Dec. 2015

Transactions of Nanjing University of Aeronautics and Astronautics

Vol. 32 No. 6

Modeling and Identification Approach for

Tripod Machine Tools

Shi Yong (f4 )", Liu Wentao (X L3 )*

1. College of Power and Energy Engineering, Harbin Engineering University., Harbin 150001, P. R. China;

2. School of Mechatronic Engineering, Harbin Institute of Technology, Harbin 150001, P. R. China

(Received 4 November 2014 ; revised 24 December 2014 ; accepted 25 March 2015)

Abstract: To improve stiffness and workspace of tripod machine tools, a device called tripod machine tool was pro-

posed with five degrees of freedom. First, the structure and pose description of the tripod machine tool were intro-

duced. and then its backward and forward kinematics models were analyzed. To identify parameters of the tripod

machine tool, a parameter identification method based on an error-sensitive analysis was presented. Then geomet-

rical structural identification model was deduced by establishing the pose relative error model at two different points

of the tripod machine tool. The method employed a sensitivity matrix by using a difference operator to explain pose

changes of the tripod machine tool with respect to its main geometrical structural parameters. Finally, the position

error of a tripod machine tool was reduced from 1. 74 mm to 0. 44 mm. Therefore, the proposed identification

method was verified to be effective and feasible.
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0 Introduction

To improve stiffness and workspace of Tri-
pod machine tools, a series-parallel hybrid ma-
chine tool called tripod was proposed, as shown in
Fig. 1. The parallel part of the tool was com-
prised a base platform, a moving platform, and
three legs with adjustable lengths. One end of
each leg was connected to the moving platform by
a revolute pair, and the other end of two was con-
nected to the base platform by Hooke joints; the
third leg was connected to the base platform by a
ball joint or Hooke joint with three degrees of
freedom (DOFs). The parallel part of the tripod
machine tool has three DOFs. The motion param-
eters of the parallel part have coupling character-
istics. The position parameters of the tripod ma-
chine tool are independent from each other, but
the orientation parameters are calculated with
those position parameters. To increase the flexi-

bility of the tripod machine tool, two perpendicu-
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lar rotary shafts were installed under the moving
platform in series, which has two DOFs.

The base

A, platform | O

B3

The moving
platform

Fig. 1 Tripod machine tool

Accuracy of the tripod machine tool is inevi-
tably affected by manufacturing and installation
errors inevitably. Therefore, tripod machine tools
must be calibrated before application. In general,

calibration methods can be classified into three
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types: External calibration, constrained calibra-
tion, and auto-calibration or self-calibrationt'.
Usual-
ly, the number of internal sensors is larger than
Con-

strained calibration is implemented by constrai-

Self-calibration requires internal sensors.

that of DOFs of calibrated mechanismst*?,

ning some of DOFs of the calibrated mechanisms
and keeping some geometric parameters constant
throughout the whole process. Constrained cali-

(] External

bration does not require extra sensors
calibrations neither require additional internal sen-
sors nor restrict some of the DOFs of calibrated
mechanisms. The position and orientation infor-
mation of calibrated mechanisms are obtained u-
sing external measuring devices, such as a laser
tracker, an inclinometer, or a coordinate measur-

ing maching (CMM). This calibration method

has been widely used™*.

Recent literature have reported identification
model of parallel machine tools (PKM). Based on
PKM forward kinematics model, Ref. [ 9] con-
structed an influence coefficient matrix with the
pose errors and structure errors of PKM by a nu-
merical method using measured data. A min-max
optimization method was presented in Ref. [ 10 ]
based on the least square optimization method to
eliminate a few large residual errors that lie in the
parameter identification. An experiment proved
that the min-max optimization method directly
correlated the precision evaluation with the kine-
matics calibration and improved the total accuracy
of PKM tools simply and inexpensively. In Ref.
[11], indirect measurements of the position and
orientation of moving platform were performed
using a photoelectric length gauge with balls.
Since measuring noises caused final calculation re-
sults seriously to deviate from the real existing er-
ror values of the machine tool, Jacobian matrix
regrouping method was presented to minimize
magnification of measuring noises while identif-
ying parameters. A so-called cocktail method was

tt%] . The structure error Jacobean

an example of i
matrix was automatically constructed based on the
forward kinematics model, and generalized coor-

dinates consistent with the measuring apparatus

were adopted. The method can employ different
types of common measuring apparatus or the
combination of them when a Stewart platform is
calibrated, thus so the special equipment for
multi-freedom measurement is unnecessary. In
Ref. [13], an error compensation method was de-
signed to compensate for manufacturing and as-
sembly error by developing a 3-point-3-axe meas-
urement method so that position accuracy, and
other attributes were improved.

Our work was to propose a structural charac-
teristic and kinematic model for tripod machine
tools. A parameter identification method was de-
signed based on parameter error sensitivity matrix
proposed. The method measured relative position
and orientation error of tripod machine tools in
different moving directions and different spaces.
Then,we constructed a parameters error sensitivi-
ty matrix by using a numerical method. Combi-
ning the matrix and the relative pose error data,
the geometrical structure parameters of tripod
machine tools were identified. Our results showed
that the method was convenient, practical and ef-

ficient.

1 Main Parameters of Tripod Ma-
chine Tool

1, A, (:i=1,2,3) and
B,(i=1,2,3)are the joints of the base platform

As shown in Fig.

and the moving platform, respectively. A,B;(i=
1,2,3) are the three legs with adjustable lengths.
The rotary shaft S, (R,, R;) is perpendicular to
the moving platform, and they intersect at point
R,. Rotary shafts S; and S, are perpendicular to
each other, and their intersection is at point R,.
The base Cartesian coordinate system (O}, which
is fixed on the base platform, is defined. In{O},
the origin O satisfies A|A; | OA,; X-axis is OA,;
and Y-axis is A} A;. The Cartesian moving coordi-
nate system {0, } , which is fixed on the moving
platform, is defined. In{O,}, the origin O, is at
point Rs;, Y -axis is B, Bs; and Z,-axis is R;R,.
The main geometrical parameters of the tri-
pod machine tool are shown in Table 1. The pa-

rameters include position parameters of joints on
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the base platform, installing error of the joints on
the base platform in the vertical direction, posi-
tion coordinates of the joints on the moving plat-
form, geometrical structure parameters of series
part, etc. There are a total of 12 parameters.

Fig. 2 shows a schematic of those parameters.

Table 1 Parameters of the tripod machine
Parameter Geometric meaning
a; The distance between joint A; and the origin O
a- The distance between joint A; and the origin O
b The distance between joint A, and the origin O

The distance between joint B, and the origin O,
along Y -axis

The distance between joint B; and the origin O,

c along Y, -axis

J The distance between joint and the origin O, a-
long Z,-axis

d) The distance? between joint B, and the origin O,
along X, -axis

4 T}.le'disrtance between .joint B;(i=1,3) and the

° origin O, along X, -axis

. The offset between rotary shaft 5 and its nomi-
nal position

/ The offsgt between the tool axis and its nomi-
nal position

t, Length of the cantilever for the installing tool

13 Length of the tool

cosf.cosl,

T = |sind.cosf,
— sind, cosf, sind,

In{O} , the pose of the moving platform can
be written as (Jc()1 s Vo, +%0, 0. 40,40.). Since the
parallel part has 3-DOF, the parameters (z ,
Yo, 220, +0.+0,+0.) are not fully independent from
each other. There are three constraint equations
reflected in the mechanism structure and perform-
ance; (1) Plane A, A;B;B, ., which is perpendicu-
lar to plane B,B,B;; (2)A,B, | A B;; (3) the
moving platform cannot turn around axis R,R; .,
namely, §.=0.

As shown in Fig. 1, define point M as the
intersection of line B,R, and B;B;, and draw
lines A\M, A;M, A/B,, A;B,, and OM.
obvious that A;A;B;B;, forms a plane four bar

It is

mechanism. Since line R,M is perpendicular to
plane AA;B;B,, both AMA,B, and AMA,B,
are right-angled triangles. Thus, the following e-

quations can be obtained

cosf. sind, sind, — sind. cosl,

sind. sind, sinf, + cosf.cosd,

Fig.2 Schematic of tripod platform parameters

3  Description of the Orientation of
Moving Platform

Position and orientation of the moving plat-
form of tripod machine tools can be described by
moving the coordinates system {0, } relative to the
base coordinates system {O}. Commonly, there
are two ways to describe the orientation of the
moving platform: FEuler angle or RPY angle.
Here, we describe the orientation of the moving

platform using RPY angle. Hence, the transfor-

mation matrix from{O; } to{O}is

cosf. sind, cosl, + sind. sind,
sinf. sinf, cosf, — cosd. sind,

cosf, cosf,

MA, « MB, =0 (D
MA, « MB, =0 (2

According to definitions in Table 1, we have
R.,B;=d, and R.M = d,.
Eqgs. (1,2) and then add the two results in the

Substitute them into

following equation
sinf. cosf, =0 3)
Due to the structural constraint, §, € (—90°,
90°). Hence, cosf,#0. From Eq. (3), the fol-
lowing equation can be obtained
sinf, =0 (4)
By adding Eq. (1) and Eq. (2), 0, can be

obtained as

J@y = 2arctan(d, /Z“] ) Zo, = d,
— _ 2 2 _J2
lﬁy = Zarctan|__ v ZU'_:;{'T”' 2 2To, F d,
Zo, 2
(5)
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In Fig. 1, because B, B; //AA; and A/ A; |
OA,, thus B,B, | OA,. Since B,B; | MOA,B,
and B, B; | A,B,, the following equation can be
obtained

BiB, « A.B, =0 (6)

Substitute the geometrical structure, posi-

tion, and orientation parameters into Eq. (6), 4,

can be expressed as

.y()l ) N
(yo, = b)sinf, + 2o, cost,

0, = *arctan(

Therefore, the three constraint equations in
the parallel part are Eqs. (3,5,7).

In the series part of tripod machine tools, the
description of motions can be expressed by angles

0, and 05 of the two rotary shafts S, and S;.

3 Kinematics Model

3.1 Backward kinematics model the tripod ma-

chine tool

The backward kinematics model of tripod
machine tools is used to calculate lengths /; (i=1,
2,3) of the three legs and angles 4, and 8; of the
two rotary shafts, on the condition that the tool

cosgcosfcosy — sinasiny
T, = |sinacosfcosy + cosasiny

— sinflcosy

In{O,} , the vector O, 0, can be expressed as

()1()_)2()2K1+K1K2 +K1K3+K;()1 (8)

After coordinate transformation, in {O,},

pose in {O} is known.
3. 1.1 Backward kinematics model of parallel
part

The backward kinematics model of the paral-
lelpart is used to calculate lengths /,(i=1,2,3) of
the 3 legs with the knowledge of the tool pose in
{O}.

steps as follows.

This calculation can be achieved in two

(1) Calculating the position coordinates of
the moving platform

As shown in Fig. 3, another moving coordi-
nates system {O,} is defined, which is fixed on
the series part of the tripod machine tool, with
the tool center point as the origin O, , the tool ax-

., —
is O, K, as Z,-axis, and K, K, as Y,-axis.

In {O} ., assume that the position and orien-
tation coordinates of the tool are described as
(xsys25a53,7) s where x,y,z are the position co-
ordinates of the tool center point, and «,8,7 are
Euler angle orientation coordinates of the tool.
The transformation matrix of Euler angles can be

written as T, =T(Z,0) T(Y.® T(Z,7), namely

— cosacosPsiny — singcosy  cosesing
— singcos@siny + cosacosy  sinesingf
sin@siny cosf3
there is
-
Ol :Tsm ° ()1()2 +Oz
Namely

Zo, x—t1 (syla + sas BEy) + (t; + ¢ » $05) (Gly — sasBsy) + safB(ts + ¢« {P5)
y()] - y+t1(.V'}/.§a_§(1.\'ﬁ§y>_(l‘g "7(” s@;)(\a§7+§a\ﬁsy)+§a§ﬁ(tgJrc° C@a) (9)
. 2+ Bty o W)+ sygBt, + ¢« s05) + 1 EREY

~()1

where s denotes the trigonometric function cos,
and ¢ the trigonometric function sin.

In {O}, when the position coordinates (x¢, »
Yo, +%0, Yof the origin O, are known, the orienta-
tions 6,,0,, 0. of {O;} can be calculated from
Eqgs. (3,5, 7.

(2) Calculating the lengths of three the legs

According to the definition in Table 1, the
position coordinates of the joints A; (:=1,2,3)
are A, =[0 —a, 0]",A,=[0 a, 0]",A,=

[b 0 0]" in {O}, respectively. The position

Fig. 3 Schematic of serial structure for analysis

coordinates of joints B; (i=1,2,3 ) are B, =
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[_dz O
B/sz I:dl

d]', B ,=[—d, —c, d]" and
0 d]"in {O,} s respectively.
After coordinate transformation, the position
coordinates of joint are expressed as
B.=T-B,+0, i=1,2.3
Thus, the lengths of the three legs are
li= 1A —B, 1=1,2,3 (10)

3.1.2 Backward kinematics model of the series
part

The backward kinematics model of the series
part is used to calculate angles 8, and 0; of the two
rotary shafts with knowledge of the tool pose in
{O}.

In {O,} . the orientation coordinates of the
rotary shaft can be expressed as

ni =[cos; O sind5 "

After coordinate transformation of n?, in
{O}, the orientation coordinates of shaft S, are
expressed as

n, =T,.n} an
In the same way, in {O,}, the orientation co-
ordinates of the rotary shaft S, is expressed as
nj=1[0 0 1]T

After coordinate transformation of n}, in
{O}, the orientation coordinates of rotary shaft
S, are expressed as
cosf,cosl, |

a2
Since Eq. (11) is equal to Eq. (12), by using

n, =Tn} = [sinf,cosf, — sind,

Eqgs. (5, 7, 9), trigonometric equations for ¢,

can be created. An explicit solution to the equa-

tions is difficult to obtain, but the equations can

be solved using a numerical iteration algorithm.
Define the orientation coordinates of the vec-
e —— 9 —~ . = .

tor O, K, as n* (O,K;) in{O,}. After coordinate

transformation, in {O;}, the vector can be ex-

pressed as n(O,K;)=T 'T,,n* (O,K;). Hence

O, K.
0, =atan {M} (13)

n(O, K;),
3.2 Forward kinematics model of the tripod ma-

chine tool

The forward kinematics model of the tripod
machine tool is used to calculate the position of

the tool center point and orientation of the tool,

on the condition of the lengths /;(i=1,2,3) of
three legs and the angles of two rotary shafts are
known.
3.2.1 Forward kinematics model of the parallel
part

Using knowledge of the lengths of 3-legs to
calculate the position and orientation of the mov-
ing platform is called the forward kinematics
model of the moving platform.

From Egs. (3, 5, 7), one obtains that 4, .,
0, 0. are functions of x » yo » and 2z, . respec-
tively. Therefore, the transformation matrix T is
also a matrix of Z0, s Yo, sand 20, - With Eq. (10),
equations for three unknown ¢ ,yo, +20, can be
created. The results of the equations are difficult
to calculate, but a numerical iteration algorithm
can be used to solve them.

After the positions 20, » Yo, » R0, of the mov-
ing platform are solved, the orientation 0, .40, .0.
of the moving platform can be determined using
Egs. (3, 5, 7).
3.2.2 Forward kinematics model of the series
part

The forward kinematics model of the series
part involves calculation of the position and orien-
tation of the tool on the condition of knowing the
position and orientation coordinates of the moving
platform and angles 0, and 0; of the two rotary
shafts.

In Fig. 3, the matrix transforming {0, } into
{O,} is

—cosf;cosf, sind, sind;cosl,
T, = | — cosfs;sinf, cosf, sinfssind,
sinds 0 cosOs
Hence, in {O}, the tool center point O, is
0, =0, +

TT,, [t; +cecoss —t, —cesinfs —1; |7

(14)
The orientation coordinates of the vector
0, K, are

The Euler angle orientation of the tool can be

written as

0,K,)),
aatan{w} (16)

n(0,K,).
B=acos[n(O,K,). ] an

Angle y is not important to the machining.
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Commonly, y= —a.

4 Identification Approach of Tripod

the measurement errors in six DOF.
Using Taylor’s expansion and removing the

high order terms, the following equations are ob-

Machine Tools tained
4.1 Parameter error analysis and parameter iden- f(@+A0,L) — f(0,L) ~ (7][(7077L1)A61 +
tification L) ) F (o ;(91)
(¢ s Lo S s
Assume that 8= [0, 0, 01, |" denotes the a0, Ay A 0., Abr:
12 nominal geometrical structure parameters of SO+ AL — F(8.L) ~ ﬁf(f,Lg)Agl +
tripod machine tools. When moving the machine 90,
tools from pOSitiOn Pl :[«Tl V1 21 ‘81 71]]— to po- W(:TQLZ)Agg + ot + W;?;i’PﬁAgw
sition Py =[a2 y» 22 a2 B 721"+ we can determine Hence ) v
the lengths of the three legs and angles 6§, and 6; -
_Jf@6.L) af(@,L,)
from the feedback of the servo motors, which Ae= 0, Ad + 20, Ay e
change frOm L1 - [111 121 131 (9.11 (951] to Lz - [Z]g 122 MA& o [MA@ + MA@ +
12 1 2
ls» 0, 05, ]. Therefore, the nominal discrepancy d01, a0, a0,
between P, and P, is - W%‘;%LZ)A(%] _ [ﬁf(jﬂg,Ll) - 9]‘(70@,Lz)]A6l 4
AP=P, —P,=f(0.L) — f(.L,) (18) o - -
o F8,Lo—1 o af(0,L,) 3/(0,L,) af0.L)
Taking advantage of the measuring instru- 20, 20, AGy + -+ 90,
ments, we can obtain the actual discrepancy AP af(o’Lﬁ}A@ 1)
AP =P, —P,=f(0+ A0.L) — f(§+ AB.L.) 96, -
(19) Namely
where P, is the actual pose of P, and P, the actu- Ae = [af (700’1‘1) _ (806’1‘2) .
I pose of P,. AG= ,+ A0 " s the vec- e :
al pose of Po AG= LAG Ay M I s the vees 5 a1y 5p(puL) af(8.L)  2£(8:Ly)
tor of 12 structure parameter errors. 20, B 20, 90, °
Thus, the difference between AP and AP is AG,
Ae=AP — AP=f(0+ A0.L,) — f(0+ A0.L,) — A,
K =JA0 22)
(f(@,L,) — f(0,L,)) =(f(6+ A0,L,) — :
f@O,L,)) — (f(@+ AB.L,) — f(0,L,)) (20) Ay,
where Ae= [Ae, Ae, Ae. Ae, Aey Ae, ] " represents Eq. (22) can be expanded as follows
kafx (09L1) 7(7][1 (07L2) ﬁf,(O,Ll) 7(7](‘1 (B’Lz) oo af‘ (07L1) 7(’)][; (09L2>7
0, a0, a0, a0, d0,, 90,
— — afy(O!Ll) 7(7/‘;;(09[12) afy(o!Ll) 7afy(07LZ) ee (7_/;(07141) 7(7fy(07L2)
Ae, 0, 0, 0, 0, 2 01
Aey 9f.(0.L) 3f.(8.L) 3f.(0.L) 3f.(0.L) _ 3f.(0.L) af.(9.L) | |A0
Ae. o 90, d0 a0, a0, 012 b, AV (23)
Afa 9]‘;(0,141) 7(7][&(0’142) afa(07141) 7(7](‘0,(09[42) e afn(09Ll) 73][&(0’[13) M
Ae, d0, d0, 90, a0, 901, 901, Ay,
Ae d/,(0.L) 9f;(0.L,) 9f;(0.L,) If;(0.L,)  9f;(0.L) 3f;(0.L;)
o 90, 20, 20 0, 012 0,
a/,@.L,) J/,(@.L,) J/,@.L) I/, (0.L,) I/, (0.L) I/,(0.L,)
a0, 0, a0, a0, 01, 01,

After transformation, Eq. (8) can be writ-

ten as
A =J " Ae 240
From Eq. (24), we know that each item of

matrix J is the effect of a geometrical parameter

error on the output of the tripod machine tool,
namely, the sensitivity of parameter error with
respect to the output error. Therefore, if we can
obtain the error sensitivity matrix J and measure

the error data, we can identify the geometrical
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structure parameter errors of tripod machine

tools.

4.2 Error sensitive matrix calculation and identi-

fication of the tripod machine tool

Since the closed form solution of the forward
kinematics model cannot be obtained, it is very
difficult to directly construct the error sensitivity
matrix J using partial differential. In practice, we
can displace each partial differential in J using the
forward difference operator as follows

a/.(8.L)

a0 2~ (010,520,150, + 1.0,01 4

""(912 aL])*f(B’Iq) (25)

We certainly also can use the center differ-

ence, backward difference, or small step differ-
ence instead of the forward difference.

Table 2 is the calculated results of the pa-
rameters listed in Table 1, with a =1 mm step
center difference operator, at the location
(100,200,—2 100,20,30). Table 3 is the calcu-
lated results with a 1 mm step forward differ-
ence. Table 4 is the calculated result with a
+0.1 mm step center difference. Since the di-
mensions of tripod machine tools are much larger
than the difference step (see Table 5), the differ-
ence of between Tables 2, 3 and 4 is only with in
the range of 0.1 pym. Therefore, a 1 mm step can

satisfy the needs of the machining and the robot.

Table 2 Results of central difference with a =1 mm step

Parameter 0 a b c d, ds T, T, d T, c
Ax/ A0 —0.6359 0.9225 0.484 0 —0.9948 0.004 8 0.754 2 —0.4698 0.0230 0.4547 0.888 2
Ay/ A0 —0.688 0 0.0021 0.5236 —0.0021 —0.0021 0.4320 —0.1710 0.0951 0.8855 0.454 7
Az/ A0 0.107 2 0.044 2 —0.0815 —0.047 7 —0.024 5 —0.494 4 —0.866 0 —0.9952 0.0951 0.064 0
Aa/ A0 0.020 0 0.0134 —0.0152 —0.0146 —0.014 6 0 0 0 0 0
A,B/A@ 0.0226 —0.0239 —0.0172 0.0258 0.025 8 0 0 0 0 0

Table 3 Results of the forward difference with a 1 mm step

Parameter 0 a, b 1 d, d2 r [ d t ¢
Ax/ A0 —0.636 0 0.922 3 0.4834 —0.9936 0.0060 0.754 2 —0.4698 0.0230 0.4547 0.888 2
Ay/ A0 —0.688 1 0.0021 0.5230 —0.0021 —0.0021 0.4320 —0.1710 0.0951 0.8855 0.4547
Az/ A 0.107 4 0.044 4 —0.0813 —0.0474 —0.024 7 —0.4944 —0.866 0 —0.9952 0.0951 0.0640
Aa/ A0 0.020 0 0.0135 —0.0152 —0.0146 —0.014 6 0 0 0 0 0
AB/AG 0.0226 —0.0239 —0.0172 0.0257 0.02577 0 0 0 0 0

Table 4 Results of the central difference with a =0. 1 mm step

Parameter 4 a, b 1 d; ds r [ d t ¢
Ax/ N0 —0.6359 0.9225 0.484 0 —0.994 8 0.004 8 0.754 2 —0.4698 0.0230 0.4547 0.888 2
Ay/ NG —0.6880 0.002 1 0.5236 —0.0021 —0.0021 0.4320 —0.1710 0.0951 0.8855 0.454 7
Az/ A0 0.107 2 0.044 2 —0.0815 —0.047 7 —0.024 5 —0.494 4 —0.866 0 —0.9952 0.0951 0.0640
Aa/ NG 0.020 0 0.0134 —0.0152 —0.0146 —0.014 6 0 0 0 0 0
AB/AG 0.0226 —0.0239 —0.017 2 0.0258 0.025 80 0 0 0 0 0

In a measurement, the data in Ae are proba- Ae, Ji
bly not sufficient to identify 12 structural parame- Ae, J,
ters. To obtain better results, it is necessary to : - : ~o
measure more data in different directions and dif- Ae, J.

ferent spatial locations. We can establish a series
of error sensitivity matrices J;.J,,*,J, and its
corresponding measurement errors Ae;, Ae;, ***,

Ae,. As a result, we can establish the equations

To solve the above equations, we establish a
target function: minF= || Ae—JA@ || , and adopt
an optimization method to solve it. Finally, the

geometrical parameter errors of tripod machine
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tools can be obtained with the identification method.

5 Application

To validate the identification method, an ex-

periment was performed on LINKS-EXE700 tri-

pod machine tools, shown in Fig. 4. The ma-
chine tool was made by Harbin Measuring & Cut-
ting Tool Group Co. Ltd. in China. The nominal
geometrical structure parameters of the machine

tool are shown in Table 5.

Table 5 Initial parameter values and correction results of the tripod platform mm
Parameter a a, b 3 d, d> t, t; d ¢ t
Nominal value 620 620 670 195 195 50 120 270 470 50 0

Amendatory value —0.094 1.825 —0.710 —0.332 —2.249

1.459 —0.822 1.177 1.736 0.534 0.367 —1.347

Fig. 4 LINKS-EXE700 tripod machine tool

Before calibration, the error data of the tri-
pod machine tool must be measured. In the meas-
urement process, the following matters must be
addressed .

(1) To avoid only obtaining good accuracy in
the local workspace of the machine tools, meas-
urement data should cover the whole workspace
of tripod machine tools.

(2) If some accuracy of the geometrical
structural parameters can be guaranteed in the
process of manufacturing and installation, other
parameters can be identified. As a result, the
corresponding measurement data and error sensi-
tivity matrix can be reduced.

(3) As known from the identification model,
if a high identification precision of tripod machine
tools is to be demanded, the initial errors of the
mechanism should not be too large. Otherwise,
the identification requires multiple calibrations.

In the experiment, as shown in Fig. 5, we
moved the machine to 20 different distances along
different directions and measured the actual mov-
ing distances of the machine using a laser tracker.
Thus, the error matrix was built with the error
between the measured moving distances and the

specified moving distances. Finally, according to

the equation minF=Ae—JA@, the correct results
were calculated using the least square optimiza-
tion method. The results of the measurement er-
ror, residual error and amendatory error are
shown in Table 6. The amendatory values of geo-

metrical structure parameters are shown in Table 5.

CNC position Laser tracker
P, P, P P P
Reflect o I o ] [l:l

. in T I
mirror L
L 1

L, 2
L,
' Actual position

Fig.5 Measure error data

Table 6  Results of measurement error and residual
error
mm
Data series Measurement  Residual Amendatory
error error
1 —0.27508 0.007 703  —0.282 78
2 0.576 227  —0.186 78 0.763 007
3 0.560 592 0.075 646 0. 484 945
4 0.168 512 0.008 371 0.160 141
—0.366 5 0.186 346  —0.552 84
6 —0.956 89 0.142 164  —1.099 05
7 0.119 681 0.219 224  —0.099 54
8 —0.398 36 0.124 183  —0.522 55
9 0.439 41 —0.000 89  0.440 303
10 0.480 904  —0.236 32 0.717 226
11 —0.426 76 —0.076 11 ~ —0.350 65
12 0.601 641 —0.206 4 0.808 043
13 0.792 223  —0.056 74  0.848 965
14 0.097 527  —0.07099 0.168 514
15 0.384 017  —0.179 56  0.563 575
16 0.887 463  —0.105 67 0.993134
17 0.098 316 0.195 827  —0.097 51
18 0.456 774 0. 000 23 0.456 543
19 0.076 758  4.99X107°  0.076 708
20 —0.474 14 0.207 729  —0.681 87
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Fig. 6 shows the plot of the calibration re-
sults. The measurement error range of the tripod
machine tool is [ —0. 956, 0.792], and the resid-
ual error range is [ —0. 236, 0. 219 ]. The abso-
lute error of the tripod machine tool is reduced

from 1. 74 mm to 0. 44 mm.

—+—Measurement error

LSr -=Amendatory
1.0 i*Residual error
N
5 00
H-05 20
-1.0
-15 ¢t Data series
Fig. 6 Results of measurement error and residual er-

ror

6 Conclusions

Structure and pose description method of tri-
pod machine tools was introduced, and the kine-
matics model was analyzed. An identification
method for the tripod machine tool was presented
and implemented. The proposed method was vali-
dated by an experiment. The following conclu-
sions can be drawn.

(1) The parameter error sensitivity matrix
represents the structure parameter errors with re-
spect to the output error of tripod machine tools.
Taking advantage of the matrix, the parameters
of tripod machine tool can be identified.

(2) Since the partial differential of the kine-
matics model cannot be directly obtained, the er-
ror sensitivity matrix of the tripod machine tool
can be created using a numerical method. To ac-
curately identify the parameters of the tripod ma-
chine tool, a group of error sensitivity matrices
and measurement data are built, and the parame-
ters can be calculated using an optimization meth-
od.

(3) The method can also be used for identif-
ying parameters of other non-linear systems using

an explicit mathematical model.
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