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Abstract

This paper proposes an integrated geometric error prediction and compensation method to eliminate the positioning inaccuracy of
tool ball for a double ball bar (DBB) caused by the translational axes’ geometric errors in a multi-axis machine tool (MAMT).
Firstly, based on homogeneous transform matrix (HTM) and multi-body system (MBS) theory, the positioning error model only
considering the translational axes of a MAMT is established. Then, an integrated error parameter identification method (IEPIM)
by using a laser interferometer is proposed. Meanwhile, the identification discrete results of geometric error parameters for the
translational axes are obtained by identification experiments. According to the discrete values, the optimal polynomials of 18
position-dependent geometric errors (PDGEs) are founded. As a basis, an iterative compensation method is constructed to modify
the NC codes generated with the ordinary compensation method in self-developed compensation software. Finally, simulation
verification is conducted with these two compensation methods. Simulation results show the positioning errors for test path of
tool ball calculated with the iterative compensation method that are limited within 0.001 mm, and its average accuracy and
accuracy stability are improved by 79.5 and 52.2%, respectively. In order to further verify the feasibility of the presented method,
ameasuring experiment is carried out in XY plane of a five-axis machine tool by using DBB. The experiment results show that the
maximum circularity error with the iterative compensation method is reduced about 40.4% than that with the ordinary compen-
sation method. It is therefore reasonable to conclude that the proposed method in this paper can avoid the influence of the
translational axes’ geometric errors on rotary ones during a DBB test.

Keywords Translational axes - Geometric error - Positioning error - Integrated error parameter identification method - Iterative
compensation method - The optimal polynomials

1 Introduction workpiece and lower production cost [1-3]. Nevertheless, cur-

rent MAMTs cannot offer the same machining accuracy as

With a rapid development of precision machining for the com-
plex parts, multi-axis machine tools (MAMTs) are preferred
with the advantages of higher material removal rate and better
ability of positioning and orienting the tool with respect to the
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their three-axis counterparts. This hinders the wider accep-
tance and practical implementation of MAMTSs. It is obvious
that major obstacles are that the introduction of rotary axes
radically changes the machine’s kinematic structure and
brings in more error sources.

Recently, many researchers have investigated some mea-
suring pattern to identify the rotary axes’ geometric errors,
which are the key contributors resulting in poor machining
accuracy of machine tools [4]. Tsutsumi et al. [5] presented
a measuring method for each rotary axis to identify the partic-
ular deviations based on simultaneous three-axis control mo-
tions by using the double ball bar (DBB). Lee et al. [6] esti-
mated geometric errors for a rotary axis using DBB and as-
sumed that all of the geometric errors for the translational axes
were compensated and negligible. Lee et al. [7] designed
four measurement paths to identify position-independent
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geometric errors of rotary axes A and C of a five-axis machine
tool using a DBB and assumed that the positioning accuracies
of the translational axes were within tolerances. Chen et al. [3]
proposed seven measurement patterns of multi-axis synchro-
nous movement to predict and identify the rotary axes B and C
of a non-orthogonal five-axis machining center using the
DBB. Chen et al. [8] proposed a comprehensive geometric
error measurement and identification method for a tilt table
of a five-axis machine tool by using DBB on the basis of the
assumption that the geometric errors of the translational axes
were ignored during the experiments.

However, the measurement of the rotary axes is usually
realized by detecting position changes of two ends of the
DBB (i.e., worktable end and cutting tool end), which are
driven by the multi-axis synchronous motion. The assumption
that geometric errors caused by the translational axes have
been compensated perfectly will result in the positioning in-
accuracy of two ends of the DBB and affect the measuring
results of rotary axes, thus reducing machining accuracy of
MAMTs.

According to ref. [9], the positioning inaccuracy of work-
table end for DBB caused by the errors of the translational
axes can be avoided. Nevertheless, to the best of our knowl-
edge, the positioning inaccuracy of cutting tool end for DBB
caused by the errors of the translational axes is rarely noticed.

Hence, in order to eliminate the influence of the transla-
tional axes’ errors on the rotary ones, positioning inaccuracy
of cutting tool end for DBB caused by the translational axes’
errors should be compensated in real time during the measure-
ment experiment of the rotary axes.

Hsu et al. [10] divided the error compensation techniques
into three steps: (1) using a measuring device to measure er-
rors, (2) developing an error model for machine tools, and (3)
carrying out error compensation by using the obtained errors
and the established error model. So, the measurement and
identification of error sources are the prerequisite to set up
error model and conduct error compensation.

Over the past few decades, many literatures have reported
the geometric errors identification methods for translational
axes, mainly including identification method of individual
error measurement (IDOIEM) and integrated error parameter
identification method (IEPIM) [2, 11-13]. For the IDOIEM,
only one error component can be measured at one time and
various special measurement instruments are used to measure
and identify different types of error parameters. In addition,
the method requires familiarity with measurement instruments
and operator experts. For these reasons, the measurement ef-
ficiency is very low, and the measurement task is very tedious
and laborious. Comparatively speaking, the IEPIM has been
well recognized in a large amount of research due to many
advantages, such as faster measuring speed, higher measure-
ment precision, simpler operation, and fewer measurement
instruments.

@ Springer

Among the measurement instruments utilized by the
IEPIM, the laser interferometer is gradually becoming widely
used in machine tool industry since it is a heterodyne interfer-
ometry technology based on Doppler shift, with high resolu-
tion, high precision, and quick response characters [14, 15].
However, some drawbacks still exist in these IEPIMs based
on the laser interferometer. Zhang et al. [16] proposed a 22-
line method to obtain the geometric error components of a
three-axis machine tool. But the method can only be solved
by cycle or traversal algorithm and has a strict requirement
regarding measuring points, which make the method difficult
to implement and lack intuition. Liu [17] and Fan et al. [18]
developed the 9-line method and 14-line method to identify
geometric error parameter of three translational axes of a ma-
chine tool by using the laser interferometer, respectively. But,
the low identification accuracy in the 9-line method and the
assumption that all straightness errors have a 0 sum in the 14-
line method make them lack universal property. Chen [19] and
Su et al. [20] presented the 15-line method and 12-line meth-
od, respectively. But, these two methods ignore the influence
of translational motion errors on the straightness errors, which
decrease the identification accuracy. Based on the aforemen-
tioned methods, Li et al. [21] summarized their characteristics
and proposed a novel 13-line method based on a laser inter-
ferometer. But, the identification process of the method is
complex and time consuming and the division of subspaces
is likely to give rise to the error accumulation, which reduce
the identification efficiency and accuracy.

According to the refs. [21-25], error compensation is di-
vided into hardware compensation and software compensa-
tion. Generally speaking, hardware compensation is not rec-
ommended since machining costs rise exponentially with the
level of machining accuracy involved [21, 23], whereas
software compensation does not need to take into account
economic limitations since only a computer software is
needed to compensate errors by correcting numerical con-
trol (NC) instructions before executing compensation in-
structions [22, 24, 25]. Therefore, in this study, software
compensation is chosen to be used.

In order to carry out software compensation perfectly, a
systematic and suitable error modeling method should be ap-
plied [26]. As a modeling method that can describe the motion
relationship between the adjacent kinematic parts of machine
tools simply and conveniently based on homogeneous trans-
form matrix (HTM) [27, 28], multi-body system (MBS) is the
most widely utilized way. Fan et al. [29] proposed a general-
ized kinematics error modeling method to improve the ma-
chining accuracy of NC machine tools by error compensation
based on MBS. To date, just as Zhu et al. [30] indicate, it is the
best method for geometric error modeling of machine tools.

It is worth noting that error parameters of machine tools
with the characteristics of nonlinearity and uncertainty, obtain-
ed by measurement and identification techniques, are the
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discrete values related to the position [31]. However, in the
process of error modeling and error compensation, the discrete
data cannot be directly used because they are not feasible
enough to provide necessary information at an arbitrary posi-
tion, thus having influence on software compensation effect.
Therefore, error parameters models need to be developed to
compute error values at any position. In some references,
position-dependent geometric error (PDGE) parameters are
modeled by various functions, such as first-order polynomials
(Jung et al. [32]), Fourier series (Bringmann et al. [33]), cubic
polynomials (Lasemi et al. [34]), and fifth-order polynomials
(Huang et al. [35]). Although these error parameters models
have been proved to be effective, they cannot provide suffi-
cient accuracy to describe the error behavior. Lee et al. [36]
developed the analytical polynomials of geometric error com-
ponents whose orders were determined by inspecting the mean
square error (MSE) of the residual errors. However, according
to the ref. [37], the individual error is variational and stochastic.
If the terms of the polynomial are too large, the mathematical
error models are difficult to be utilized since it leads to too
much calculation during the error compensation process. In
addition, if the polynomial includes the terms having little
influence on PDGE, its prediction accuracy will be affected.
And if the polynomial ignores the terms having a significant
influence on error, then the error models have a great deviation
from the actual ones, which will make the polynomial mean-
ingless. Therefore, how to establish the optimal models of
geometric error parameters is of paramount importance.

In view of the limitations stated, first, this paper presents a
general [EPIM to measure and identify the geometric errors of
translational axes in MAMTs. In order to predict the error
information at an arbitrary position effectively, the optimal
models of geometric error parameters are established to repre-
sent the non-linear relations between the axis position and the
geometric errors. Finally, a software compensation method is
developed to attain the desired positioning accuracy at the end
of cutting tool. This paper is organized as follows: positioning
error prediction model is established in Sect. 2. The measure-
ment and identification method of geometric errors for trans-
lational axes related to one type MAMTs are presented in Sect.
3. In Sect. 4, the geometric error identification experiment and
the modeling process of geometric error parameters are de-
scribed. A software compensation method of geometric error,
the simulation verification, and a test experiment are presented
in Sect. 5. And finally, some conclusions are drawn in Sect. 6.

2 Positioning error modeling

2.1 Structure of the MAMT

An investigated MAMT is shown in Fig. 1a. Based on MBS
theory, the machine tool can be considered as the

combination of various rigid bodies, including machine
bed (body 1), Y axis slide carriage (body 2), C axis (i.e.,
worktable, body 3), workpiece (body 4), X axis slide carriage
(body 5), Z axis slide carriage (body 6), B axis (body 7), tool
spindle (body 8), and cutting tool (body 9). Furthermore, in
Fig. la, the ball of worktable end for DBB is called as work-
piece ball, and the ball of cutting tool end is called as tool ball.

Since this paper aims at the translational axes of the
MAMT, its kinematic chain (as shown in Fig. 1b) is figured
out by fixing C axis and B axis as one unit moving with the Z
axis and Y axis, respectively. In addition, according to the
lower body array approach [18], its topology structure map
is established, as shown in Fig. 2.

2.2 Geometric error parameter definition and setting
of the coordinate systems

Geometric errors of machine tools are usually classified into
position-dependent geometric errors (PDGEs) and position-
independent geometric errors (PIGEs) [12, 34]. PDGEs
change with the moving position of the axis. On the other
hand, PIGEs always keep constant [38].

According to ISO230-1 [39], three translational axes of a
MAMT have a total of 21 geometric error parameters, i.e., 18
PDGEs (six errors for each axis) and 3 PIGEs. Figure 3a is the
schematic diagram of Y axis PDGEs, and Fig. 3b is the sche-
matic diagram of PIGEs between translational axes, where
6:y) and €/y) (i=x, y, z) represent PDGEs of Y axis along
the i direction, respectively, while ,,, €,., and ¢, denote the
PIGE of between X and Y, Y and Z, X and Z, respectively.
Table 1 shows all the geometric errors of the translational axes
for the MAMT.

For the convenience of this study, some hypotheses are
made as follows: (1) the machine coordinate system (MCS)
Onr— XuYaiZyy is selected as the base coordinate system
(BCS). Moreover, the coordinate system of bodies 1 and 2
and the BCS are in the same direction. (2) The ideal coordinate
system direction of each body is in line with the BCS. (3)
The coordinate system Oy — Xy YwZy is selected as work-
piece coordinate system (WCS), whose origin is set at the
geometrical center point Oy, of end surface in body 3. In
addition, the coordinate system Or— X7Y7Zr is selected as
tool coordinate system (TCS), whose origin is set at the
intersection point Or of the axis center line in bodies 7
and 9, as shown in Fig. la.

2.3 Positioning error modeling

When the translational axes of the MAMT is only taken
into account, the relative motion path variation of the tool
ball with respect to the workpiece ball can be regarded as
the mere result caused by geometric errors of the transla-
tional axes.

@ Springer
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Fig. 1 A MAMT used in this
research. a Structure. b Kinematic
chain

Suppose that at the home position, the coordinate of
Ow and Oy in the MCS can be written as (¢wx Gwy Gwz D7 and

(qTXquqTZ 1) T respectively. The coordinate of the tool ball

center point P7in TCS can be expressed as Pr= (X7 Y7 Zr I)T.

By utilizing MBS theory, the transformation matrix of the
relative movement between the two adjacent bodies can be
represented as

(S| = [SL],[SL],,, [SLT[SL],, (1)

where [SLJ],, [SI]pe, [SIJ];, and [SL/],. denote the rela-
tive position transformation matrix, the relative position
error transformation matrix, the relative motion transfor-
mation matrix, the relative motion error transformation
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matrix between the rigid body 7 and the adjacent lower
body J respectively.

According to Sect. 2.1, C axis is fixed on the Yaxis. And B
axis and the spindle are fixed on the Z axis. Therefore, the
transformation matrix [S24] between Y axis and workpiece
and the transformation matrix [S 69] between Z axis and cut-
ting tool can be obtained, respectively. Based on the
abovementioned analysis, all of transformation matrices of
the adjacent bodies can also be determined, as shown in
Table 2.

As is seen in Fig. 2, the actual transformation matrix
from body 1 to body 4, which is denoted as [SBW], and
the actual transformation matrix from body 1 to body 9,
which is denoted as [SBT], can be expressed in Eqs.(2)
and (3) respectively.

vl = 1 (0O, [0 O fseon o), s or o)) .
= [S12],[S12],,.[S12],[S 12],[S24],[S 24] . [S 24] [S 24,

o= T (S0 o], o ol s or o) sror o), 5
= [S15],[S15],,,[S 15],[S 15],,[S 56], [S 56],,,[S 56],[S 56],,[S 69],[5 69],,.[S 69],[S 69],,,

Since the point Pz in TCS can be described to WCS, the
following equation is obtained.

Py = [SBW] '[SBT|Pr (4)
where P} denotes the coordinate of the point P7in WCS.

Assume that the coordinate of the workpiece ball cen-
ter point in WCS can be expressed as Py, = (Xy Yuw Zw 1)".

@ Springer

Then, as shown in Fig. 4, the relative motion path vec-
tor between two ends of DBB Pr can be obtained as
follows.
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Fig. 2 The topology structure of the MAMT

where Pr,, Pr,, and Pg_ denote the component of Pr in
X, ¥, z directions, respectively.

Therefore, the positioning error £ can be obtained as
follows.

E =[P} + P +Pp I

E, Ecosa
o Ey,| _ |Ecospj (6)
v E, Ecosy
1 1

where E denotes the positioning error size. £, denotes
the coordinate vector of the positioning error. E,, E,,
and E, denote the component of £, in x, y, z directions,
respectively. /; denotes the ideal length of the ball bar.

cosa = P [ /P} + Pfgy + P}, cosB=Pg/\/P} +P§y + P,

and cosy = Pg./ /Py + Py + Pp.

Fig. 3 The schematic diagram of
geometric errors. a Yaxis PDGEs.
b PIGEs between translational
axes
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Table 1 Geometric errors of the translational axes for the MAMT
Xaxis Yaxis Zaxis
PDGEs  Positioning error 0,(x) 50 4@
Straightness error  x direction () 0(2)
y direction  6,(x) 0,(2)
zdirection  J(x) 0.(»)
Roll error Ex(-x) 5y(y) é‘z(z)
Pitch error £4(x) ex(v) e(2)
Yaw error £(x) e W)
PIGEs  XYaxis perpendicularity error Exy
XZ axis perpendicularity error Exz
YZ axis perpendicularity error Eyz

3 The IEPIM of geometric error parameters
3.1 Multi-body synchronous motion modeling

As is seen in Fig. 1b, the three translational axes for the
selected MAMT exist in different branches. X and Y axes
can move with respect to machine bed. Moreover, Z axis
can move with respect to X axis. Without loss of general-
ity, machine bed and X, ¥, and Z axes can be called as
bodies /, L, J and K respectively. The schematic diagram
of multi-body synchronous motion in different branches is
shown in Fig. 5. Where ¢!, ¢¢,¢;(i = L,J,K) denote the
ideal position vector, position error vector, and actual po-
sition vector of body i relative to the adjacent lower body,
respectively. S, S¢S (i=L,J, K) denote the ideal mo-
tion vector, motion error vector, and actual motion vector
of body i relative to the adjacent lower body when body i
moves to the h-th (h=0,1,...n) given position, respective-
ly. O,—X;Y.Z{(i=1, L,J, K) represents the reference coor-
dinate system of body i. n denotes the discrete point
number.

Suppose at the Ath given position, the position array
of P, for body L in the reference coordinate system of
body L and [ can be written as {r;} = {ry 75 1y, 137 and

@ Springer
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Table 2  Transformation matrix of the adjacent bodies for the researched machine tool
Adjacent Transformation matrix Error transformation matrix
body
Position Motion Position Motion
1-2 Yaxis [S12], =14 x4 [S12] s = [S12]pe =144 [S12] & =
1000 L) 50) A0
010y ) 1 =) &0)
0010 —£,(y) &) 1 5.(v)
00 00 0 0 0 1
2-4 [S24} = [524]s = [4 x4 [S24]pe = 14 x4 [S24]S€ = [4 x4
workpiece f 0 0 g,
010 g,
00 1 g,
00 0 1
1-5Xaxis  [S15],=14x4 [S15] s = . [S15] pe = [S15] s =
1 0 0 x 1 -, 0 0 1 —£.(x)  g(x)  O(x)
01 00 ey L 00 e.(x) 1 —&(x)  G,(x)
0 010 0 0 1 0 —£,(x)  &(x) 1 . (x)
10 0 0 0] L O 0 0 1 L O 1
56 Zaxis  [S56],=14x4 [S56] 5 = . [S56] po = [S56] s =
1 000 I 0 & O 1 —e.(z) &) 0(z)
01 00 0 1 -, 0 e.(2) 1 —¢(z) Oy(2)
0 0 1 z € &, 1 0 —&,(2)  &(2) 1 0,(2)
[0 0 0 0] | 0 0 0 1 | O 0 0 1
6-9 tool [S69] , = [S69], =144 [S69],e =14 x4 [S69]se=14x4
I 0 0 gqp
01 0 gp
00 1 gp
00 0 1

(Pt = {xu vinzin 137, respectively. While the position
array of P, for body K in the reference
coordinate system of body K and / can be written as

{r} Aree ry e 137 and (P} = {xp w2 1} 7 respec-

{Pu} = [SIL], [SIL) [SIL)[SIL] , {r:}

tively. In addition, Sﬁh and S;, (i=L,J, K) can be written
as {S,} = {Sghxséhysfhzl} T and {Si} = {Sinx Siny Sin-
117, respectively. Therefore, P, is expressed as follows:

1 O 0 Séhx 1 —EZ(S”,) €y(S1h) §x(Slh> I (7)
_ [SIL] [S[L] . 01 0 Séhy Ez(Slh) 1 _EX(SI;,) 5y(S]h) Ty
PEPELO 001 Sy, —&,(Sm)  &x(Sm) 1 5:(Sm) T
0 0 0 1 0 0 0 1 1
According to Eq. (7), all of error parameters are not con-
sidered when body L is at home position (i.e., 2 =0). Hence,
Py is expressed as follows:
\/ T~ YW
Fix N —
” Tool ball 7 —
— Ly 4 T
{Pu} = [SIL]ISIL), 4 7 (8) I~ v
1 Double ball \

In the same way, Py, and Py can be expressed in Egs. (9)
and (10), respectively.

@ Springer
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Fig. 4 The relative motion path vector map between two ends of DBB
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{Pun} = [SU, [SL], [SU ] [SU ] [SIK], [SIK] o [SIK] [SIK] o {ric}

1
100 Sjéhx (g ) -, (15j,,) & (iéh)) g gﬂ,;
01 0 S e (Sy —,(S i
= S| |SLJ Jhy 2\Sjh x\Ojh y\Rj
[ ]p[ ]pe 0 0 1 Sjl‘hz —& (th) &y (th) 1 d, (th)
000 1 0 0 0 1 (9)
1 00 S%hx (1 | —,(Skn) Ey((Skh)) 5XESkh§ Fhe
01 0 S g,(S 1 =, (S 6,(S 7
% [SJK] [STK khy zZ\RPkh x\Rkh v\ kh ky
SIK], (5K, 0 0 1 S || 5w ex(Sm) 1 6:(Skn) | | 7k
00 0 1 0 0 0 1 1
Tx With Egs. (7)—(10), the projected array of the relative dis-
(Pro} = [SW] [SJ], [SUK], [SUK],, Tky (10) placement vector between P; and P, ig 'the reference coc?rdi—
L 7 e Fie nate system of body / from home position to the 4-th given
1

position is obtained, as shown in Eq. (11).

{pntpit—{pPw}—Pro}}

100 Sghx 1 —(Sn)  &n)  6(Sum) | [ i Fix
01 0 S e(Sm) 1 —&x(Sm)  0,(Sm) T Tly
= |SIL] |SIL Iy N e ) Y 5—[SIL] [SIL }
ISIL] SIL]e 0 0 1 S, || &Wn &S 1 6:(Sm) | ) 7 ISIL], [SIL),e ri;
00 0 1 0 0 0 1 1 1
!
100 SuTT 1 a(sy) 5[5y s Lo 0 Sl )
=\ [sW],[8L], 0 10 Sy || & (Sin) 1 ~=x(Sjn) 0y (S [SUK], [SJK] 0 0 Sllchy
0 0 1 S, [[=(Sn) &x(Sn) 1 5 (Sin 00 1 S,
000 |1 0 0 0 1 00 0 1
1 —(Sw)  &(Sm)  x(Sw) | [ ke T
5z(Skh) 1 _Ex(Skh) &,(Sk;,) Viy Fly
? —|SLJ] |SLJ] |SJK], [SJK 7
_Ey(Skh) Ex(Skh) 1 52<Skh) Fiz [ ]p[ ]pe[ ]p[ ]pe Fie
0 0 0 1 1 1
3.2 Identification of positioning, yaw, and pitch errors X~ X 8(vy) 0
Yin : Yo \ _ ? (v4) + Jg (13)
When the machine tool moves only along X, Y, and Z axes, L 0 <o Z%/h) 0
respectively, the corresponding parameters can be obtained, as
shown in Table 3. Substituting these parameters into Eq. (11), 0 0w 0w Of|r
the following equations are given. 4| ==0w 0 =) Of iy
_E}’ (yh) Ex (yh) 0 0 Tz
0 0 0 0 1
Xeh T Xko 0x(xn) X B P
Y~ o\ _ 0y () 4 | ew (12) Xieh - X0 5x(Zh) _Zhsxz
Kn T Zko 0. (xn) 0 Vi ko L () 4| e (14)
0 0 0 Uh T Ko d-(zn) Z
0 0 0
0 —&.(xn)  &lm) 0] [ri 0 - @) 0][rm
€:(xn) 0 —(n) 0| |1y e:(z) 0 —elz) Of|ry
() ex(xn) 0 01| 7% —ey(zn)  ex(zn) 0 0|7k
0 0 0 0 1 0 0 0 0 1
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Fig. 5 The schematic diagram of multi-body synchronous motion in
different branches

According to the first equation of Eq. (12), when the ma-
chine tool moves only along X axis, the displacement of the
given position point Py; (i = 1, 2, 3) for X direction on the tool
spindle, which is denoted as L;,, (i =1, 2, 3), can be measured.

Hence, the three displacement equations of X direction can be
expressed as shown in Eq. (15).

Ly, — xp I =rry iz | [ Ox(xn)
Ly — xp p= |1 —riy 7oz | e(xn) (15)
Ly — xp L =1y ris; ey (xn)

Similarly, as is observed in the second equation of Eq. (13),
when the machine tool moves only along Y axis, the Y direction
displacements of the three different position points Py, Pjs, and
Py on the worktable are measured, respectively, which are de-
noted as Layy, Lsy;,, and Leyy, respectively. Thus, the three dis-
placement equations of Y direction can be expressed as follows.

Ly — 1 rux —7Tu & (vp)
LSyh = Yho= |1 rse 1 5:()’;,) (16)
Loy — W 1 rige 1z | L ex()

In addition, from the third equation of Eq. (14), when
the machine tool moves only along Z axis, the Z direc-
tion displacements of the three different position points
P, Py, and Pyo on the tool spindle are measured,

Table 3 Parameters used in the

error identification process Symbol Single-axis motion Multi-axis synchronous motion
X axis Yaxis Z axis XYaxis XZ axis YZ axis
s, [0 [0 (07 (0] [0 [0
0 Yh 0 Yh 0 Yn
0 0 0 0 0 0
L1 B! 1] L1 ] L1 1
[x, [07] (0] [xp ] [ ] [0
g 0 0 0 0 0 0
h 0 0 0 0 0 0
|1 1] 1] 1] 1] R
K (0] [0 K (07 [0
g 0 0 0 0 0
kh 0 0 Zn 0 Zh Z
R 1] |1 R 1] |1
[SIL], Luus
[S[L]pe [4,\'4
[S[‘]]p [4x4
[1 -4, 0 0
ey 1 0 0
[SLI],e 0 0 10
L O 0 0 1
[SUK], Luus
[ 1 0 &, O
I —. 0
[SIK]pe e e 10
L 0 0 0 1

@ Springer
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respectively, which are denoted as L, Lg.;, and Lo, respec-
tively. Thus, the three displacement equations of Z direction
can be expressed as follows:

Ly, — z L =rie meny | [ 92(zn)
Ly — zn p= |1 —rise 7asy [ &0(zn) (17)
Loy, — z 1 —reoxe 7oy | ex(zn)

Finally, the positions of these measuring points should be
chosen properly to ensure the full rank of the coefficient ma-
trix in Eqs. (18)—(20). Thus, the positioning, yaw, and pitch
errors of the three translational axes are obtained as follows.

- -1

Ox(xn) I =7 e Lixy — xp

) p =11 —ray re: Ly, — xp (18)
ey () Ll 13y Ta3y Ly, — x

- 1

&y (vy) I 7 —7nz Liyw —

Ez(yh) = |1 roe —rn: Lzyh = (19)
ex(vp) |1 7 7 Lyw —

0(zn) (1 —rpae rray M Law —

elzn) p= 1|1 —Tisx sy Lsyy — zn (20)
Ex (Zh) L 1 “Frex  Tkey L6zh - Zn

3.3 Identification of roll errors of X and Z axes,
straightness error in X direction of Z axis,
and straightness error in Z direction of X axis

When the machine tool simultaneously moves along X and Z
axis, the motion equation of XZ axis linkage can be expressed

{ Livy = 6y (x) + 6x (zn) + X + 258y (xn) + 2nnrrip(e2(xn) + €2(2)) + 7z (69 (xa) + €4(2n))
Liy = 0, (xn) + 6. (zn) + 251w (e () + €3(2n) ) —raa (€x(xn) + £x(21))

by substituting the corresponding parameters shown in
Table 3 into Eq. (11) as follows.

X —  Xko 8u(xn) + 8x(zn) + X1 + 208y (Xn) + ZnExs |
Yin = ko _ 6}( ) +6 (Zh) + xhgxyizhgx(xh)izheyz
Lk T Tk 0z (xn) + 0-(z1) + zn
0 0 ]
0 e, (xn)e(zn) et e(@) 07 |7k
L e.(xn) + &;(zn) 0 —x(xn)—ex(zn) O | ray
—ey(xn)—ep(zn)  ex(on)—ex(zn) 0 (N
0 0 0 o] |1

As shown in Fig. 6, the wavy line represents the actual
trajectory of Pj; from home position to the Ath position.
The OH line represents the ideal linkage trajectory curve
in XOZ plane. L;;, denotes the actual displacement distance.

L!, denotes the ideal displacement distance. §;, denotes the
straightness error in XOZ plane. 6 denotes the included
angle between the ideal linkage trajectory curve and Z axis.
L., and L,_;, denotes the projection of P, in X and Z direc-
tions, respectively.

Since it is impossible to guarantee that the laser beam is
parallel to XOZ plane in the measuring process, the straight-
ness error in the plane composed of the OH line and the Yaxis
cannot be measured, and the straightness error of the OH line
in the XOZ plane can only be measured. Hence, the following
equation can be represented through the position relationship
shown in Fig. 6.

= Ll sinf + § cosf

Ly
wn 22
{ Liy, = L}, cos + 6, 5in0 (22)

According to the first and third equations of Eq. (21), Eq.
(23) is given as follows.

(23)

Utilizing Eq. (23) and altering Y coordinate values of the given position point, the following equations can be established.

Ly = 0 (xh) + 0y (Zh) + x5 + ZhEy(xh) + Zh€xz_”k1y(fz(xh) + €Z(Z;,)) + rklzggy(xh) + 5y(zh)§
Ox (zn) + xn + 2n6y () + znexc—rr2y (e (xn) + €(2n)) + a2z
Ly = 6, (xp) + 6, (zn) + zn—7x1x Eey(xh) + sy(zh)g + rriy(ex(xn) + exlzn))

) ey(xn) +&y(zn)

Loy, = 0y (xp) +

Loz = 0. (xp) 4 02 (2n) + zn—7Trox

where L, =

ey(xn) + €,(zn) (24)

+ rray(ex(xn) + €x(zn))

L, sin@ + 81,,c080, Loy, = Ly, sin + 0y, cosB, Ly = LY, cos6 + §y,sin6, and Ly, = L, cosf + 8y, sin 6.

Assume that XZ axis perpendicularity error €., is known, then Eq. (25) can be obtained.

1 —Trly 0 0 5x(Zh) —Lix + 0x(xn
1 —T'k2y 0 0 EZ(Z},)

0 0 Uorgy | | 0:() | | Lizw—02(xa

0 0 1 7o |[ex(xn) Loy=0(xp

«(xn) + x50 + zney (xn) + zZnExTI1E(XR) + Fr1z Esy(xh) +e
| Lo + 0x(xn) + x5 + znEy (xn) + ZnExe T2 (X) + a2z (€

)=0(zn) =z +Vk1xg€;(xh) +Ey(Zh)§ ~Tk1yEx(2n)
)=02(zn)=2n + ri2x

(zn)
,(xn) + ep(zn) (25)

e’:‘y(X},) + €y(2h) _rkagx(Zh)
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i)

Fig. 6 The linkage curve diagram of Py; in XOZ plane

Due to rg, # rr2y, based on the above equation, the roll
errors of X and Z axes, the straightness error in X direction

Fig. 7 The linkage curve diagram of Pi in XOY plane

of Z axis, and straightness error in Z direction of X axis are
obtained as follows.

Lou=Lia—(riny—riay)e2(n) + (rraz—riaz) (e (xn) + €4(2n))

€\2n) =
( ) Tk1y=Tk2y

—riiz (g () + 4(21))

0x(zn) = Lian=0x(xXn)=xn=20€y(Xn)~2nExz + rr1y (€2 (xn) + €2(2n))

(26)

Ex(Xp
Y( ) Tk1y~Tk2y

L Lo (rineriax) (89 () + €4(z) )= (reny—7a2y) £ (20)

6.(xn) = Li=0(zn)~zn + rrx (e () + &(zn) ) —rr1y (Ex(¥0) + &x(21))

3.4 Identification of roll error of Y axis, straightness
error in X direction of Y axis, and straightness error
in Y direction of X axis

When the machine tool simultaneously moves along X and ¥
axes, the motion equation of XYaxis linkage can be expressed
by substituting the corresponding parameters (as shown in
Table 3) into Eq. (11) as follows.

X~ X0 Xin  — Xpo 0 (vp)
Y ~ Yo Yoo = Yo U _ | S0m) o
e — Zh — Zko 6:(vi)
0 0 0
0 —ebn &bw Of[r
Jet 0 o of|n
&) &) 0 0|7
0 0 0 0 1
Ox(vy) + xn 0 —e(u) &b O] [rk
0y(xn) + xnewy || €2(n) 0 —&(xn) 0| | rey
0, (xn) —&y(xn)  ex(on) 0 0 Fie
0 0 0 0 0 1
(27)

As Fig. 7 shows, the wavy line represents the actual
linkage trajectory of P, and Pj; from home position to
the Ath position. P; represents the given position point of
the actual linkage trajectory. The OH line represents the
ideal linkage trajectory curve in XOY plane. L;, denotes

@ Springer

the actual displacement distance. L!, denotes the ideal
displacement distance. 9;, denotes the straightness error
in XOY plane. € denotes the included angle between the
ideal linkage trajectory curve and Y axis. L, and L;y,
denote the projection of L;, in X and Y directions,
respectively.

Using the position relationship in Fig. 7, Eq. (28) can be
obtained as follows.

{ Ly, = th sin® + &, cosd (28)

Lyy = th cos 0—6;;,sin 0

In addition, according to the first and second equations of
Eq. (27), the following equation can be obtained.

L = 8y (v4)=0y(xn) + Yi=Xnexy + 1€z (V)7 icEx (V4) k€2 (Xn) + Frizex ()
(29)

{ Ly = 0x(v3)=0x () =712 (V) + 71028y (V) + Tray€2(o0n) 7z ()

Utilizing the first equation of Eq. (29) and altering the Z
coordinate values of the given position point, the following
motion equation can be established.

Ly = 0x()=0x(en)=xn=r11y8: () + 1y (vp) + renyez (6n) 7126y (%)
Loy = 0x(v)=0x () =71y € (V) + 712:8y (V) + oy (o) —Traz€y (1)

(30)

where Ly = Lllh sinf + 6y, cos6, and L,y = Léh sin 6+
0o, cos 6.
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Due to 7y, # rpp,, the following equation can be obtained.

: al
1 rp: | [&0m)

_ [ Luon + 0:(en) + x5 + riyez () ~riyez (%) + reazey (xa)

Lo + 0x(xn) + X5 + roy€z (V) ~Fhay2(Xn) + rizy(xn)

(31)

Then, the roll error of Yaxis and the straightness error in X
direction of Yaxis are obtained as follows.

B rnz=rz
0x(vp) = L + 0x(xn) +x0 + rinyee(v) =702y (vh) —rw1y82 (xn) + 7128y (xn)

(32)

{ ) = Lii—Low + (riy=riy)e=(v) + (Fray=riry) €2(xn) + (riaz—rr12) €y ()
vy

According to the second equation of Eq. (29), the following
equation can be obtained.

Liyn = 8y (v)=0,(xn) + ¥ =Xnexy + r1nzez(vi)7126:(vy)

_rklxaz(xh) +rklz€x(xh) (33)

where Ly, = L[m cos6—6;,sin 6.

Assume that XY axis perpendicularity error ¢,,, is known,
then the straightness error in Y direction of X axis is obtained
as follows.

8y(xn) = —Liyn + 6, (i) + yi—Xnexy + e (i) 7z ()
7rk1x€z(xh) + rklzgx(xh) (34)

3.5 Identification of the rest straightness errors

When the machine tool simultaneously moves along Yand Z
axes, the motion equation of YZ axis linkage can be expressed
by substituting the corresponding parameters (as shown in
Table 3) into Eq. (11) as follows.

X o~ Xp X~ Xko 3x(vp)
Vi = Yo \_) v — Yo U _ | &0w) +w
T o T Zko 8 (vy)
0 0 0
0 &) &0n) 0] [
+ e:(vy) 0 &) Of |7y
—50n)  &n) 0 Of |7
L0 0 0o o1
5x (Zh) + Znéxz 0 &z (Zh) E}’(Zh) 0 Tl
_ | 0v(zn) +zneye | _| exlzn) 0 —ex(zn) O Ty
(zn) + zn —ey(zn)  ex(zn) 0 0|7
o 0 0 0o o)1
(35)

As displayed in Fig. 8, the wavy line represents the actual
linkage trajectory of P; and Py; from home position to the Ath

Fig. 8 The linkage curve diagram of Pi in YOZ plane

position. P; represents the given position point of the actual
linkage trajectory. The OH line represents the ideal linkage
trajectory curve in YOZ plane. L,;, denotes the actual displace-
ment distance. L!, denotes the ideal displacement distance. d;;,
denotes the straightness error in YOZ plane. 6 denotes the
included angle between the ideal linkage trajectory curve
and Yaxis. Ly, and L;,;, denote the projection of L;, in X and
Y directions, respectively.
Hence, the following equation can be obtained.

{Liyh = L, sinf + 6;,cos (36)

Ly = th cosf + d0;,sin6

Utilizing the second and third equations of Eq. (35), Eq.
(37) can be obtained as follows.

Liyy = 5y(.yh) +yh_5y(zh) + 2nEy; + Vllxgz(yh)_”llzgx(yh)
_Vklxaz(zh) + Vklzfx(Zh)
Ly = 6:(v4)=0:(zn)~zn—rnxey(vy) + ryex(vy) + reixey(zn)

_rklygx(zh) (37)

Where Ly, = Lllh sinf 4+ dy,cos 0, and Ly, = Lllhcos 0+
61, 8in 6.

Assume that YZ axis perpendicularity error €,,. is known,
then the straightness error in Z direction of Y axis and the
straightness error in Y direction of Z axis are obtained as
follows.

6:(vn) = Lian + 62(zn) + 20 + rinxey (V) ~7nyex (i) ~7i1x6y(2)
+riex(zn)
Oy (zn) = —Lyn + 0y(v) + 5 + €z + 11128 (V)

I 112ex (V) Tr1x€ () + r1x(zn) (38)

3.6 Identification of the squareness errors

As can be observed in Sects. 3.3-3.5, the straightness errors of
X and Y directions of Z axis and Y direction of X axis can be
obtained on the basis of the hypothesis that the squareness
errors are all known. Therefore, in this section, the squareness
errors should be identified.
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It is well known that the guide rail of the machine tool is a
set of planes or surfaces that guide the translational axis along
a certain direction. Due to the influence of its guiding accura-
cy, the translational axis deviates from its ideal axis line. As a
matter of fact, the deviation is caused by the combination of
the pitch and yaw errors when the motion of translational axis
takes place. As shown in Fig. 9, for example, when the X axis
moves along X direction, its axis line deviates from X to P, in
XOZ plane due to the pitch error and to Py, in XOY plane due
to the yaw error, respectively, while the actual X axis line,
which is denoted as X', is the intersection line of two planes
composed of P, and P, with X, respectively. In the same way,
the actual Y axis line Y’ and actual Z axis line Z' can also be
obtained.

To identify the squareness errors, the best axis lines of three
translational axes are needed. The relationship diagram of
three squareness errors between three translational axes is
shown in Fig. 10.

Based on the foregoing analysis, P, (u,v=X,y,z; u#V),
which represents the offset curve of [SJK], axis in I;4 direc-
tion, can be expressed as follows.

Sy(Zi)Zi

=
M= I M

Pyz = Zl 5x(zi)zivpxz =

While, the best fitting line of P,,, which is denoted as

P'uv(u7 v = X, ),7; u#v), can be expressed as follows.

P/uv = Cwo + Cun1V (40)

o

~ /\y
&
P
N

X’

Fig. 9 The influence of yaw and pitch errors on three translational axes
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Fig. 10 The relationship diagram of three squareness errors between
three translational axes

By applying the least squares method, the coefficients of
the fitting line can be written as follows.

1 n n n
Cin) = |:z V, Z Puw Vi ViPuvi:|
n n i=1 =1 =1 =l
i (5n)
i=1 i=1
1 n
Cyyl = |:I’l Z VPuw Z Vi Z ViPuvi:|
n n =1 =1
nsu-(30)

(41)

Hence, the mathematical expressions of X, Y’, and Z' can
be represented as Eq. (42).

/
_ Pz,x_CZ)CO

/
X P yx_cny
1

Cyxl Caxl

.

Yy*ny() y P C’)’O (42)

Cyyl T Czyl

PXZ_szo . P Z_Cyzo B E
B 1

Y:
Cyz1 Cyzl

Then, three squareness errors between X, ¥, and Z axes can
be derived from the three direction vectors of X', Y’, and Z/,
Le., (1, ¢px1s C2x1)s (€t 1, €21), @nd (Cyz1, €215 1), as follows.

(nyl + Cyxl + Cz,xlczy])

\/1 +c yxl + cle \/1 + nyl + ng]

Exy = ——arccos

(cle + Cp1 + nylcyzl) ™
€y, = Arccos 5 (43)
\/1 + cﬁx, + 2y \/l +c, + cﬁzl
(Cyz1 + 1 + nylcle) T

€,; = arccos 5
2 2 2 2
\/1 + nyl + Czyl \/1 + | + Cyzl
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3.7 Universality of the identification method

Compared with previous methods [16-21], the error
identification method has the following advantages: (1)
it avoids the artificial derivation mistakes since its error
identification process is mathematically analyzed. (2)
There is no strict requirement for measuring points. (3)
It can directly obtain the error parameter values and has
no error transitivity. Hence, the method is possessed of
higher identification speed and accuracy, stronger appli-
cability and generality, and easier realization of comput-
er automatic programming.

4 Measurement experiment and modeling
of geometric error parameters

4.1 Measurement of geometric error parameters

To obtain the 21 geometric errors of translational axes for
MAMTs, a measurement experiment is carried out on a five-
axis machine tool (DECKEL MAHO DMUG60P, Germany) by
utilizing the dual-frequency laser interferometer, XL-80 by
Renishaw in the UK.

In the experiment, the work strokes of X axis, Yaxis, and Z
axis are 540, 700, and 600 mm, respectively. In the measuring
process, the ambient temperature is controlled to around 20°
to eliminate the thermal error as far as possible. In addition, to
improve the measurement stability, the final error values are
the mean results of three times measurements. Meanwhile, to
minimize the setup errors, the laser interferometer is carefully
installed.

The total measuring procedures include two measuring pat-
terns, the details of which are as follows:

4.1.1 Pattern 1: single-axis motion

According to Sect. 3.2, in measuring process, the posi-
tion coordinates of the measurement points with respect
to WCS or TCS should be determined. Since X and Z
axes of the researched MAMT are located in tool
branch, their coordinate values are relative to that of
TCS. While Y axis is located in workpiece branch, so
their coordinate values are relative to that of WCS. As
shown in Fig. 11a, first, a measurement point in TCS is
determined. Second, X axis is only moved from the
home position. Third, the first measuring curve of the
displacement and positioning error in X direction is obtain-
ed. Finally, two other measuring curves in X direction can
also be obtained by altering the coordinate values of mea-
suring points. In the same way, three measuring curves in ¥
and Z directions can be obtained, respectively. Table 4
shows the coordinates of measurement points in single-

axis motion. The curve charts of the displacement and po-
sitioning error for three measurement points in single-axis
motion are displayed in Fig. 12.

4.1.2 Pattern 2: two-axis synchronous motion

Unlike uniaxial motion, two-axis linkage involves si-
multaneous movements of two axes. In the researched
MAMT, X and Z axes are located in one branch. And Y
axis is located in the other branch. Hence, for XZ axis
linkage, the coordinates of the measuring points in TCS
only need to be given. While, for YZ axis and XY axis
linkage, the coordinates of two measuring points in TCS
and WCS need to be given, respectively. Table 5 shows
the coordinates of measurement points in two-axis link-
age. Figure 11b shows the experiment measuring pat-
terns of the laser interferometer in XY axis synchronous
motion.

According to Sects. 3.3-3.5, the measuring curves of the
displacement and error (i.e., positioning error and straightness
error) in two-axis synchronous motion can be obtained, as
displayed in Fig. 13.

4.2 Modeling of geometric error parameters

According to the measuring results in Sect. 4.1 and Egs.
(18-20), (26), (32), (34), (38), and (43), the three PIGEs
of three translational axes in the researched MAMT, i.e.,
the squareness errors, can be obtained, which are
displayed in Table 6. Furthermore, the discrete values
of 18 PDGEs for three translational axes can also be
obtained. Based on these discrete values, the 18 PDGE
parameters can be modeled based on least-squares
technique.

Taking X axis as an example, its six PDGE:s are represented
by the following:

5,00) = 3 and6,00) = 3 and,6.) = 3.
l:nl . l:nl - l:nl - (44)
ex(x) = Y aux',ey(x) = ¥ aisx',e.(x) = ¥ aex’

i=1

where a;(j=1,2,+-6) is the coefficient of the polynomials
describing the PDGEs. n denotes the orders of the polyno-
mials, which are determined by examining the MSE of the
residual errors. The constant terms of polynomials are not
considered since six PDGEs of X axis are zero at home posi-
tion (i.e., x;, = 0).

By transforming Eq. (44), the following equation can be
obtained.

ATx =B (45)
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Fig. 11 The experiment
measuring patterns of the laser

interferometer. a X axis motion. b

XY axis synchronous motion

ap  az

ajp ax

where A =
ay;  az;

ayy  dyp

X1 X2 xé»

2 2 »

X = i i
X; X x;
Wy
6x(x1) 5x(X2)
5y(xl) 5y(x2)

5 | 0:0n) 6:(n)
ex(x1)  ex(x)
gy(x1)  &y(x2)
g(x)  &(x)

Table 4 The coordinate of
measurement points in single-axis

motion (unit: mm)
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Then, Eq. (45) is solved to obtain the coefficients of these
polynomials, which can be written as follows:

A= (xxT) _leT

4.3 Polynomial optimization

(46)

According to Sect. 4.2, it can be seen that the terms of the
polynomials are very large. Hence, the optimal polynomials
should be obtained. Procedures of polynomial optimization
are described as follows:

Assume that the order of the polynomial for a PDGE is p
and the corresponding error values are from the ith line of the
matrix B in Eq. (45), then X can be obtained by transforming x
and letting X ;; = x} as follow.

X1

x:
Xit

Xi

Xt X2

X2
Xy Xao

X[j X
Xay 0 Xy
Xl] cee th
Xy Xopn | pa

(47)

Motion pattern

Measurement point

Coordinate system

X axis motion

Y axis motion

Z axis motion

730 (1o Thiyx12)
1P Thay Vi)
T33P ies Thay432)
714 1axs Tiay1az)
715(F 153> Ti50,152)
716(F 16> Ti6y, 162)
717z Tk7y V072
718(Fkss rkSy,"kxz)

750(Tkoxs T9y. 7, %92)

(167,30,-195)
(185,30,-175)
(232, 40,-164)
(45,-85,64)
(45,-85, 115)
(150,-120, 84)
(-100, 77, 125)
(-54,-72, 125)
(=54, -72,-165)

TCS
TCS
TCS
WCS
WCS
WCS
TCS
TCS
TCS




Int J Adv Manuf Technol (2018) 95:3413-3435 3427

Fig. 12 The curve chart of the
displacement and error in single-
axis motion. a X axis. b Yaxis. ¢ Z
axis
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(1) Construct the polynomial equation, which can be  (2) Obtain the values of 3 based on the method discussed in

expressed by Sect. 4.2.

(3) Test the significance of Eq. (48) by F' test [40]. The
Y=Xx7p (48) significance level « is usually chosen as 0.05. If the test
result, i.e., P value, is higher than «, the significance test
where Y=(Y;, Y, -+ Y, h)T, B=0B B 5p)T, Y;=B;, and of the equation cannot be passed. In other words, the
Y, = i X ;B i=1,2,h). B denotes the coefficient matrix polynomial equation c'am'lot d.escribe the PDGE. On th'e
i=1 contrary, the polynomial is suitable for the error. At this

in Eq. (48). point, we should continue to the next step.
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Table 5 The coordinate of

measurement points in two-axis Motion pattern

Measurement point

Coordinate system

synchronous motion (unit: mm)

XZ axis linkage P 1 (Pt ThiyTki2) (=75.2,31.8,58.3) TCS
Py 10Tt Tiay T i22) (=75.2,81.7,58.3) TCS
XYaxis linkage P 71 Ty z) (130, 195,75) WCS
731 (Fieter Tk i12) (—187.8,97, —49.127) TCS
P, 7 e Ty 122) (130,195, 105) WCS
T12(F i Th2y T k22) (—187.8,97, —19.127) TCS
YZ axis linkage P1 (e Tytnz) (113,20, 78) WCS
T3 (Frete Tk i12) (—220,93, —26) TCS
Fig. 13 The curve chart of the 0.02 (a)
displacement and error in multi-
axis synchronous motion. a XZ
axis. b XYaxis. ¢ YZ axis 0.015
’g 0.01 =@ Pk1-Positioning error
‘§‘ == Pk2-Positioning error
g 0.005 - Pk1-Straightness error
=@—Pk2-Straightness error
0 T 1
2 400 600 800
-0.005 - XZ-axis synchronous motion displancement (mm)
0.02+ (b)
0.018
0.016 4
0.014 4
~ 0.012
E 0.01- =4 P1-Positioning error
g 0.008 === P2-Positioning error
© 0.006 1 P1-Straightness error
0.004
0.002 +
0o £ : : ; \
0] 200 400 600 800
XY-axis synchronous motion displancement (mm)
0.0187 (¢)
0.016 4
0.014 4
0.012 4
E 0.01
E 0.008 =@ P1-Positioning error
E 0.006 == P1-Straightness error
0.004 -
0.002 4

@ Springer

0

0
YZ-axis synchronous motion displancement (mm)

200 400

600 800



Int J Adv Manuf Technol (2018) 95:3413-3435

3429

Table 6 The three PIGE

values of three Exy Exz €z
translational axes (unit:
rad) —0.000005 0.000026 0.00001

(4) Determine whether X has any effect on Y. At first, the
significance test of 5,(i=1,2, -*p) based on 7 test [41]
is carried out. If each P value calculated is less than
the significance level «, the significance tests of (;
are considered as being passed. That means the
established polynomial equation can perfectly repre-
sent the PDGE behavior. While if §; do not pass the
test, this shows that this equation has the redundant
terms, which have little influence on the PDGE. Since
Akaike information criterion (AIC) [42] can be used
to weigh the goodness of fit of the polynomial, while
the stepwise regression method [40] can be used to
remove the least important terms, in this study, the
stepwise regression method based on AIC is utilized
to determine whether X has any effect on Y.

The steps mentioned above are repeated until the
significance tests of both the equation and 3; can be
passed.

®)

4.4 Fitting accuracy analysis

In this section, polynomial optimization is performed by R
language 3.1.1 on a computer having a 3.10 GHz frequency.
In this paper, for example, the polynomials of the pitch error
for X axis can be represented on the basis of the least-squares
method, as shown in Eq. (49).

£,(x) = 1.16302 x 10 'x—1.43581 x 107x* + 8.16363
x107%%%-2.21082 x 1078x* +2.76963 x 107''x°
—1.15323 x 104x%-2.13978 x 107"8x”(yrad)

Then, Eq. (50) can be obtained by transforming Eq. (49)

gy(x) = 1.16302 x 107" X, —1.43581 x 10X, + 8.16363
x107°X35-2.21082 x 108X, + 2.76963 x 10 ' X5
—1.15323 x 1074X-2.13978 x 108X, (purad)

(50)

where X;=x'(i=1,2, 7).

Since the P value for Eq. (50) is 3.5341 x 102!, while the P
values for X;(i=1,2,--7) are 3.91759 x 107>, 0.034867,
0.240908, 0.533366, 0.770712, 0.928049, and 0.974858, re-
spectively, that means Eq. (50) has the redundant terms al-
though it can describe the pitch error of X axis. According to
Sect. 4.3, the following equation is obtained.

£y(x) = 8.22104 x 1072X,-6.40509 x 107* X,
+ 1.87087 x 107°X3—7.44546 x 10712 X5

+7.93764 x 1075 X (51)

Herein, the P values for Eq. (51), X;, X5, X;3, X5, X are
1.19152 x 1072, 7.59006 x 107'°, 1.45651 x 107°, 1.15052 x
107, 8.80975x 107>, and 1.76691 x 10™*, respectively.
Therefore, the optimal polynomial of the pitch error for X axis
is obtained as follows.

£,(x) = 8.22104 x 102x—6.40509 x 10™*x* + 1.87087
x1070x3—7.44546 x 1072 x° + 7.93764 (52)
x 10715 x®(purad)

In the same way, the optimal polynomials of the rest
PDGE:s for three translational axes can also be represented.

As discussed above, the scatter diagram of discrete data
and the polynomial curve diagram before and after optimiza-
tion for the pitch error of X axis can be obtained, as shown in
Fig. 14. According to Fig. 14, the fitting curve after optimiza-
tion is closer to the discrete point than that before optimiza-

(49) tion. In order to demonstrate the goodness of fit of this
Fig. 14 The scatter diagram of 0.008
discrete data and the polynomial 0.007 5
curve diagram before and after ' ® o
optimization for the pitch error of 0.006 - "{’-N 0‘}
X axis =) %
J;“;, 0.005 - e,
5 o .
E 0.004 - - "// ¢ Discrete data
5 0.003- Ve —— Before optimization
P N
0.002 | ¢ After optimization
4
0.001 -
0 T T T T T )
0 100 200 300 400 500 600

X axis position (mm)
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optimization method, the comparison of some fitting pa-
rameters before and after optimization for the pitch error of
X axis is shown in Fig. 15. According to Fig. 15, the term
number and residual standard error of the polynomial be-
fore and after optimization are reduced from 7 to 5 and
from 0.2836 to 0.2717, respectively, while adjusted R* be-
fore and after optimization, which is the number indicating
data fitting degree, is increased from 0.9449 to 0.9474.
This shows that the optimal method used in this paper
possesses less term numbers, smaller fitting residuals, and
higher fitting accuracy than the traditional methods.
Hence, the prediction results of the polynomial can be di-
rectly used for software compensation.

5 Error compensation and results
5.1 The basic idea of error compensation

Suppose that the test path of tool ball is known in the identi-
fication process of the rotary axes’ geometric errors. If the
rotary axes keep still, the motion path variation can be con-
sidered as being caused simply by geometric errors of the
translational axes. In our last research [43], an iterative com-
pensation methodology for geometric errors of five axes in a
machine tool was developed. The influence of geometric er-
rors for the translational axes on the machine tool is not con-
sidered. As a matter of fact, this paper is an extended applica-
tion for ref. [43] to improve the machining accuracy of the
machine tool by eliminating the influence of the translational
axes’ errors on the rotary ones.

According to Sect. 2, suppose that the position array of Py
and Py in MCS is written as P} and p}!, respectively. In
addition, ignoring geometric errors, the ideal position array

Fig. 15 The comparison of some
fitting parameters before and after
optimization for the pitch error of
X axis

Adjusted R-
squared

@ Springer

0.9449 0.9474

of P} can be written as P} ;.- So, the position vector of
DBB Pj can be represented as follows.

Pp = Py-Py, (53)
where Py = [SBT|Pr, P}, = [SBW]Py.

According to the compensation method in ref. [10], to elim-
inate the influence of the translational axes’ geometric errors
on rotary ones, Pp should be coincident with the vector dif-
ference of P} ,,,,; and Py at any moment, as shown in Figs. 2
and 16. Therefore, Eq. (54) can be obtained.
Pp = PAT/[_PAV{/ = P‘Y/"‘z/'deal_PW (54)

For the convenience of description, the following equation
can be denoted by simplifying Eq. (54).

Xr \IIX(xLVvZ)
yr| _ | Yy(x,2)
= = 55
o (an/a Z) \Ilz(x,y, Z) ( )
1 1

where x7 y7 77 denote the coordinate values of Pz and x, y, z
denote the NC code driving the movement of translational
axes. The physical meaning of Eq. (55) is that the real position
of tool ball can be calculated in real time by the given NC
code.

Assume that the NC code of the test path for tool ball
can be represented as (xg, Vo, zo) (namely, the ordinary
compensation method). By using Egs. (5), (6), and (55),
the positioning errors of tool ball can be obtained.
However, its positioning accuracy cannot meet the actual
accuracy requirements. As a result, an iterative compen-
sation is essential, as shown in Fig. 17. Based on Eq. (6),
until £ satisfies Eq.(56), the iterative compensation is not

the pitch error

7

B Before optimization

B After optimization

0.2836 0.2717

term number of
the polynomial

Residual standard
error
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Fig. 16 The schematic diagram of the coordinate system transformation

terminated. Thus, the modified NC code (x,, y,, z,) of the
test path for tool ball is obtained.

E<Apggp (56)

where Apgp denotes the resolution of the DBB. In this
study, Apgg=0.001 (mm).

In order to carry out the iterative compensation method,
error compensation software is developed. Please note that
the modified NC codes generated in this way can be used to
drive the translational axes of the MAMT in real time during
the DBB test so as to avoid the influence of the translational
axes’ geometric errors on rotary ones and improve the posi-
tioning accuracy of tool ball.

5.2 Simulation verification of error compensation

To verify the effectiveness of the proposed method, simulation
is conducted on a five-axis machine tool, as shown in Fig. 1a.
The simulation mainly includes two parts: (1) the positioning
errors of tool ball are computed with the ordinary compensation
method, and (2) the positioning errors of tool ball are computed

60 -100

Fig. 18 Test path of cutting tool end

with the iterative compensation method. According to Sect. 4,
PDGE:s of the translational axes are predicted in real time at any
position. So they are not described here. Test path planning of
tool ball in this paper is put into effect by Pro/E software based
on the path like the letter S, as shown in Fig. 18. Then, the
cutter location source file (CLSF) is generated by the post pro-
cess module of Pro/E software.

Based on CLSF, the NC codes with these two methods are
generated in self-developed compensation software, respec-
tively. Then, their positioning errors are calculated. The error
maps generated with these two NC codes are drawn in Fig. 19.
In order to further reflect the average state and the stability of
positioning accuracy, the expectation and standard deviation
of positioning errors also should be taken into account, as
shown in Fig. 20.

From Fig. 19a, it can be seen that the maximum value of
positioning errors calculated with the ordinary compensation
method is 0.0021 mm, which cannot meet the requirement of

Fig. 17 The flow chart of error
compensation i

the ordinary compensation method

Planned test path
of tool ball

Postp rocess > (X0.v0.20)

polynomials

Geometric Error

} %y52) }ﬂf i=0

Xis1=X-EX;;

the iterative compensation method

Yirr=YirEY;;
2j,1= 2rEZ;;

iNo
/ N

—IfEq. (56)

satisfied

' ( Pex, Pey, Pez) and

b (Ex; Eyi Ez)

y .
/ The modified NC
/
code (Xn ¥ Zs)

@ Springer



3432

Int J Adv Manuf Technol (2018) 95:3413-3435

Fig. 19 The positioning error (a)
maps with two compensation 5
methods. a The ordinary

compensation method. b The
iterative compensation method 8-

positioning accuracy for tool ball. Since the resolution of the
DBB is usually 0.001 mm, there is no doubt that the errors of
translational axes cannot be fully compensated and the resid-
uals actually still have some influence on the DBB.

After applying the iterative compensation method, the
maximum positioning error is 0.00053 mm, as shown in
Fig. 19b. In other words, the positioning errors with the
iterative compensation method, which is limited within
0.001 mm, have no influence on the DBB. Based on
Fig. 20, the average accuracy and the standard deviation
of positioning errors are 0.00119 and 0.000249 mm before
compensation and 0.000244 and 0.000119 mm after com-
pensation, respectively. The total accuracy and accuracy
stability of positioning errors have been improved by
79.5 and 52.2%, respectively. Therefore, a conclusion can
be drawn that the proposed method in this paper can effi-
ciently eliminate the influence of the translational axes’
geometric errors on rotary axes.

5.3 Experiment test results

In order to further verity the feasibility of the presented meth-
od, a test experiment is conducted on a five-axis machine tool
(as mentioned in Sect. 4). Test conditions of the experiment
are shown in Table 7. Before the test, the DBB must be cali-
brated. Then, its two ends are carefully mounted on the

0.0014 4

0.00119

0.0012
0.001

M the ordinary
compensation method

0.0008 -

0.0006 - M the iterative

compensation method

0.0004 -
0.000249 0.000244

0.0002 - 0.000119

0

standard deviation

expectation

Fig. 20 Expectation and standard deviation of positioning errors
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spindle and the worktable of the machine tool, respectively,
as shown in Fig. 21.

According to Sect. 5.2, these two NC codes generated with
the ordinary compensation method and the iterative compen-
sation method are used to drive the translational axes of the
five-axis machine tool, respectively. Then, these two circular
trajectories formed by multi-axis motion in XY plane are mea-
sured by using a DBB, QC20-W by Renishaw. The measuring
result charts of DBB in XY plane with these two methods are
displayed in Fig. 22. According to Fig. 22, their maximum
circularity errors can be obtained. The comparison of the max-
imum circularity error with these two methods is shown in
Table 8.

As can be seen in Table 8, the maximum circularity error
with the ordinary compensation method is 42.1 um. And the
maximum circularity error with the iterative compensation
method is 25.1 um. In other words, the error reduction by
using the iterative compensation method is about 40.4%.
Therefore, it is obvious that the proposed compensation meth-
od in this paper is more precise and effective than the ordinary
compensation method.

It is important to note that the experiment results are little
worse than the simulation results. It is because that many other
error sources, dynamitic errors, control errors, thermal errors,
and so on, can affect the compensation effect. Anyway, the
core idea of the method can be applied for the positioning
accuracy improvement of tool ball for DBB.

6 Conclusions

In this paper, an integrated geometric error prediction and
compensation method is proposed to eliminate the positioning
inaccuracy of tool ball for a double bar ball (DBB) caused by
the translational axes’ geometric errors in a multi-axis ma-
chine tool (MAMT). For the sake of the effective implemen-
tation of the method, firstly, the positioning error model only
considering the translational axes of FAMT is established. By
using this model, the positioning accuracy of tool ball can be
predicted.
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Table 7 Test conditions in the experiment

Test specification ~ Test plane  Ball bar length (mm) Feed rate  Sample rate (HZ) Run direction Test temperature (°)
(mm/min)
Test parameter XY 360° 300 mm XY 300.0000 1000.0 13.333
Run 1 Clockwise 20
Run 2 Counterclockwise 20

Fig. 21 The measuring scenes of
the DBB in XY plane

Fig. 22 The measuring result )

charts of the DBB in XY plane
with two methods. a The ordinary
compensation method. b The
iterative compensation method

Runl
Run2 N\
[O]Fit1 \

[(,: Fit 2 EE

Runl
Run 2
Fit1

5.0 1 m/div [0] Fit2 5.0 1 m/div
(@) (b)
Table 8 The comparison of the
maximum circularity error The maximum circularity error (pm) Error reduction (%)
The ordinary compensation method The iterative compensation method
42.1 25.1 40.4
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Then, to obtain the translational axes’ geometric errors,
an integrated error parameter identification method
(IEPIM) is proposed. Compared with the previous identi-
fication methods, the IEPIM has the advantages, such as
higher identification speed and accuracy, stronger applica-
bility and generality, and easier realization of computer
automatic programming, and so on, which lays a founda-
tion for software error compensation. In addition, by iden-
tification experiments, the identification results of geomet-
ric error parameters for the translational axes are obtained.
In order to predict the positioning error at an arbitrary po-
sition effectively, the optimal polynomials of 18 position-
dependent geometric errors (PDGEs) are founded based on
their discrete values. By fitting accuracy analysis, these
models possess less term numbers, smaller fitting resid-
uals, and higher fitting accuracy than the traditional
methods. This means that the optimal models of geometric
errors are more suitable for software compensation.

Finally, simulation verification is conducted. Simulation
results show that the maximum positioning error for test path
of tool ball with the ordinary compensation method is
0.0021 mm and the maximum positioning error with the iter-
ative compensation method is 0.00053 mm. Furthermore, the
average accuracy and the standard deviation of positioning
errors are 0.00119 and 0.000249 mm with the ordinary com-
pensation method and 0.000244 and 0.000119 mm with the
iterative compensation method, respectively. The total accura-
cy and accuracy stability of positioning errors has been im-
proved by 79.5 and 52.2%, respectively. In order to further
verity the feasibility of the presented method, a measuring
experiment is conducted in XY plane of a five-axis machine
tool by using a DBB. The experiment results show that the
maximum circularity error with the iterative compensation
method is reduced about 40.4% than that with the ordinary
compensation method. According to the simulation and ex-
periment results, the proposed method in this paper is more
precise and efficient than the ordinary compensation method,
seen in the ref. [43] for instance. Therefore, there is no doubt
that the method can effectively avoid the influence of the
translational axes’ geometric errors on rotary ones during a
DBB test. Thus, this work will provide an important guidance
for researchers and practicing engineers in the field of ma-
chine tool to eliminate the influence of the translational axes’
errors on the rotary ones.

However, this paper is mainly concentrated on compensat-
ing the geometric errors of the machine tool. A further study
should be conducted in the future to consider all of error
sources or at least most of them.
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