Z-axis of the grinder is often used for positioning
error compensation of the feed system. Therefore, the

Table. 5 Crucial geometric errors affecting the sensitivity of profile parameters

Parameter Error sequence Crucial geometric errors
EL 26,32,36,14,20 0:%), 6,(A), 6.(V), 8,2), 6.(C)
EPD 22,28,24,18,34,30,10,12,7 ey(X),64(A), 04(X), 0:(C), 0:(V),
0x(A),&)(2),0:(Z), 814
Contact angle 28,22,10,7,16,2 £(A), £,X), £(2), gya, £(O0), &y
error

Arc radius error 22,10,18,12,34,7

Ey(X)s Ey(Z)s 6x(c)s 6x(Z)v 6x(V)s gyA
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Fig. 17 Raceway grinding of ball screw under geometric errors adjustment

geometric errors that can be changed include €.(A), e.(V),
0,(X), and §.(Z). According to Fig. 13 and Fig. 14, §.(Z) (the
positioning error of Z-axis) is sensitive to the EL; §,(X) (the
positioning error of the X-axis) is sensitive to the EPD; and
both £,(A) and (V) are insensitive to the EL and EPD. The
errors Ae(A) and Ae (V) in the same direction and action
mode are applied to the angular positioning errors £,(A) and
e.(V) through angle adjustment. The errors Ad.(X) and
AJ(Z) in the same direction and action mode are applied
to the linear positioning errors d,(X) and 0,(Z) by modifying
the numerical control program.

In the experiments, the grinder was adjusted to a good condi-
tion according to the requirements, and the semi-finished ball
screw before the fine grinding was selected to process in the con-
stant temperature workshop. To obtain an obvious contrast effect,
three groups of tests under the gradient errors corresponding to a
geometric error were set. The gradient was 0.030° for the angular
positioning error, and 0.015 mm for the linear positioning error.
Considering the difference between the angular positioning error
and the linear positioning error of the grinder shaft, two ball screws

Ballscrew I Rotation stage

Fig. 18 Measurement of ball screw by the profilometer

h Grinding machining ;
L o

~ mmr >

were used to complete the tests respectively. Since the measure-
ment of EPD and EL needs more than two raceways, three race-
ways were processed respectively under each error condition.
According to the specified processing technology, after finishing
three raceways each time, a different error was applied on the
grinder for the next group of raceways. Additionally, the travel
of three raceways was added as an ideal reference group test under
the condition of no error input. Therefore, the final machining ball
screw was determined as R25-10, and the effective length should
be more than 21 raceways.

During the machining, the ball screw was installed by the
headstock and tailstock, and a chuck was used in the head-
stock rotating device to connect one end of the ball screw. A
fixed shaft support unit was placed under the ball screw to
reduce the deflection caused by the weight. The ball screw
processing corresponding to four geometry errors on the
screw grinder is shown in Fig. 17. As shown in Fig. 18, the
axial profile of the ball screw raceways corresponding to dif-
ferent parts of two ball screws was measured using an
Opticom roughness profilometer, at a speed of 12 mm

Profilometer

[ Analysis software
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Fig. 19 Schematic diagram of the results measured by profilometer

min ', And the probe was adjusted by the XOY mobile plat- section by arc fitting, the EL can be analyzed by the axial
form to get the axial section along the generatrix. By the arc  fluctuation of fitted ball center of two adjacent raceways,
range selection and axial-normal transformation, the normal  and the EPD can be analyzed by the radial runout of the ball
section can be obtained according to the helical angle. After  center relative to the axis, which are shown in Fig. 19.
calculating the contact angle and arc radius of each normal

Table.6 Experimental results of the EPD and EL

Number Error Variation Parameter (pum) Number STDEV (um) Average (pm) Difference
1 2 3

Control group \ \ EPD 14.471 14.464 14.461 5.13e-3 14.465 \
EL 1.449 1.439 1.436 6.81e-3 1.438 \

I Ae(A) 0.030° EPD 14.483 14.455 14.462 14.57¢-3 14.467 0.014%
EL 1.401 1.407 1411 5.03¢-3 1.406 2.225%

I 0.060° EPD 14.473 14.496 14.502 1531e-3 14.49 0.172%
EL 1.406 1411 1.395 8.19¢-3 1.404 2.364%

I 0.090° EPD 14.529 14.531 14.535 3.06e-3 14.532 0.463%
EL 1.429 1.422 1.446 12.34e—3 1.432 0.417%

Iy Ae (V) 0.030° EPD 14.481 14.449 14.472 16.5¢—3 14.467 0.013%
EL 1418 1.395 1.403 11.68¢—3 1.405 2.295%

Is 0.060° EPD 14.506 14.469 14.493 18.77¢-3 14.489 0.166%
EL 1.395 1411 1.401 8.08¢—3 1.402 2.503%

Is 0.090° EPD 14.331 14.310 14.338 14.57¢-3 14.326 0.961%
EL 1.428 1.419 1.439 10.01e—3 1.429 0.625%

1I; Ad(X) 0.015mm  EPD 12.968 12.969 12.955 7.81e—3 12.964 10.377%
EL 1.439 1.447 1.425 11.13¢-3 1.437 0.069%

11, 0.030 mm  EPD 11.466 11.471 11.452 9.84¢-3 11.463 20.753%
EL 1.443 1.431 1.434 6.24e-3 1.436 0.139%

115 0.045mm  EPD 9.956 9.964 9.966 5.29¢-3 9.962 31.130%
EL 1.438 1.439 1.425 7.81e-3 1.434 0.278%

10 Ad(Z) 0.015mm  EPD 14.459 14.456 14.493 20.55¢-3 14.469 0.027%
EL 13.541 13.571 13.575 18.58¢—3 13.562 843.115%

115 0.030 mm  EPD 14.465 14.475 14.452 11.53¢-3 14.464 0.007%
EL 28.560 28.541 28.591 25.23e-3 28.564 1886.360%

Il 0.045mm  EPD 14.486 14.51 14.493 12.34e-3 14.496 0.214%
EL 43.575 43.538 43.583 24.0e-3 43.565 2929.554%
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The measuring results of machined raceways are shown in
Table 6. In terms of the consistency of raceway processing,
the maximum STDEV of the EPD and EL is 15.31e—3 um
and 12.34e—3 um for the raceway corresponding to the error
condition of §,(A). For the raceway corresponding to the error
condition of §,(V), the maximum STDEV of the EPD and EL
is 18.77e—3 um and 11.68e—3 pm, respectively. For the race-
way corresponding to the error condition of §,(X), the maxi-
mum STDEV of the EPD and EL is 9.84e—3 um and 11.13¢
—3 wm, respectively. For the raceway corresponding to the
error condition of §.(Z), the maximum STDEV of the EPD
and EL is 20.55¢—3 pum and 25.23e—3 pm, respectively. The
fluctuation of the index proves that the machined raceways
under the same conditions are relatively uniform and can meet
the experimental requirements.

The difference represents the change of the measured value
relative to that of the control group. For the influence of the
EPD, when the angular error Ae(A) and Ae (V) increase
from 0.030 to 0.090°, the difference corresponding to the
EPD is 0.463% and 0.961%, respectively. When AJ.(Z) in-
creases by 0.045 mm, the difference is only 0.214%.
However, when the linear error Ad(X) increases by 0.015
mm, a more obvious difference corresponding to the EPD is
10.377%. Therefore, the geometric error d,(X) is sensitive to
the EPD compared to the other three geometric errors.

For the influence of the EL, when the angular error A, (A)
and Ae (V) increase to 0.030°, the corresponding EL is
2.225% and 2.295%, respectively. When the linear error
AJ,(X) increases by 0.045 mm, the error difference is only
0.278%, which indicates that §,(X) has little effect on the EL.
When Ad(Z) increases by 0.015 mm, the corresponding EL
increases by 800%, which shows that the geometric error §,(2)
is very sensitive to the EL. Similarly, the result shows that the
angular error has a small influence on the profile parameter,
while the linear error has an extreme influence on the param-
eter. That is, the influence of the sensitive linear error is very
large, while the influence of the non-sensitive linear error is so
small that it can be ignored. These results can verify the fea-
sibility and effectiveness obtained by the Sobol method in
Table 5.

6 Conclusion

In this paper, by converting the DEGW into the geometric
error of virtual V-axis, the accuracy model of screw grinder
with 36 geometric errors is established, unifying the raceway
forming process of internal and external screw grinder.
Furthermore, according to the forming principle, the er-
ror model of raceway profile parameters is established,
constructing the relationship between geometric error
and profile error. Based on the proposed model, the
sensitivity of crucial geometric error to profile

parameters is calculated by the Sobol method.
Experiments are designed to verify the influence of cru-
cial geometric parameters on profile parameters. The
main contributions and conclusions are summarized as
follows.

(1) For the grinder with a grinding wheel dressing device,
the dressing error is mapped to the geometric error of the
virtual axis on the tool error transmission chain, and the
dressing error is introduced to study the influence of the
crucial geometric errors on the profile parameters.
Analysis shows that the effect of DEGW to EL, EPD,
and arc radius error of ball screw cannot be ignored,
which is an important error source in raceway forming.

(2) The global sensitivity method is used to calculate the
contribution of 36 geometric errors of the screw grinder
to the profile parameters. The results show that the con-
tact angle error is mainly affected by the angular geomet-
ric error, and the EL is mainly affected by the linear
geometric error. The sensitive geometric errors of race-
way radius and EPD include both linear and angular
geometric errors, which provide guidance for the trace-
ability of profile parameter errors. Considering the
DEGW, the overall change of the global sensitivity
sum of the crucial geometric errors for EL and EPD is
22.9% and 30.2%, respectively, which indicates that the
improved model has a higher identification ability.

(3) The experiment results show that §,(X) is sensitive to the
EPD compared to £,(A), Ae(V), and 6.(Z), and the
change of 6,(Z) is very sensitive to the EL, which verified
the validity of the established model and the accuracy of
the Sobol method. Additionally, the angular geometric
error has little effect on the EPD and EL, and the influ-
ence of the linear geometric error has an extreme phe-
nomenon, which provides a theoretical basis for error
control in the machining process.

(4) The accuracy model and analysis method established in
this paper have universal applicability. The research the-
ory can be extended to the study of the forming error of
the spiral surface machined by the general grinder.

In future work, the analysis of the causes for the DEGW
and how to improve the machining quality of ball screw in an
economic way is still a valuable research issue.
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