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“Open-loop” tracking interferometer measurement
using rotary axes of a five-axis machine tool

Soichi Ibaraki and Keisuke Tsuboi

Abstract—The tracking interferometer, or the laser tracker,
is a laser interferometer with a steering mechanism to change
the laser beam direction to automatically follow a retroreflector.
Many researchers have studied its application to the multilater-
ation to measure the retroreflector’s three-dimensional position.
This paper shows that the multilateration measurement can be
done by regulating the laser beam toward the command retrore-
flector position, assuming that the machine tool’s positioning
error is reasonably small. The machine’s rotary axes are used to
regulate the laser beam direction. The proposed scheme enables
a user to perform the multilateration measurement by using a
laser interferometer and the machine’s rotary axes only, without
requiring any specialized tracking mechanism. An experiment
is presented to investigate its measurement performance. The
paper’s emphasis is on the assessment of its measurement
uncertainty, introduced by the elimination of automated tracking
mechanism.

I. INTRODUCTION

HE term “volumetric accuracy” of a machine tool is

defined in ISO 230-1 [1] revised in 2012. A Technical
Report (TR) on numerical compensation for machine tool
volumetric errors is now available in ISO/TR 16907 [2]. Such
efforts indicate that more machine tool manufacturers and
users recognize the importance of evaluating the volumetric
accuracy of a machine tool. Many latest commercial CNC
systems have the functionality of numerically compensating
for volumetric errors.

Suppose that the command tool center position (TCP) is
given by p* € R® in the machine coordinate system. Denote
its actual position by p € R>. The three-dimensional (3D)
positioning error, Ap € R?, is defined by Ap(p*) = p — p*.
The assessment of a machine tool’s volumetric accuracy
requires the measurement of Ap(p*) at arbitrary p* in the
machine’s workspace.

This is a difficult metrological problem. The volumetric ac-
curacy is typically assessed through the measurement of each
geometric error of individual axis (“indirect measurement”).
The references [3], [4] present a good review of conventional
indirect volumetric accuracy measurement schemes. A track-
ing interferometer (the term in [1]), or the laser tracker, is
recognized as only commercially available instrument capable
of directly measuring the 3D TCP position at an arbitrary
location within its workspace. It is a laser interferometer with
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a steering mechanism to change the laser beam direction to
automatically follow a retroreflector. Lau et al. first reported
this instrument in the mid-1980s [5]. In today’s market, many
commercial products are available with a wide range of
industrial applications, as reviewed in [6]. Many commercial
tracking interferometers measure the retroreflector’s position
from the distance to it and the direction of the laser beam.
Since its angular measurement uncertainty directly contributes
to the measurement uncertainty, it is typically difficult to
ensure the measurement accuracy high enough to evaluate
machine tools.

On the other hand, the multilateration measurement (the
term in [1]) estimates the retroreflector’s 3D position by the
distances from typically four or more tracking interferometers
(see Fig. 1). Since it does not use the angular orientation of
the laser beam in its calculation, its measurement uncertainty
is typically lower. Its application to the error calibration of
a machine tool or a coordinate measuring machine (CMM)
has been long studied [7], [8], [9]. Its commercial product is
available (Etalon [10], [11]).

When a machine tool is measured, the retroreflector’s com-
mand position in the machine coordinate system is given.
The distance from the laser interferometer to the retroreflector
can be measured by regulating the laser beam toward the
command retroreflector position. The machine’s positioning
error only imposes the “cosine error” on the laser length.
When it is sufficiently small, the multilateration measurement
can be done without the automated tracking mechanism, i.e.
a photodiode and a feedback control system for laser beam
direction. In Refs. [12] (2D version) and [13] (3D version), a
part of the authors referred this concept to as the “open-loop”
tracking interferometer and presented its prototype.

In our previous works [12], [13], the prototype “open-
loop” tracking interferometer had two numerically-controlled
rotary drives to regulate the laser beam direction to the given
command position of the retroreflector. By further extending
this concept, this paper presents the implementation of the
“open-loop” tracking interferometer by using rotary axes of
a five-axis machine tool. When the machine tool has two
rotary axes, the multilateration measurement can be performed
by using a laser interferometer only, requiring any other
specialized instrument. This lower-cost implementation of the
multilateration measurement is a major practical contribution
of this paper. We claim that this could significantly widen
the multilateration measurement’s application in the machine
tool industry. For example, potentially, the present multilat-
eration measurement can be performed by a machine tool
builder along with a conventional linear positioning error test
using a laser interferometer, without requiring an expensive
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Fig. 1. Multilateration measurement setup [9].

tracking interferometer. To investigate the validity of the
present scheme compared to conventional automated tracking
interferometers, the paper’s emphasis will be on the evaluation
of its measurement uncertainty introduced by the elimination
of automated tracking mechanism.

1I. PROPOSED MEASUREMENT SCHEME

A. Review: conventional tracking interferometer and multilat-
eration algorithm

A conventional “automated” tracking interferometer has a
mechanism to regulate the laser beam direction to follow the
retroreflector. Its typical mechanism is illustrated in Fig. 2. The
laser beam direction is controlled so that the laser spot position
on the quadrant photo-diode is regulated at the reference point.

Suppose that the retroreflector is positioned at the ¢-th
command position, p; € R3 (3 = 1,---,N). The tracking
interferometer’s rotation center is located at P} € R (j =
1,---,N;) (see Fig. 1). The objective of the multilateration
measurement is to estimate the retroreflector position, p; € R,
from the laser displacement, AL;; € R. This problem differs
from the classical trilateration in that 1) the exact position
of each tracking interferometer is not known, and 2) only the
relative distance from the initial position can be measured by a
laser interferometer. A self-calibration approach to solve this
problem has been well developed [10], [9]. This subsection
only briefly reviews it.

The problem can be written as the following minimization

problem:
min > (fij(z) — ALy)? (D
i=1---N;,j=1---N;
where:
fij(@) = |lpi — Pjl| — Lo, @)

Lo; € R represents the dead path length in the measurement
by the j-th tracking interferometer [10]. z € R3*T4Ni repre-
sents a set of unknown parameters to be identified, containing:
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The coordinate system can be set up arbitrarily, and to-
tal six parameters in xz can be constrained according to
the coordinate system setup (see [9]). For 3N; + 4N; — 6
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Fig. 2. Typical tracking mechanism in conventional “automated” tracking
interferometer [13].
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unknown parameters, the number of laser measurements is

N; - Nj. Therefore, when N; > 413[_]'__36, the number of
J

measurements exceeds the number of unknown parameters.

p3N;+4N; N;-N;
Define f = {fij},yun, joron, RV o RY

and AL := {ALi;},_, j=1on; € RY:Ni An iterative
- 75— J
linearization-based approach is typically used to locally solve

the problem (1):

1
B4 = 300 4 (AT 4®) T ABT (AL - j(3W)) @

where
AW = G| s (5)

B. Proposed scheme: principle

As is illustrated in Fig. 3, the instrument’s angular po-
sitioning error only impose the “cosine error” on the laser
displacement. In the multilateration principle, therefore, the
laser beam’s orientation error does not impose significant con-
tribution on the measurement uncertainty. In the application to
machine tool calibration, the retroreflector’s command position
in the machine coordinate system is given. It is, furthermore,
reasonable to assume that the machine’s positioning error
is sufficiently small to make its “cosine error” negligibly
small. In such a condition, the multilateration measurement
can be done by regulating the laser beam toward the com-
mand retroreflector position, requiring no automated tracking
mechanism. In this paper, this scheme is called the “open-
loop” tracking interferometer; “open-loop” in the sense that the
retroreflector’s actual position is not fed back to the control of
laser beam direction (unlike the automated tracking in Fig. 2).
It must be emphasized that the paper does not assume that the
machine’s positioning error is negligibly small. The machine’s
positioning error is assumed to be smaller than some certain
level, such that this “cosine error” in laser lengths is negligibly
small. Section IV will present the uncertainty analysis to show
that this influence is not significant on “typical” commercial
machine tools.

This paper considers a five-axis machine tool with two
rotary axes in the tool side shown in Fig. 4 a). Its axis
designation [14] is [w X> b Z Y C A (O) t]. A laser
interferometer is attached on the spindle’s face plate such
that the laser beam is approximately on the spindle axis of
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Fig. 3. The influence of the orientation error of the laser beam on the laser
displacement (“cosine error”) [12].

rotation. A retroreflector is attached to the work table. A cat’s
eye retroreflector is typically used. A cat’s eye retroreflector is
a spherical glass of sufficiently high geometric accuracy with
its hemispheric surface coated by the total-reflection metal-
film deposition [15].

The following assumptions are made:

1) In the machine coordinate system, the retroreflector’s
center position, P} € REG =1, , N;), is roughly
known.

2) When A = 0°, the laser beam is approximately parallel
to the machine’s Z-axis. When C' = 0° and A = 90°,
the laser beam is approximately parallel to the machine’s
Y-axis.

The nominal intersection of A- to C-axis centerline is referred
to as the spindle’s reference point in this paper. Its i-th
command position, p; € R G =1,---,Ny), is given in the
machine coordinate system. The origin of the machine coor-
dinate system is set at an arbitrary position in the workspace.
Then, the laser beam is directed to the j-th retroreflector’s
center, PF, by regulating A- and C-axis angular positions as
follows:

o (B -
” 177 =il

(PO -5
;@) pi(2)

Figure 4 illustrates the proposed measurement scheme.
When the spindle’s reference point is commanded at an
arbitrary (X, Y, Z) position, A- and C-axes are regulated
such that the laser beam is oriented to the retroreflector.
When the retroreflector is fixed at P}, a set of the spindle’s
command positions, p; (¢ = 1,---,N;), is measured. To
perform the multilateration measurement shown in Fig. 1,
the laser displacement must be measured from at least four
different retroreflector positions, P (j =1,---, N;).

CL* —1

(6)

_— _
¢;; = tan

C. Initial estimation of zero angular positions and retrorefec-
tor position

The following procedure is performed to meet the assump-
tions 1) and 2) in Section II-B:
(1) Adjustment of zero angular position of rotary axes

At C' = 0°, the A-axis zero angular position is set so that the
laser beam is aligned parallel to the machine’s Z-axis reference

straight line. This alignment can be done by searching for
the A-axis angular position to minimize the measured laser
displacement, when the retroreflector is moved to the Y- or
X-direction by a small distance (see Fig. 5). Similarly, at
A = 90°, the C-axis zero angular position is searched so
that the laser beam is aligned parallel to the machine’s Y-
axis reference straight line.
(2) Initial estimation of retroreflector position

The 3D position of the retroreflector in the machine coor-
dinate system is estimated as follows: position the spindle’s
reference point at each vertex of the workspace. Denote
this command position in the machine coordinate system by
pfe R (i=1,---,N;). Then, manually find the A- and C-
axis angular positions, denoted by a;, ¢; € R, where the laser
beam is reflected by the retroreflector and reaches the detector
(see Fig. 6). The unit direction vector to represent the laser
beam direction is given by:

v; = [ —sina; cosc; sina;cosc; — cosc; ] (7)

The retroreflector’s position, P € RB, can be estimated by
solving the following minimization problem:

N;
mFi)nZ llesll ®)
i=1
€; = p;c—P—Fti'Ui
t; = vi-(P—pj)

Notice that ||e;|| represents the distance from P to the line
representing the laser beam.

Clearly, there are many potential uncertainties in (1) and
(2): a) Rotary axis location errors. For example, when there
exists the squareness error between the A- and Z-axis average
lines, it may not be possible to perfectly align the laser beam
to the Z-axis, no matter how the A-axis angular position is
adjusted. b) The machine’s actual position always has some
error from its command position, p;. c) The laser beam may
not be accurately directed to the center of the retroreflector.

The operations above only give initial estimates needed
for the command generation in Eq. (6). Of course, when the
error in (1) and (2) is very large, the laser beam would not
be directed to the retroreflector’s center by Eq. (6) and the
tracking measurement would fail. When it is within a “typical”
level, however, its influence would not be significant, since it
only gives the “cosine error” on the laser beam length. The
influence of the adjustment errors in (1) and (2) on the overall
uncertainty will be quantitatively analyzed in Section IV.

D. Algorithm to estimate retroreflector positions

The algorithm’s objective is to assess error motions of X-,
Y-, and Z-axes by calculating actual positions of the spindle’s
reference point, p; (¢ = 1 ~ N;). It does not assess error
motions of two rotary axes. As will be studied in Section IV,
a part of rotary axis location errors, as well as their radial
error motions, can be a major uncertainty contributor for the
proposed scheme.

For the j-th retroreflector position, when the spindle’s
reference point is positioned at the i-th command position,
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Fig. 4. Proposed tracking operations at various spindle positions. The two rotary axes, A- and C-axes, are regulated such that the laser beam is oriented to
the cat’s eye retroreflector. a) Machine configuration and test setup. b) Both A- and C-axes are regulated to direct the laser beam to the retroreflector. For
each spindle position, at least four laser displacements must be measured for different retroreflector positions (see Fig. 1).

Fig. 5. Adjustment of zero angular position of A-axis. When X- and Y-axes
are moved by a small distance, the A-axis angular position is aligned such
that the measured laser displacement is minimized.

p; (1 = 1 ~ N;), the laser beam is directed to the direc-
tion (ajj,cj;), given in Eq. (6), and the laser displacement,
AL;; € R, is measured. This is repeated with different
retroreflector positions (j = 1 ~ N;, N; > 4). The algorithm
to estimate actual positions of spindle’s reference point, p;
(i = 1 ~ N;), is exactly the same as the one reviewed in
Section II-A (Eq. (1)).

The original contribution of this paper is on the implemen-
tation of the tracking interferometer measurement using the
machine tool’s rotary axes. The uncertainty analysis to be
presented in Section IV will clarify the conditions that the
machine tool, the measuring instrument, and the setup must
meet, such that the influence of this “open-loop” tracking to
the overall uncertainty is sufficiently low.

Fig. 6. Initial estimation of retroreflector position. For at least three different
machine positions (X, Y, Z), the A- and C-axis angular positions are manually
searched such that the laser beam is reflected by the retroreflector and reaches
the detector.

III. EXPERIMENT
A. Experimental setup

The machine configuration is shown in Fig. 4. A laser
interferometer is attached to the machine’s spindle face plate
by using the fixture shown in Fig. 7. Three screw-driven
adjustment stages are used to minutely move the laser interfer-
ometer in X- and Y-directions, and to rotate around the Y-axis
(notice that the laser beam direction around the X-axis can
be adjusted by using the machine’s A-axis). The laser beam
direction was roughly adjusted to the spindle axis of rotation
by using these adjustment stages. Major specifications of the
laser interferometer and the cat’s eye retroreflector are shown
respectively in Tables I and II. Figure 8 shows the experimental
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Fig. 7. A fixture to attach a laser interferometer to the machine’s spindle face
plate.

TABLE I
MAJOR SPECIFICATIONS OF THE LASER INTERFEROMETER (DISTAX
L-TH-302A BY TokYyO SEMITSU CO., LTD.).

Laser He-Ne laser (vacuum wavelength 633.0 nm)
Measurement range 10 m

Measurement resolution A/64 (=~ 0.01pm)

Maximum response speed | 630 sec— T

Measurement uncertainty | +(|L] x 10=7 + 0.005 x 10~ %) m

where L is the measurement length.

setup.

Figure 9 shows the retroreflector positions (Positions a
to d) and the command trajectory of spindle’s reference
point. Each retroreflector position was estimated by the pro-
cedure in Section II-C(2) as shown in Table III. The spin-
dle’s reference point is positioned at total 64 points within
X800xY800xZ800 mm. At every 100 mm, the machine was
stopped for 3 sec and the laser displacement was measured.
The command angular positions of A- and C-axes are calcu-
lated by Eq. (6) at every 0.1 mm such that the laser beam
continuously reaches the retroreflector along the command
trajectory.

B. Experimental result

Figure 10 shows spindle reference positions estimated by
solving Eq. (1). An error of the estimate from its command
position is magnified 1,000 times (“Error scale”). Figure 11
shows its projection onto (a) the XY plane, and (b) onto the
ZX plane.

Comparison with other direct measurements: For the
comparison, the linear positioning deviation of the Y-axis,
FEyy, was directly measured by using a laser interferometer.
Figure 12 shows its comparison. The maximum difference
between measured and estimated linear positioning deviations
was about 8 ym (at Y700 mm) over 800 mm. This difference
is within the uncertainty analyzed in Section IV and thus the
uncertainty in the proposed scheme can be a major cause
for the difference. It is, however, difficult to find a clear
cause for this difference. The direct measurement of Eyy
by a laser interferometer is also subject to the measurement
uncertainty. The direct measurement of FEyy was done a
couple of hours after the tracking tests and there can have

TABLE II
MAJOR SPECIFICATIONS OF THE CAT’S EYE RETROREFLECTOR (BY

ETALON AG).
Viewing angle +80°
Optical form deviation® | < 0.2um
(circularity)

T calibrated by the manufacturer.

Cat’s eye retroreflector

g

Laser interferometer

Fig. 8. Experimental setup.

been some change in the machine’s volumetric error due to e.g.
thermal influence. It should be also noted that the estimates
are calculated at (X,Z) = (0,—800). On the other hand,
the direct measurement by a laser interferometer was done
at (X, Z) = (394.5,—910.8) mm, due to some difficulty in
the experiment to put the interferometer at the same position
as the estimates. These influences may cause the difference
observed in Fig. 12.

For further comparison, squareness errors were measured
using a square and a linear displacement sensor, as shown
in Table IV. The squareness errors are taken for comparison,
since this machine had relatively large squareness errors, as
can be observed in Fig. 10. While E¢(x)y (the squareness
error of Y- to X-axis) and Eg(gy)z (Z- to Y-axis) show a
good match, Epox)z (Z- to X-axis) shows larger difference.
This is partly because the estimated squareness was calculated
from two points in the Z-direction, unlike X- and Y-directions
where 10 points were taken (see Fig. 9).

IV. UNCERTAINTY ANALYSIS
A. Objective of uncertainty analysis

The proposed “open-loop” tracking procedure has uncer-
tainty contributors that are in principle negligible in conven-
tional automated tracking interferometers. For example, when
the machine tool’s positioning error is extremely large, the
laser beam orientation error to the retroreflector center would
naturally increase, which may cause significant “cosine error”
(see Fig. 3). In conventional tracking interferometers with an
automated tracking mechanism (Fig. 2), this contribution can
be negligibly small, when the tracking accuracy is sufficiently
high.

To validate the proposed scheme, it is particularly important
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TABLE III
ESTIMATED CAT’S EYE RETROREFLECTOR POSITIONS.

Retroreflector | (X, Y, Z) (mm)
Position a (80.8, -1093.6, -790.8)
Position b (731.3, -1071.4, -602.5)
Position ¢ (67.4, 217.2, -640.3)
Position d (718.5, 244.3, -792.4)

to show that the uncertainty contributors, existing only in the
“open-loop” tracking measurement, do not impose significant
influence on the overall measurement uncertainty, when the
machine tool, as well as the measuring instrument and its
setup, has “typical” accuracy. The present uncertainty analysis
is essential to clarify the conditions that the machine tool,
the measuring instrument, and the setup must meet. The
uncertainty analysis presented in this section is analogous to
the ones presented in the authors’ previous works [12], [13].
In [12], [13], a specialized measuring instrument was designed
to perform the “open-loop” tracking measurement, and its
uncertainty was analyzed.

B. Uncertainty budget for laser displacements

Table V shows the extended uncertainty, U(k = 2), of the
laser displacement when the retroreflector is at Position a,
and the spindle reference point is at (X, Y, Z)=(0, 0, 800) in
Fig. 9. The uncertainty significantly depends on their positions.
Table V just shows the analysis for a single spindle position
as an example to illustrate each contributor’s influence. “Type
A” uncertainties are assessed by actually measuring the ex-
perimental instrument. “Type B” uncertainties are assessed by
using the instrument’s catalog or specifications.

The following contributors can be in principle negligible in
the conventional automated trackers, but inherently exist in the
proposed “open-loop” tracking interferometers:

o Uncertainty in the laser beam direction due to the ma-
chine’s positioning error from the command position.
(414, ug04): As discussed in Section IV-A, the uncer-
tainty in the laser beam orientation (u4) can be negligibly

>

Error scale:

200 urV

Fig. 10. Estimated spindle reference point positions by the proposed scheme
(in 3 view). The error between estimated and command positions is magnified
1,000 times (see “Error scale”).

TABLE IV
MEASURED AND ESTIMATED SQUARENESS ERRORS.

X-Y 7Y X-Z

Ecox)yy | Faovyz | EBoz)x
Direct measurement -40pm +3um +59um
by using a square /800mm /800mm | /800mm
Estimated by -41pm +16pm +94m
the proposed scheme | /800mm /800mm | /800mm

small in the conventional “automated” tracking interfer-
ometer. In the proposed scheme, the laser beam is never
directed exactly to the retroreflector’s center, since the
exact position of the spindle reference point is unknown
due to the machine’s 3D positioning error. The machine’s
3D positioning error is modelled as a normally-distributed
random number of the standard deviation assessed based
on the estimated volumetric error in Fig. 10. According
to w414 and wuyo4 in Table V, its influence on the laser
displacement is the “cosine error” and negligible in this
setup.

o Uncertainty in initial estimation of the zero angular posi-
tion of rotary axes and the retroreflector position. (u411,
U413, U421, Ugo3): When the zero angular position of
rotary axes, adjusted by the procedure in Section II-C(1),
has a significant error, it also causes the laser beam
direction error (see Eq. (6)). This error can be caused by
the measurement uncertainty in the laser displacement
or the squareness error of the machine’s linear axes.
According to w417 and wugo; in Table V, its influence
on the laser displacement is also the “cosine error”
and is negligibly small. The influence of the error in
the retroreflector position, estimated by the procedure



100 .

| Error scale: 100m |
-1001 B
R L Estimated position i
200 (at Z=800)
-3001 B

> -400 Command Tt Estinlated position 1

- (at Z=0)
-500 Lposition il
-6001 B
-7001 g
-8001 O B
-90 1 1 1 1 1
-200 0 200 400 600 800 1000
X
a)
900 .
Error scale: 100um
8001 1 o O B
700p Estimated position 1
600k (at Z=0) i
500+ Estimated position b
(at Z=800)—___

X 4001 o B
300r Command i
2001 position il
100F B

0, -
_10 L L L L L
-200 0 200 400 600 800 1000
z

b)

Fig. 11. The projection of Fig. 10 a) onto the XY plane, and b) onto the ZX
plane.

£

51 5 T

= Measured directly by

310} - interferometer

hel

2

s 5

.‘g

a : ; . _broposed scheme
g 200 400 600 800
= Ymm

Fig. 12. Comparison of the Y-axis linear positioning deviation, Eyy,
measured directly by a laser interferometer and its estimate by the proposed
scheme.

in Section II-C(2), can be assessed similarly (u413 and
U423)-

In Table V, u; represents the uncertainty in the laser inter-
ferometer distance measurement, i.e. the uncertainty in the
wavelength (uq; to u13), as well as the machine’s unrepeatable
positioning error (u14). ue represents the contribution of the
interferometer’s position error in the direction parallel to the
laser beam. Clearly it directly affects the laser beam length.
The error motions in the direction normal to the laser beam
do not contribute on the laser displacement at all (u3).

Contribution by error motions of rotary axes: The radial
error motions of the machine’s rotary axes directly contribute
on wuo, and therefore the laser displacement. Position and
orientation errors of A- and C-axis average lines are param-
eterized by eight location errors (see [1], [3]). Among them,
only the position error of A- to C-axis average line, namely
Ey(0cya, directly influences the laser displacement. Other
location errors, e.g. orientation errors of rotary axis average
lines, only influence w4 and thus its influence on the laser
displacement is minor. The experimental machine tool can
perform an automated test to calibrate and then numerical
compensate for rotary axis location errors by using a touch-
triggered probe and a precision sphere (similar automated tests
can be done in many latest five-axis machines [3]). Linear axis
error motions are one of major uncertainty contributors in such
a test. In Table V, linear axis error motions are assessed in
the same way as in u414 and w404, and then its contribution
on Ey(gcya is assessed in an analogous way as in [19]. uz is
assessed with this influence taken into consideration.

The contributors, wy, ug, U412, Ugeo can be in principle
present also in automated tracking interferometers. The mea-
surement uncertainty of conventional “automated” tracking
interferometers is extensively studied in [16], [17]. Table V
indicates that their contribution is significantly larger. The
present analysis validates that the “open-loop” regulation of
laser beam direction does not significantly contribute on the
uncertainty of the multilateration measurement.

C. Uncertainty in spindle position estimation

Finally, the uncertainty propagation to estimated spindle
positions is calculated by applying the Monte Carlo simula-
tion [18], [19] to the calculation presented in Section II-D.
Figure 13 shows the extended uncertainty (k = 2) in the
estimated spindle positions, p; (i = 1 ~ N;) (the distance
to the command position).

It must be emphasized that the propagation of the uncer-
tainty in laser displacements to the uncertainty in estimated
spindle positions is in principle the same for the conventional
“automated” tracking interferometer.

V. CONCLUSION

Assuming that the machine tool’s positioning error is small
enough to make its influence on the laser displacement suffi-
ciently small (“cosine error”), the multilateration measurement
can be done by regulating the laser beam toward the command
retroreflector position. This paper proposed the application
of the machine’s rotary axes to regulate the laser beam
direction. The proposed scheme enables a user to perform the
multilateration measurement by using a laser interferometer
only, when the machine tool to be measured has two rotary
axes.

Unlike conventional “automated” tracking interferometers,
the proposed scheme potentially has the following uncertainty
contributors. 1) the uncertainty in the laser beam direction
due to the machine’s positioning error from the command
position, and 2) the uncertainty in initial estimation of the zero
angular position of rotary axes and the retroreflector position.



TABLE V
ERROR BUDGET FOR LASER DISPLACEMENT UNCERTAINTY (k = 2) AT THE SPINDLE POSITION (X, Y) = (100, 100) MM AND THE INTERFEROMETER
POSITION A.
Symbol Contributor Contribution in laser Type
displacement uncertainty

U1 Uncertainty in laser length 0.65 pm
Uil Wavelength accuracy 0.02 pum B
w12 | Wavelength correction 0.14 pm B
u13 Environmental change 0.07 pm A
U14 Machine’s Repeatability 0.63 um A

U2 Uncertainty in interferometer position 3.0 pm
in laser direction
U21 Radial error motion of A-axis 2.12 um A
u22 | Radial error motion of C-axis 2.12 pm A

us Uncertainty in interferometer position error ~ 0 pm
in direction normal to laser

n Uncertainty due to laser beam orientation error 0.54pm (calculated from w4 and w427)

uq1 | Uncertainty in laser beam orientation by A-axis 8.02 x 10~ * rad
u411 | Uncertainty in A-axis zero angular position | 0.03 x 10~ 7" rad B
u412 | Angular positioning error of A-axis 0.18 x 10~ * rad A
u413 | Measurement error of retroreflector position | 7.61 x 10~ " rad A
u414 | Uncertainty due to machine tool 0.40 x 10~ * rad A

positioning error

uq2 | Uncertainty in laser beam orientation by C-axis 7.21 x 10~ * rad
1421 | Uncertainty in C-axis zero angular position | 0.04 x 10~ 7" rad B
u422 | Angular positioning error of C-axis 0.18 x 10~ * rad A
u423 | Measurement error of retroreflector position | 6.73 x 10~ " rad A
u424 | Uncertainty due to machine tool 0.34 x 10~ * rad A

t: When the laser beam has directional errors, Aaij around the X-axis and Acij around the Z-axis, the measured laser beam displacement, AL

positioning error

ij» 1s influenced

by LZ’.‘j( 1 — cos Ac;;j cos Aayj (ie. cosine error), where AL;‘j represents the distance from the spindle’s nominal reference point, p;, to the retroreflector’s
position, P;‘. uy4 is calculated from wgq and w42 by using the Monte Carlo simulation applied to this relationship.
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Fig. 13. Assessed uncertainty in estimated target positions propagated from
the uncertainty in laser displacements shown in Tabel V. The color represents [7]
the extended uncertainty (k = 2) of the distance of the estimated target
position to its command position.

(8]
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Radial error motions of rotary axes also directly influence

the measurement uncertainty. The uncertainty analysis showed
that the laser beam’s direction error, caused by the “open-loop”

[10]

regulation, does not impose significant contribution on the

measurement uncertainty, when the machine tool has practical

“normal” accuracy. The experiment showed the performance

° of the proposed scheme to estimate the machine’s 3D positions
° over 800 x 800 x 800 mm workspace.
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