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A framework for a large-scale machine tool
with long coarse linear axes under closed-loop
volumetric error compensation

Soichi Ibaraki, Kohei Yuasa, Naoto Saito, Noriaki Kojima

Abstract—A large-scale machine tool is typically very ineffi-
cient in size, cost, and energy consumption. Some large parts
only have a set of machining features, each of which is within a
small local region, and their location should meet position and
orientation tolerances. In such a machining application, as a more
cost- and energy-effective alternative, this paper presents the
concept of a “portable” machine tool, where a small machining
platform, with the capability to machine each local machining
feature in the required accuracy, is moved by long coarse linear
axes. The coarse axes only perform the point-to-point positioning
to each machining feature and fixed by servo control during the
machining. They do not have sufficient positioning repeatability.
To ensure the position/orientation accuracy of each machining
feature without having highly repeatable coarse axes, this paper
proposes the application of a tracking interferometer to measure
all the error motions of coarse axes, and then to perform their
compensation. This can be seen as a closed-loop feedback control
for coarse axes using the tracking interferometer in the loop.
The proposed concept is demonstrated by the experiments with
its prototype using a six-DOF robot moved by two coarse linear
axes.

I. INTRODUCTION

HERE has been a high demand for large and accurate

parts in recent “high growth” sectors such as aeronautics,
conventional and nuclear power plants, renewable energy
power stations, construction machines, railroad, shipping, and
large science facilities. Uriarte et al. [1] presented a good
review on technological issues with large-scale machine tools.
When the part’s entire geometry is generated by machining
processes (e.g. ribs and spars in an aircraft wing), a large-scale
machine tool is indispensable. Some large parts, on the other
hand, only have a set of machining features, each of which
is within a small local region. For example, an arm part in a
large excavator shown in Fig. 1 is produced by the die casting
and contains a set of local features that must be machined,
such as holes to be drilled or pockets to be end-milled. Their
location should meet given position and orientation tolerances.
For the part shown in Fig. 1, the position tolerance is typically
0.2 to 0.3 mm.
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Fig. 1. An example large part (an arm in a large excavator) containing a set
of local machining features. Dimensions in millimeters.

Conventional machine tools require a workpiece to be
placed inside the machine structure. The size of the complete
machine tool system, including backup and ancillary systems,
is typically much larger than the size of workpieces. As a
result, a large-scale machine tool is generally very inefficient
in cost, size, and energy consumption. As a more cost- and
energy-effective and flexible alternative, the machine design
concept “a small machine for large workpieces” has attracted
more attention lately. The review paper [1] calls such a
machine a “portable” machine tool and devotes one chapter
to its review.

Figure 2 illustrates the concept of a portable machine tool
with a coarse linear axis. Each set of local features, holes or
a pocket in Fig. 2, is machined by the machining platform,
with the coarse axis fixed. Features at different locations are
machined by moving the machining platform by the coarse
axis. Figure 2 depicts a small-sized three-axis machine tool as
the machining platform. It can be, alternatively, an industrial
serial-link robot (see Fig. 3).

Industrial robots used as a portable machine tool are now
commercially available [2], [3]. However, while there are
more commercially successful applications of an industrial
robot to painting, coating, welding, inspection, deburring,
polishing, and so on, there are still fewer applications to
milling operations [2]. Its positioning inaccuracy can be a
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Fig. 2. Concept of a portable machine tool with a coarse linear axis. Each set
of local features, holes and a pocket, is machined by the machining platform.
The coarse axis is not engaged in the machining operation.

critical issue in milling applications. For a robot to have higher
positioning accuracy, the calibration accuracy of its kinematic
parameters, e.g. the length of each link, is crucial. They are
typically estimated by measuring the end effector’s position
for a set of given command positions. This is referred to
as the kinematic calibration of a robot. Its methodologies
have been well developed; a review can be found in [4], [5].
Typically, a contact-type probe is used to measure the robot’s
end effector position with respect to an artefact of the pre-
calibrated geometry (typical test procedures are described in
ISO 9283:1998 [6]). Since the position measurement is done
only at a very limited set of points within the workspace, it
is typically difficult to ensure sufficient positioning accuracy
over the entire workspace. To measure an end effector’s three-
dimensional (3D) position at an arbitrary position in the
workspace, the application of a tracking interferometer (the
term in [7]), or a laser tracker, has been lately reported by
many researchers [8]-[16]. A tracking interferometer is a laser
interferometer with a mechanism to automatically regulate
the laser beam direction to the target retroreflector. Its recent
applications are reviewed in [17].

In many industrial robots used as a portable machine tool, a
coarse axis is not calibrated at all. For example, the Roptalmu
robot [18] is a drilling robot moved on the shop floor by an
automated guided vehicle (AGV). The machining operations
are done when it is fixed to the tooling structure attached to the
workpiece. Therefore, the location of the tooling structure, as
well as the repeatability in clamping the robot, is a dominant
contributor to the position/orientation accuracy of machined
features. Electroimpact’s Flex Track [23] moves a drilling
robot by a flexible guideway attached to a large workpiece.
The robot’s position/orientation is determined by measuring a
set of reference features on the workpiece by a vision-based
sensor. Yang et al. [20] presented a parallel-link legged robot
for drilling operations with a capability to move on the shop

floor. In these works, the reference to determine the robot’s
location is needed for every machining operation.

In some portable robots, a coarse axis is also kinematically
calibrated, and its positioning accuracy is ensured. Electroim-
pact [19] presented a robotic drilling machine with a linear
slide to enable full coverage of the product. The position
error of holes drilled by the robot is reported within +0.25
mm. This relatively high accuracy is achieved by the coarse
axis with the full-closed loop control using a linear encoder.
Faro presented the application of a tracking interferometer to
the kinematic calibration a 30.9 feet long linear axis, which
moves a robot [24]. It should be emphasized that the kinematic
calibration can improve the positioning accuracy of an axis,
only when its positioning is sufficiently repeatable. A long
coarse axis, built with lower cost, often does not have sufficient
repeatability.

A notably unique approach was presented by Wang et
al. [21]. A tracking interferometer measures the robot end ef-
fector’s 3D position, and then its positioning error is cancelled
real-time in a feedback control manner. In this paper, this is
referred to the closed-loop compensation of the 3D positioning
error of a robot. It can reduce the positioning error even when
the machine is not repeatable at all. Uekita et al. [22] presented
an essentially similar real-time compensation for a large-scale
lathe, but it is limited only to the straightness error motion of
a single linear axis.

To apply the closed-loop compensation in [21] to a portable
machine tool, a tracking interferometer needs to continu-
ously measure the end effector’s position during machining
operations. This may not be feasible in practical machining
applications. Cutting fluids or chips may disturb the laser
measurement. The laser beam can be blocked by the machine,
the workpiece or fixtures. The temperature gradient in the
workspace may deteriorate the measurement accuracy. Poten-
tial issues will be further discussed in Section IV.

Unlike [21], this paper does not apply the real-time com-
pensation to the machining platform itself. A key issue in
the configuration shown in Fig. 2 is that the coarse axis
lacks sufficient positioning repeatability. This paper proposes
the application of a tracking interferometer to measure all
the error motions of coarse axes, and then to perform their
compensation by modifying the command position for the
machining platform. This can be seen as a closed-loop com-
pensation (calibration) for coarse axes only, using the tracking
interferometer in the loop. Also, it can be seen as just an
application of the closed-loop compensation in [21] with
discrete time instants. This paper’s main contribution is in the
machine design concept, separating a) the coarse axis under
closed-loop compensation with a tracking interferometer in the
loop, and b) the machining platform of sufficient positioning
repeatability.

In many previous works on robotic machining [25]-[28],
it has been recognized that the major challenge in robotic
machining is lower stiffness of a robotic arm. This issue
is not addressed in this paper at all. This paper only deals
with how to move a machining platform to the commanded
position accurately without the consideration of machining
effect. Section IV will comment on some design issues for the



present concept to be implemented in practical applications.

II. CONCEPT OF A PORTABLE MACHINE TOOL WITH
CLOSED-LOOP CONTROLLED COARSE AXES

A. Machine concept

The proposed large-scale machine tool configuration con-
sists of the following subsystems:

1) A machining platform must be designed such that it
has sufficient workspace, the positioning accuracy, the
repeatability, and the rigidity, etc., required to machine
every machining feature within geometric tolerances.

2) Coarse linear axes move the machine tool to each local
feature. Their workspace must cover the entire work-
piece. They have neither sufficient positioning accuracy
nor repeatability for lower machine cost.

A small-sized machine tool with conventional three orthogonal
linear axes can be employed as the machining platform as
illustrated in Figure 3(a). It can be, alternatively, an industrial
serial-link robot as depicted in Fig. 3(b). It must be emphasized
that the basic concept is not limited to the robotic machining.

Each machining feature is machined by the machining plat-
form with coarse axes fixed. The geometric accuracy of each
machining feature is, therefore, determined by the machining
platform’s error motions. Since it has sufficient positioning
repeatability, off-line volumetric error compensation can be
applied if needed. On the other hand, position and orientation
accuracies of each feature are mostly determined by the
linear positioning error motion, straightness error motions, and
angular error motions of coarse axes (see Fig. 4).

When a linear axis does not have sufficient repeatability,
the full-closed loop control with a linear encoder is typically
applied (see Fig. 5(a)). A linear encoder only measures the
linear positioning error motion, and straightness and angular
error motions cannot be compensated for. When the linear
axis is very long, a linear encoder may not be available. In
this paper, a tracking interferometer is applied to measure the
3D position and orientation of the machining platform.

A tracking interferometer is a laser interferometer with a
mechanism to automatically regulate the laser beam direction
to the target retroreflector. Figure 6 reviews the principle
of 3D position measurement by a tracking interferometer. A
laser interferometer, often an absolute distance measurement
interferometer, measures the distance to the retroreflector, L,
along with the laser beam orientation, 6 and ¢.

The proposed control scheme is illustrated in Fig. 5 (b).
This can be seen as a closed-loop feedback control using the
tracking interferometer in the loop. It should be emphasized
that the compensation for coarse axes is not real-time. The
coarse axes move to the given command position without any
compensation. Then, their position and orientation are mea-
sured by using the tracking interferometer, and are cancelled
by modifying the machining platform’s command trajectory.
Wang et al. in [21] applied a tracking interferometer to the
real-time control of a robot, requiring a tracking interferometer
measuring the end effector’s position all the time in machining
operations. This paper applies it to the compensation for coarse
axes only. This is more feasible in practical applications, since
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Fig. 3. Possible configurations of a large-scale machine tool with a long
coarse linear axis under closed-loop volumetric error compensation. a) With
a small-sized machine tool. b) With a serial-link robot.

the tracking interferometer measurement is performed only
when the machining platform is moved by coarse axes.

This paper targets a machining system with the following
specifications:

o The target volumetric accuracy is within 0.3 mm for X,
Y and Z position deviations and within 0.1 mm/m for
orientation deviations around X, Y and Z axes over the
entire workspace.

o The machining platform has a workspace upto 1 x 1 x 1
m. The coarse axes may have the travel up to 10 m.

This target volumetric accuracy can be achieved in many
commercial large-sized machine tools. The objective of this
paper is to present a compensation scheme for coarse axes
that do not have sufficient positioning repeatability.
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Fig. 4. Influence of error motions of the coarse linear axis on the position
and the orientation of the machining platform.
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(b) Concept of closed-loop position/orientation control for the
coarse linear axis.

Fig. 5. Concept of closed-loop position/orientation control for the coarse
linear axis by using a tracking interferometer.

B. Closed-loop compensation for error motions of coarse
linear axes

When a coarse linear axis (called the X-axis for example)
moves the machining platform to the given command position,
p* = [ag,0,0], it has the linear positioning error motion,
Ex x, straightness error motions in Y- and Z-directions, Fy x

Robot end effector

Retroreflector
(position: p)

Laser beam

Retroreflector’s position:

L cos Bcosp

L cos 0 sing
Lsin@

p=P+

Tracking interferometer (position: P)

Fig. 6. Principle of position measurement by a tracking interferometer.

and Ezx, as well as angular error motions around X, Y,
and Z-directions, F4x, Epx, and Ecx (ISO 230-1:2012 [7]
defines the terms and the symbols of linear axis error motions).
The angular error motions cannot be directly measured by
the single point measurement depicted in Fig. 6. When the
coarse axis is positioned at the given command position, the
retroreflector is positioned at three different points by using the
machining platform only, with the coarse axis fixed. Its actual
position is measured by using the tracking interferometer. The
orientation of the coarse axis can be calculated from them. The
detailed algorithm is as follows: define the local coordinate
system, °X — ¢Y — ¢Z, attached to the coarse linear axis. It
is hereafter referred to as the coarse axis coordinate system.
Let the machining platform position the retroreflector at three
command points in the coarse axis coordinate system, denoted
by “pg, °pi.and ‘p; € R? (the left-side superscript ¢ represents
a vector in the coarse axis coordinate system). For example,
in the experiment to be presented in Section III, command
positions are: “p§ = (250,0,250), ‘p; = (—250,0,250),
and °p; = (250,250,250) (mm) (see Fig. 9). The retrore-
flector’s actual 3D positions, "pg, "p1, and "py € R3, are
measured in the global coordinate system by the tracking
interferometer. The global coordinate system is attached to the
ground and the left-side superscript " represents a vector in it.
The homogeneous transformation matrix (HTM) representing
the coordinate transformation from the coarse axis coordinate
system to the global coordinate system is given by:

"Te = Du(Exx)Dy(Eyx)D.(Ezx)Do(Eax) (1)

Dy(Epx)D.(Ecx)D.(a.)

where D, (z), D,(y), and D.(2) € R*** are the HTMs
representing the translation to the X-, Y-, and Z-directions,
respectively. D, (a), Dy(b), and D,(c) € R*** are the HTMs
representing the rotation around the X-, Y-, and Z-axes,
respectively. They are given by:

Dﬁ(x)rDy(y)aDz(z) =

OO O
OO = O
O = OO
I S



1 0 0 0
0 cosa —sina 0
Dafa) = 0 sina cosa O
0 0 0 1
cosf 0 sinfg 0
0 1 0 0

Dy(B) = —sinff 0 cosfB 0 |’
0 0 0 1
cosy —siny 0 0
| siny cosy 0 O
0 0 0 1

Error motions of the coarse linear axis, Fxx, -+, Fcx, can

be calculated by solving the following minimization problem:

"p; r ‘p;
R G

This problem can be solved by using the least square method,
when error motions are sufficiently small. The formulation
above does not contain error motions of the machining plat-
form. The machine tool’s positioning is required sufficiently
repeatable at “pg, °pi, and °ps.

Error motions of the coarse axis are then compensated for
by modifying the machining platform’s command trajectory.
Suppose that the command position for the machining platform
is given by “py in the coarse axis coordinate system. Then, the
compensated position is given by:

2

>

i=0

min
Exx,,Ecx

cp(;Omp cpr
= b DB [ ] @

The control scheme presented in this paper can be summa-
rized as follows:

o Coarse linear axes have neither sufficient positioning ac-
curacy nor repeatability. When they move the machining
platform to each local feature, the machining platform’s
3D position and orientation errors are measured by using
a tracking interferometer. Then, they are compensated
by modifying the command trajectory for the machining
platform. The machining operation is done by moving the
machining platform only, with the coarse axes fixed by
servo control.

o The machining platform should have sufficient position-
ing repeatability. Its systematic 3D positioning error can
be compensated off-line, if needed. As was reviewed
in Section 1, many off-line compensation methodologies
have been well developed.

III. A PROTOTYPE: A ROBOT WITH COARSE AXES
A. Experimental setup

The proposed concept is demonstrated by experiments us-
ing a 6-DOF robot moved by long coarse linear axes. The
experimental setup is shown in Fig. 7. This 6-DOF serial-
link robot is conventionally used for the welding of parts in
construction machines. The maximum envelop reachable by
the robot’s end effector is within 3,437 mm x 3,808 mm in

Coarse linear axis (X

Coarse linear axis (Y)

= SR

Cat’s eye retroreflector

Fig. 7. Experimental setup (the robot moved by coarse linear axes).

the vertical plane, and within a circle of the radius 1,904 mm
in the horizontal plane. The positioning resolution at the end
effector is 0.01 mm. Its positioning repeatability is, according
to the maker’s assessment, +=0.08 mm. The robot’s detailed
specifications can be found in [30]. The systematic positioning
error of the robot is not described in its specifications, since
it heavily depends on the robot teaching procedure or the
robot’s kinematic calibration. In our experiment, the robot had
at maximum about 10 mm positioning error (the distance from
the measured retroreflector position to its nominal position)
within 500 x 500 x 500 mm (see also Remark in Section III-B).
This robot is moved by coarse X- and Y-axes. They are driven
by a ball screw and a servo motor. Their strokes are: X1,800
mm X Y 1,000 mm.

This robot was employed in the experiments because it is
a good representation of the present machine concept for the
following reasons:

o The robot is capable of 6-DOF positioning and its posi-
tioning repeatability is more than 10 times higher than
that of coarse axes.

o Neither the positioning accuracy nor the repeatability of
the coarse X- and Y-axes is sufficiently high.

It should be emphasized that we may not apply this robot to
actual machining applications for parts shown in Fig. 1 (the
rigidity of the robot may not be sufficient). This prototype is
to illustrate the proposed machine concept.

A commercial tracking interferometer, Laser Tracker ION
by Faro, was fixed on the floor (see Fig. 8). Table I shows its
major specifications [31]. A cat’s eye retroreflector is attached
to the robot hand. Figure 9 shows test locations of the robot
and the tracking interferometer in the XY plane. The coarse
axes are positioned at three locations (Locations #1, #2, and
#3 in Fig. 9). Then, the robot positions the retroreflector at
given total 16 command positions within 500 x 500 x 500
mm, while the coarse axes are fixed at each location.
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Fig. 8. Experimental setup (the tracking interferometer and the robot).

TABLE I
MATJOR SPECIFICATIONS OF LASER TRACKER ION BY FARO [31]

Laser emission
Range

Horizontal envelop
Vertical envelop +75° to —50°

Max working range 30 m (with standard 1/2” SMR)
Distance measurement performance

(Agile ADM (Absolute Distance Meter))

| 633-635 nm laser

+270°

Resolution 0.5 pm
Sample rate 10,000/sec
Accuracy 8um+0.4pm/m

Angle measurement performance
Angular accuracy 10pm+2.5pm/m
Max angular velocity | 180°/sec

B. Experimental results: Uncompensated end effector posi-
tions

In Fig. 10, black markers represent command positions
at each coarse axes location (“Location #1” to “#3”). Blue
markers show the retroreflector’s positions measured by the
tracking interferometer. To illustrate the deviation, the error
vector from the command point to the measurement point is
kept in the same origin and elongated 20 times (see Fig. 11).
This error magnification is to more clearly observe position
and orientation errors of measured trajectories in the same
coordinates for command trajectories. Figure 10(b) shows the
projection of Fig. 10(a) onto the XY plane, and Fig. 10(c-1)
and (c-2) show its projection onto the YZ plane. Figure 12(a)
shows the distance between command and measured positions
at each command position.

The global coordinate system is defined based on measured
retroreflector positions at Location #1. Therefore, measured
positions at Location #1 are not influenced by error motions
of coarse axes. Even at Location #1 in Figs. 10 (see also

1350 mm Location #2 (X=0,

[ Y=-700)

o

Coarse linear axis (X)

Retroreflector’s
{ IR A
H ]
i

moving volume
(500x500x%500)

*

,.
1
1
1
1
1
1
700 mm

- Coarse axis (Y)

Tracking
interferometer

Coarse axis
Location #1 (X=Y=0)

Location #3
(X=1350, Y=-350)

Fig. 9. Test locations in the XY plane. € X — ¢Y represents the coarse axis
coordinate system, which moves with the coarse axes. “pg, ¢p] and °p3 show
the points where error motions of the coarse linear axis, Exx, -, Fox,
are calculated (see Section II-B).

Fig. 12(a)), the retroreflector’s position error was at maximum
about 10 mm. This is mostly caused by the miscalibration of
kinematic parameters of the robot.

More importantly, the measured trajectory at Location #3 in
Fig. 10(b) is linearly shifted by about 15 mm in the X-direction
and about 3 mm in the Y-direction. This shows the influence
of the linear positioning error motion and the straightness error
motion of the two coarse axes. Furthermore, in Fig. 10(c-
1) and (c-2), the measured trajectories at Locations #2 and
#3 are tilted around the X-axis. This is caused by the pitch
error motion of Y-axis (Locations #2 and #3) and the roll
error motion of X-axis (Location #3). The objective of the
closed-loop compensation for coarse axes is to reduce these
influences.

Table II summarizes orientation and position errors of the
coarse axis coordinate system best-fit to the retroreflector’s
trajectory at each of Locations #1 to #3. They roughly repre-
sents position and orientation errors of the coarse axes at each
location (there may be some influence by the repeatability
error of the robot’s positioning). The following observations
can be made:

o The positioning error of the coarse axes (X- and
Y-axes) was large; at maximum 6.32 mm at Lo-
cation #3 in the distance to the command position
(VAX?2 + AY?2 + AZ?). The orientation error was also
significant. For example, the maximum orientation er-
ror, AA = 1.785 mm/m at Location #3, changes the
retroreflector’s position by 0.893 mm at maximum in
the Z-direction, since the robot’s moving volume was
500 x 500 x 500 mm. Relatively larger AZ and A A may
be attributable to the elastic deformation of the coarse
Y-axis rail due to the robot’s weight.

o Tests #1 and #2 are the same test done at different days.
The difference in AA,---,AZ shows the repeatability
error of the coarse axes’ positioning. Figure 10 shows
measured trajectories in Test #2.

The systematic 3D positioning error of the robot can be com-
pensated off-line. As was reviewed in Section 1, many method-
ologies have been well developed for off-line compensation.
It is not a part of the academic contribution of this paper.



In the experiment, we employed the simplest form of off-line
compensation: suppose that the retroreflector’s position, “p;,
is measured by the tracking interferometer for its command
position, “p;. Then, the command position is modified from
°ps to °pf — (°p; — °pf). Such a simple compensation may not
work when the robot is positioned at a point that is not among
a set of pre-calibrated command positions, {“p; },_; . n-
Remark: The uncompensated positioning error of the robot
was significant. For welding applications, in which this robot
is originally used, a command trajectory is typically generated
by the robotic teaching and the dynamic arc seam tracking is
often applied. The robot’s systematic volumetric accuracy is,
therefore, less important. Furthermore, the positioning error
observed at Location #1 may not be caused by the robot only;
it may be attributable to the elastic deformation of coarse axes
or other auxiliary systems attached to the robot. There is also
a contribution of the measurement uncertainty of the tracking
interferometer (see Section III-D).

C. Experimental results: under closed-loop compensation for
coarse axes

When the coarse axes move to Locations #2 and #3, the
compensation presented in Section II-B was applied to their
error motions. The objective of the algorithm presented in
Section II-B is to calculate the position and the orientation of
the coarse axis coordinate system. In this experiment, although
the coarse axis coordinate system is moved by the two coarse
axes, the same algorithm can be applied. The off-line compen-
sation for the robot (Section III-B) was also applied. Figure 13
shows measured retroreflector positions. Figure 12(b) shows
the distance between command and measured positions. In
Location #1, the maximum distance error was reduced from
about 10 mm (Fig. 12(a)) to about 0.25 mm (Fig. 12(b)). This
reduction is mostly attributable to the off-line compensation
for the robot. By the closed-loop compensation for coarse axes,
it can be observed in Fig. 13 that position and orientation
errors of measured trajectories at Locations #2 and #3 are
also significantly reduced. The maximum distance between
command and measured positions is reduced from about 25
mm (Fig. 12(a)) to 0.65 mm (Fig. 12(b)).

In Fig. 12(a), the error trend looks similar in Locations #1 to
#3. This is because this error trend is mostly attributable to the
robot’s systematic positioning error. When it is compensated in
Fig. 12(b), the robot’s unrepeatable positioning error becomes
the dominant error cause.

Table IIT summarizes orientation errors (AA, AB, and AC':
around X, Y, and Z-axes) and position errors (AX, AY, AZ:
in X, Y, and Z directions) of the coarse axis coordinate system
best-fit to the retroreflector’s trajectory at each of Locations
#1 to #3. It compares orientation and position errors of coarse
axes (a) without and (b) with the closed-loop compensation.
The maximum position error of coarse axes was reduced from
-15.6 mm (AX at Location #3) to -0.3 mm (AX at Location
#3). The maximum orientation error was reduced from 1.8
mm/m (AA at Location #3) to 0.19 mm/m (AB at Location
#3).
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Fig. 10. Retroreflector positions measured by the tracking interferometer
(uncompensated). a) In 3D view. b) Projection onto the XY plane. c-1) and
c-2) Projection onto the YZ plane. The difference between measured and
command positions is magnified 20 times (see Fig. 11).
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Fig. 11. The magnification of the error in the measured retroreflector position
from its command position in Fig. 10.
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Fig. 12. The distance between command and measured positions of the
retroreflector (the horizontal axis represents the index number of each com-
mand position). a) Uncompensated. b) Under closed-loop compensation for
coarse axes and off-line compensation for the robot’s positioning error.

D. Discussion on volumetric error contributors

This subsection briefly discusses contributors to the volu-
metric error of the present system.
a. Measurement uncertainty of tracking interferometer:
The measurement uncertainty of the tracking interferometer is
clearly a major contributor. The measurement uncertainty of
a tracking interferometer has been studied in many publica-
tions [21], [32], [33]. According to Table I, the uncertainty
in the retroreflector’s position measurement is assessed at
maximum 16.5 pm (the distance from the tracking interfer-
ometer to the target retroreflector was at maximum 2.6 m in
the experiment). Note that this uncertainty does not contain
the environmental contribution, e.g. the calibration error of
thermal influence on the laser beam wavelength.
Remark: For conventional machine tools or CMMs, the mul-
tilateration measurement has been more widely accepted [29],
[34], since its measurement uncertainty is typically lower than
that of the angular measurement-based approach depicted in
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Fig. 13. Retroreflector positions measured by the tracking interferometer,

under the closed-loop compensation for coarse axes and off-line compensation
of the robot.

TABLE 1T
ORIENTATION ERRORS (A A, AB, AC: ORIENTATION ERRORS AROUND
X, Y, AND Z AXES) AND POSITION ERRORS (A X, AY, AZ: POSITION
ERRORS IN X, Y, AND Z DIRECTIONS) OF THE COARSE AXIS COORDINATE
SYSTEM BEST-FIT TO THE RETROREFLECTOR’S TRAJECTORY MEASURED
BY THE TRACKING INTERFEROMETER AT LOCATIONS #1 TO #3. THEY
ROUGHLY REPRESENTS POSITION AND ORIENTATION ERRORS OF THE
COARSE AXES AT EACH LOCATION.

Test #1*
AA™ [ AB | AC AX AY | AZ

Location #17 | 0 0 0 0 0 0
Location # | 0.621 | 0.561 | 0.088 | -0.595 | 1.595 | -1.000
Location #3 | 1.785 | 0.027 | 0.240 | -0.448 | 3.660 | 5.176
Test #2*

Location #17 | 0 0 0 0 0 0
Location # | 0.640 | 0.462 | -0.085 | -0.525 | 1.330 | -1.106
Location #3 | 1.813 | 0.089 | -0.110 | -15.566 | 3.378 | 5.017

*: Tests #1 and #2 are the same test done at different days. Their difference
shows the repeatability error of the coarse axes’ positioning.

**: AA, AB, and AC are in mm/m. AX, AY, and AZ are in mm.

f: The global coordinate system is defined according to the retroreflector’s
trajectory at Location #1.

Fig. 6. It requires, however, four or more tracking interferom-
eters to simultaneously measure the retroreflector.

b. Positioning error of the robot:

The robot’s positioning error (both systematic and random)
is among major uncertainty contributors. In the experiment,
the robot’s positioning resolution is 10 pm and its positioning
repeatability was, according to the assessment by its maker,
+0.08 mm (see Section III-A) . To achieve the target volu-
metric accuracy discussed in Section II, this must be further
reduced.

IV. DESIGN ISSUES FOR PRACTICAL IMPLEMENTATION

This paper only presents a basic concept to improve the
volumetric accuracy of coarse axes. To implement this concept



TABLE III
ORIENTATION ERRORS (A A, AB, AC: AROUND X, Y, AND Z AXES) AND
POSITION ERRORS (A X, AY,AZ:IN X, Y, AND Z DIRECTIONS) OF THE
COARSE AXIS COORDINATE SYSTEM BEST-FIT TO THE RETROREFLECTOR’S
TRAJECTORY WITH AND WITHOUT THE CLOSED-LOOP COMPENSATION.

(a) Without closed-loop compensation for coarse axes

AA™ | AB AC AX AY AZ

Location #17 | 0 0 0 0 0 0
Location #2 | 0.640 | 0.462 | -0.085 | -0.525 1.330 | -1.106
Location #3 1.813 | 0.089 | -0.110 | -15.566 | 3.378 | 5.017
(b) With closed-loop compensation for coarse axes

Location #17 | 0 0 0 0 0 0
Location #2 | -0.006 | 0.163 | -0.009 | 0.024 -0.007 | 0.001
Location #3 | 0.009 | 0.189 | -0.041 | -0.312 | 0.059 | -0.028

**: AA, AB, and AC are in mm/m. AX, AY, and AZ are in mm.
T: The global coordinate system is defined according to the retroreflector’s
trajectory at Location #1.

in practical applications, many design considerations should
be taken into account, which are not covered in this paper.
This paper only deals with a scheme to move a machining
platform to the commanded position accurately without the
consideration of machining effect.

Machine stiffness: As was briefly reviewed in Section I, the
major challenge in robotic machining is often lower stiffness
of a robotic arm. It must be emphasized that the present
compensation scheme for a coarse axis is not restricted to
robotic machining. As illustrated in Fig. 3(a), a conventional
small machine tool can be employed as a more rigid machining
platform. In such a design, the connecting stiffness of the
machining platform to the coarse axis, as well as the rigidity
of the coarse axis itself, can be crucial.

Influence of chips or cutting fluids: The machining operation
is done by moving the machining platform only. When coarse
axes move, chips are not generated and thus the tracking
interferometer measurement would not be influenced by flying
chips. The retroreflector location must be carefully chosen
such that the laser beam would not be blocked by the machine,
the workpiece, or cutting fluids. The retroreflector does not
have to attached close to the tool tip; it should be attached to
the linear axis carrying the tool (see Figs.3(a)). The mist from
cutting fluids may alter interferometric signals considerably.
This requires a good mist extractor for the work chamber.

Location of tracking interferometer: The location of tracking
interferometer must be carefully chosen such that the laser
beam would not be blocked by the machine or a workpiece
within the entire workpiece. It would be crucial to employ a
tracking interferometer that can measure the absolute distance
to the target (Absolute Distance Meter (ADM)), such that
the measurement can be continued even if the laser beam is
blocked in a small portion of workspace.

The tracking interferometer should be placed on a separate
floor base from the machine, such that its position and ori-
entation would not be affected by the machine’s motion. It is
also important to note that the tracking interferometer’ mea-

surement uncertainty can be significantly different depending
on its location relative to the target’s workspace.

V. CONCLUSION

The paper presents a control concept for large-scale machine
tools. Each machining feature is machined by a small ma-
chining platform with coarse axes fixed. Features at different
locations are machined by moving the machining platform by
coarse linear axes. The closed-loop compensation for error
motions of coarse axes is applied based on the 3D position
measurement using a tracking interferometer. The validity of
the proposed control scheme was investigated by an experi-
ment with a welding robot moved by two coarse linear axes.
By applying the closed-compensation for coarse axes using a
tracking interferometer, as well as the off-line compensation
for the robot’s positioning error, the maximum distance be-
tween command and measured end effector’s positions was
reduced from about 25 mm to 0.65 mm. This may contain the
measurement uncertainty of the tracking interferometer.

To implement the present closed-loop compensation scheme
in industrial applications, many design considerations, as dis-
cussed in Section IV, should be taken into account, and it will
be further studied in our future development. It is important
to note that the measurement uncertainty of the tracking
interferometer is clearly one of dominant uncertain factors.
Obviously, it cannot be applied to machining applications
that require higher accuracy than the tracking interferometer’s
measurement accuracy.
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