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Abstract—This paper presents an advanced control error
processing to enable the feedback position control of an industrial
robot based on external sensor signals for dual-stage actuation.
A measurement module comprising a magnetically levitated
platform with an integrated 3D measurement tool is mounted
as end effector on the industrial robot. The industrial robot is
used to maintain the measurement platform within its limited
actuation range, while actively tracking a sample in motion.
The measurement module provides the short stroke but precision
positioning of the measurement tool relative to a sample surface
in 6-DoF. For a feedback controlled repositioning of the industrial
robot’s tool center point based on the internal measurement
platform’s position signals, a real-time interface is used. The
implementation of the advanced control error processing suc-
cessfully demonstrates the active tracking of a sample in motion,
with residual tracking errors of 473nmrms in sample-motion
direction.

Index Terms—Mechatronics, inline tracking systems, dual
stage-actuation

I. INTRODUCTION

An important aspect of remaining competitive in modern
industrial manufacturing is the constant increase in product
quality, which goes hand in hand with a continuous raise of the
production efficiency. [1]. A key aspect of keeping pace with
these trends is a flexible, resource-efficient and fast industry
that can react quickly to varying market requirements [2],
[3]. In this context, inline measuring systems are seen as a
key factor for the production of the future, as they enable
100 % quality control while at the same time increasing prod-
uct reliability and continuous monitoring of the production
process, allowing the manufacturing procedure to be optimized
in real time [2], [4]. Due to the growing need for automation
for quality evaluation in manufacturing [5], there has been
a substantial rise in the use of industrial robots (IRs) for
inspection duties over the past few years [6], [7].

With constantly increasing the product quality, high-
precision manufacturing systems, such as it is required for
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the production of optical systems and stacked IC components,
measuring precision in the single to sub-micrometer range are
demanded [8], [9]. To enable such high-precision measure-
ments, precise alignment of the measuring tool relative to the
sample surface is required, which is why such measurements
are often carried out in environments that are isolated from
external vibrations [10]. With the objective of increasing
production efficiency even further, the aim is to perform
such high-precision measurements directly in the production
line [11].

In this relation, robotic systems provide the required flex-
ibility and versatility, and are fast enough to place a mea-
surement tool at arbitrary sample surface locations, such as
required for the inspection of free-form surfaces, e.g., in
the automotive industry [12]. However, current robotic inline
measurement systems achieve positioning precision of several
tens of micrometers, which is mainly caused, due to the finite
stiffness of IRs [7]. In addition, motion-related blur caused by
environmental vibrations, e.g, production processes impair the
achievable resolution of the measurements conducted directly
in a production line even further [13]. Lately, research has
focused on systems, which are able to create local lab-like
conditions within the production line, by actively tracking the
sample motion [14]. A magnetically levitated 3D measurement
platform (MP) mounted as end effector to an IR has been
proposed [15]. The measuring platform, in which a scanning
confocal chromatic sensor (SCCS) is embedded as a 3D mea-
suring tool, is mechanically decoupled from the IR and thus
also from environmental disturbances by a quasi-zero stiffness
actuation [16]. The relative motion in six degrees of freedom
(DOFs) between the sample surface and the measurement
tool is compensated, by enabling a contactless but stiff link
by means of feedback control. To enable measurements on
moving samples along arbitrary paths, it combines the long-
range and flexible positioning capability of the IR with the
short-stroke positioning range of the high-precision MP in a
dual-stage actuation concept [17].

The contribution of this paper is the design of an advanced
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IR Industrial robot
MP Measurement platform
SCCS Scanning confocal chromatic sensor
IPS Internal position sensor
TS Tracking sensor
VCA Voice coil actuator
H. error processing IR

Supporting frame

Moving sample - z
Y - RN \/ Ze © ©

> 1 A

- e Ce.r

Fig. 1: Dual stage-controlled positioning system for precision
measurements on moving samples. A constant relative position
z. and z. between the MP and sample is maintained by
the feedback controller Cpgp. The feedback controller Cir
repositions the IR based on the internal MP positions z; and
Zi.

control error processing approach enabling feedback control
of an industrial robot based on external sensor signals for
integration in a dual-stage controlled 6-DoF tracking system.
The concept and integrated design of the inline measurement
system is introduced in Section II, followed by a description
of the challenge of feedback-controlling an IR for dual-stage
actuation concepts in Section III. Based on the identified
problem, an advanced position error processing scheme is
designed and implemented, that enables the long-range track-
ing of moving samples in Section IV. The sample-tracking
performance is evaluated in Section V, while section VI
concludes the paper.

II. TRACKING OF MOVING OBJECTS

In Fig. 1 the concept of a high-precision 3D inline mea-
surement system is schematically illustrated. The measurement
module is mounted as end effector to an IR. Its integrated
MP embeds a SCCS as the 3D measurement tool (MT) and is
capable of actively tracking the sample motion in 6-DOFs, e.g.,
maintaining a constant relative position. This enables the stiff
link between the SCCS and the sample, by means of feedback
control, enabling local lab-like conditions in vibration prone
environments [18]. For this reason, the integrated tracking
sensors (TSs) are used to measure the relative sample position
Ce, 1.€. 2 and z.. A sample is placed on a conveyor system,
with its velocity vg = v + Av being a superposition of
the process-induced conveyor velocity v and a disturbance-
induced motion Av. To maintain the MP platform within its
limited actuation range, the IR’s tool center point (TCP) is
actively repositioned by the feedback controller Crg based
on the position (; of the MP relative to the IR measured
by the internal position sensors (IPSs). In this dual-stage
actuation concept, the MP is the high-precision actuator with
a short actuation range and the IR provides the long-range
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(a) Measurement module. (b) Sample box.

Fig. 2: Setup enabling high precision sample-tracking. a)
shows a detailed view of the sample-tracking measurement
module. b) shows the sample box equipped with targets to
enable the measurement of the out-of-plane and in-plane
motion [15].

coarse positioning, enabling high-precision 3D measurements
on moving objects.

A. Active sample-tracking measurement platform

The integrated MP is magnetically levitated by eight identi-
cal voice coil actuators (VCAs) to enable quasi-zero stiffness
actuation in six DOFs and to decouple it from disturbances
induced by the limited positioning precision of the IR [15].
The actuation range is about +175um and +3mrad in the
translational and rotational DOFs, respectively. To measure the
MP’s position relative to the IR six capacitive IPSs are used.
Based on the measured MP position the IR is repositioned by
the controller Cygr, see Fig. 1. The relative in-plane position
between the sample and the MP is measured by two position
sensitive detectors (PSDs), while the out-of-plane position is
obtained by integrating three capacitive TSs. High-precision
3D measurements are enabled by a SCCS, achieving a lateral
and axial resolution of 2.5 um and 77 nm, respectively [16].

The positioning uncertainty of the feedback-controlled MP
is about 25 nmrms in the translational out-of-plane (z) and
about 200 nmrms in the translational in-plane DOFs (z and
y). The sample box shown in Fig. 2b is used as carrier of the
sample to be inspected. It integrates aluminum targets for the
capacitive sensors and modulated laser diodes as markers for
the PSDs

B. Industrial robot and conveying system

The sample-tracking 3D measurement module (see Fig. 2a)
is mounted as end effector to the IR (KUKA KR 10 R900-
2, KUKA AG, Augsburg Germany), as shown in Fig. 3. The
sample box introduced in Section II-A is placed on the sledge
of a linear stage, emulating an industrial production line. As
shown in Fig. 3, the IR’s pose is adjusted such that the tracking
sensors of the MP are aligned with respect to the sample
surface, enabling an active tracking of the sample motion in
six DOFs. Since the internal parameters of the KUKA KR 10
R900-2 are not accessible, it is not possible to design advanced
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Fig. 3: Experimental setup of the dual stage positioning system
for high-precision 3D measurements on moving samples. The
long-range motion of the sample being conveyed by the linear
stage is actively tracked using a dual stage control structure.

control strategies, such as computed torque concepts [19], to
reposition the IR based on external sensor signals. For this
reason the supplementary package robot sensor interface (RSI,
KUKA AG, Augsburg Germany) [20] is used, which allows
to reposition the IR’s TCP in cartesian coordinates based
on cyclically transmitted correction values. A more detailed
description of this interface is given in Section III.

As discussed in Section II, the IR is repositioned according
to the internal MP position errors, in order to maintain the
MP within its limited actuation range, while actively tracking
a sample motion.

III. SYSTEM ANALYSIS

To actively track a moving sample with sub-micrometer
precision along arbitrary paths, the IR needs to be continuously
repositioned such that the sample-tracking platform is main-
tained within its actuation range. Since the motion range of
the sample-tracking platform is +175 pm for the translational
DOFs, the IR’s end effector position needs to be precisely
controlled. As the disturbing sample motion is typically not
known in advance, standard IR control concepts, such as off-
or online path planning, are not suitable, requiring feedback
control strategies instead.

KUKA provides the Robot Sensor Interface (RSI) [20] to
reposition the IR’s TCP based on cyclically transmitted cor-
rection values. The cycle time of the RSI is 4 ms. In addition,
the RSI enables to connect external sensors or programmable
logic controls (PLCs) via EtherCAT to the control unit of the
IR. The typical communication structure of the RSI is shown
in Fig. 4.

The in- and output bits can be grouped to define different
datatypes, such as a BOOL, consisting of 8 Bit or a DWORD
taking 32 Bit, which can then be connected to the 1/Os of
the RSI context. A RSI context defines the actual procedure,
how the IR’s TCP is replaced based on the external input
signals. The IR’s TCP can be repositioned absolute or relative,
as shown in Fig. 5.

RSI context

—— ——— Input — —Output —
EtherCAT EtherCAT
[ In;:ut - £() ——Oui:put —onn
—— ———— Input — —Output —

8192 8192
RSI-Input RSI-Output

Fig. 4: The communication structure of the RSI. The EtherCAT
in- and outputs enable to connect external sensors and PLCs
to the control unit of the IR. The RSI context defines the
procedure, of how the IR’s TCP is repositioned based on
external signals.
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Fig. 5: Absolute and relative motion correction of the IR’s TCP
based on external signals. a) shows the procedure to reach a
new point along a desired trajectory in absolute coordinates.
b) shows how the IR’s TCP is repositioned relatively to follow
a trajectory.

Starting from an initial point Fy, a Point P, in absolute
coordinates can be reached by calculating its distance ds—;
to the origin Fy. Repeating this step for every point (P; ... P,,),
the IR’s TCP can follow a trajectory guided by external
input signals, as shown in Fig. 5a. To follow a trajectory
relatively (Fig. 5b), the IR’s motion is defined by the distance
from point P, to the next point P,,;. As the location of
the sample-tracking platform is measured relative to the IR’s
end effector position, the RSI relative motion correction is
used to reposition the IR’s TCP accordingly. To analyze, how
the received correction values are processed by the RSI, a
relative correction value of 10 um is transmitted over one and
two cycles in the DOF x, respectively. The response of the
robot is shown in Fig. 6. A correction value of 10pm is
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Fig. 6: Measured IR position for a correction value of 10 um
applied to the RSI in DOF x. a) and b) show the total IR
motion for the correction value being transmitted over one
and two communication cycles, respectively. The transmitted
correction value is internally queued by the RSI, if applied
over several cycles. A delay time of 40 ms is identified in c)
and d).

applied for one cycle. It shows that the rise time ¢, is 0.6s
with an overshoot of roughly 20 %. A similar behavior can
be recognized, when the correction value is applied for two
cycles. The IR is repositioned by 20 um in total with a rise
time of 0.5s and an overshoot of 20%. An overall motion
of 20um when applying a correction value over two cycles
suggests that the RSI is internally queuing the transmitted
correction values. As shown in Fig. 6¢ and 6d, a delay time T}
of 40ms is identified. Considering both, the internal queuing
of the transmitted correction values and the delay time of
the system, it is not possible to directly apply the internal
position errors of the sample-tracking platform to the RSI, for
repositioning the IR’s TCP. If for example the sample-tracking
platform is displaced by 15pum from its center position in
DOF x, the overall motion performed by the IR would be
150 um, due to the delay time of the system and the queuing
of the transmitted correction values. Taking also an overshoot
of 20% into account, the IR would move by 180 um in x-
direction, exceeding the overall actuation range of the MP,
which my cause severe damage.

IV. ADVANCED POSITION ERROR PROCESSING

This section provides a more detailed description of the
implemented dual-stage control (see Fig. 7). Based on the

findings in the previous Section IV, the internal position error
signal cannot be directly applied to the RSI to reposition the
IR’s TCP. To enable the control of the IR to maintain the
sample-tracking platform within its actuation range, the control
structure is developed in the following.

Within the light-red box in Fig. 7, the control to reposition
the IR’s TCP is illustrated. Based on the measured internal
position error e¢ ; of the sample tracking platform, a delta error
Ae¢; = ecj—e¢ i1 of the internal position is defined. By in-
troducing the delta error Aeg ;, the disadvantageous behavior
described by Fig. 6 can be avoided, since only the change
of the internal MP position error is transmitted. However,
by implementing this strategy the information of the internal
reference positions (; » is lost. To keep the overall internal
position error of the sample-tracking platform close to zero
(reference position), an additional integrator in the form of a
lowpass filter is introduced. The error signals e¢ ; are averaged
by a lowpass filter with a 3dB cut-off frequency of 10 Hz,
resulting in € ;. If the averaged internal MP position error € ;
exceeds a defined tolerance tolgz of 10 um and 40 urad for the
translational and rotational DOFs, respectively, the error signal
€ ; is added to the delta error Aec ; for one cycle, resulting in
€ci = Ae¢;+€ci_1. After adding the averaged error € ; for
one cycle, a sufficient time delay is applied, before adding the
average distance to the internal reference positions (; , again.
This is required to avoid the effect of internally queuing, as
described in III. The resulting error signal €. ; is applied as
input to the PI position control [17]

E
uIR(k‘) = Rp (égyi(k}) + % Z éc,i(l)) . €))]
Y =0

Based on the measured IR dynamics, the control parameters
for each DOF are identified in a loop-shape approach. For the
DOF x, which requires the highest IR control effort, due to
sample motion direction (see Fig. 3), a robust gain and phase
margin of 14 dB and 45° for a cross-over frequency of 0.55 Hz
are achieved. To further improve the tracking performance, the
conveyor velocity can be considered in a feedforward control
additionally. Therefore, the output urr gy of the controller
Cir is superimposed with the feedforward output urr rr
of the conveyor velocity v. The parameter k, converts the
velocity signal into a corresponding position signal for one
RSI communication cycle. The detailed discussion of the IR
dynamics identification and control design for the other DOFs
is given in [17].

Within the light-gray box, the control structure of the MP
is illustrated. The tracking error &¢ . is used as input of the
6-DOF PID controller Cpgp. The PID control parameters are
chosen to achieve cross-over frequencies of 300 Hz with gain
margins of at least 10dB and phase margins above 30° for all
six DOFs. The output of the controller is applied to the voice
coil-actuated system [15].
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Fig. 7: Block diagram of the dual stage-controlled robotic
3D measurement system. The SCCS is positioned relative
to a sample by the feedback controller Cpp. Based on
the measured internal MP position and an advanced error
processing approach is implemented to enable a feedback
control Cir of the IR based on the measured internal MP
position error to maintain the MP within its limited actuation
range.
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Fig. 8: Sample velocity trajectory. Within the time interval
[to, t1], the sample is accelerated from zero to a targeted
velocity Vmq.. The sample velocity is kept constant for 10s
during the interval T),cqs. = [t1,12] before it gets decelerated
back to zero during the interval [to, t3].

V. EXPERIMENTAL PERFORMANCE EVALUATION

Since the IR cannot be repositioned without the intro-
duced advanced position error processing, this section aims to
demonstrate the tracking performance of the derived system
for samples placed on a conveying system.

As introduced in Section II-A, the sample is accelerated
along the x-axis according to the acceleration profile as shown
in Fig 8. A maximum velocity of v,4; = 10mms™' is
reached, after an acceleration phase [to,t;] of 2s. Within
Tneas = [to, t1], the sample velocity is kept constant for 10's.
This time interval serves as a time slot to perform the actual
3D measurements on the sample [17], as well as to evaluate
the sample-tracking performance of the dual-stage controlled
robotic tracking system. As performance measures, the RMS
value of the internal MP position error and the tracking errors
are considered. For the internal MP position errors, a value
close to zero indicates that the MP remains near its center
position, providing its major actuation range for tracking
sample motions induced by higher-frequency disturbances.
The performed motion of the IR in the DOF x and z as
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Fig. 9: Evaluated performance of the IR repositioning in 6-
DOFs based on the internal MP position error signals for the
performed target motion trajectory of Fig. 8. a) shows the
performed IR motion with the according internal MP position
error in DOF x. b) shows the performed IR motion with the
according internal MP position error in DOF z.
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Fig. 10: Evaluated sample tracking performance for the in-
plane DOF x and the out-of-plane DOF z for the performed
target motion trajectory of Fig. 8. The acceleration trajectory
indicates that the tracking error is highest during the acceler-
ation and deceleration of the sample.

well as the internal MP position error for both DOFs are
shown in Fig. 9. In sample motion direction, the internal MP
position error is 17.5 um rms. This indicates that almost 90 %
of the MP’s actuation range remains for compensating higher
frequent sample motion. For the out-of-plane DOF z, the
internal MP position error is 13.5 pm rms, performing slightly
better compared to the motion direction x. Within the time
interval T),cqs = [to,t1] it is decisive, that the sample-tracking
error is kept as low as possible, to establish local lab-like
conditions for the measurement tool.

The residual sample-tracking error along the motion direc-
tion x and the out-of-plane DOF z are shown in Fig. 10. For
a constant velocity v = 10mms~?, residual sample-tracking
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