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Abstract—This paper presents a three DoF MAGLEV
vibration compensating measurement platform (MP) with
arbitrary operation orientation for robot-based surface in-
spection of free-forms. The MP design comprises an in-
ternal position sensor system which is used in feedback
control to maintain a free-floating position in six DoFs with
respect to its supporting frame when approaching a sam-
ple (stabilization mode). In addition, the integrated design
includes three tracking sensors measuring the out-of-plane
position of the MP to a sample surface. The entire system
can be mounted as an end effector of an industrial robot
with the MP carrying a desired measurement tool. Disturb-
ing environmental vibrations are actively compensated by
maintaining a constant position of the MP with respect
to a sample surface (tracking mode). The control design
includes SISO position controllers for all DoFs, achieving a
bandwidth of about 130 Hz. By means of a cross-fading er-
ror gain, an efficient control transition between stabilization
and tracking mode is enabled. A vibrating target is used
to evaluate the vibration compensation performance of the
tracking module for standardized floor vibration profiles.
Attenuation between -35 and -20 dB for out-of-plane vibra-
tions below 40 Hz is achieved. In the time domain, vibration
profiles with 15.7uymrms and 95 puradrms are reduced to
1.6 umrms and 21 prad rms, respectively.

Index Terms—Mechatronics, Vibration control, Magnetic
levitation.

|. INTRODUCTION

HE assurance of product quality and a continuously

growing productivity have become increasingly important
in industrial manufacturing in the last decades [1]. Inline
measurement systems are consequently regarded as a key
factor for future industrial production [2] and are required to
be fast, highly precise, versatile, and robust [3]. Frequently,
surface properties, such as flatness or roughness, need to be
measured on free-formed machined goods together with the
deviation from its desired shape [4]. The fields of application
range from the automotive to the semiconductor sector [5], [6].
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However, the operation of a high resolution surface mea-
surement system directly in the vibration prone environment
of an industrial production line is considered as a major
challenge. Most high precision measurement tools (MTs) need
to be properly aligned with respect to the sample surface and
are highly vibration sensitive. Environmental vibrations cause
motion blur in the measurement results in all degrees of free-
dom (DoFs) [7], corrupting measurements at the micrometer
scale [8] by transmission to the MT and sample via rigid-
body connections. Current solutions include passive and active
vibration isolation concepts [9], which are mostly spatially
separated from the production line, in order to minimize
the impact of the industrial environment. Therefore, a 100 %
quality control is usually not possibly and the produced goods
are inspected only randomly.

The flexibility to measure muliple spots on free-formed
surfaces [10] at arbitrary positions in arbitrary orientations
is another requirement future measurement systems have to
deal with. Industrial robots are an appropriate tool that can be
employed for enabling this flexibility [11], but are lacking the
required positioning accuracy. By applying feedback control,
robot arms achieve an accuracy of 50um [12] which is,
however, still about two orders of magnitude too low for
precision 3D measurements [13]. Recently, a robot-based
approach combining the flexibility of a robot arm with a high
precision 3D MT has been proposed [14]-[17]. Acting as
an end effector, a magnetic levitation (MAGLEV) tracking
platform maintains a constant distance between the sample
surface and the 3D MT on the platform, by means of feedback
control. Thus, a contactless stiff link between sample and
MT is established, compensating the influence of environ-
mental vibrations. However, the proposed approach is limited
to a single operation orientation of the system, as a result
of the implemented permanent magnet assembly for gravity
compensation. As a first step towards robot-based precision
measurements on free-form surfaces, a six DoF MAGLEV
positioning platform with orientation independent performance
has been developed [18].

The contribution of this paper is i) the modelling and inte-
gration of a tracking module for robot-based measurement ap-
plications that is able to position the free-floating measurement
platform (MP) in a constant distance and orientation to either
a vibrating sample surface or its supporting frame, based on
a tailored control scheme, and ii) the experimental evaluation
of the system performance in a vibrational environment.
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The concept and system design of a vibration compensating
tracking module enabling precision robot-based measurements
on free-form surfaces is described in Section II. The according
system dynamics are modeled in Section III. The prototype
system is implemented in Section IV, including the identifi-
cation of the real system dynamics. Section V presents the
control design of the stabilization and tracking mode of the
MP as well as the efficient transition scheme between the two
operational modes. The system performance is experimentally
validated in Section VI by means of a moving target, emulating
standardized floor vibrations. Finally, Section VII concludes
the paper.

Il. TRACKING MODULE DESIGN FOR ROBOT-BASED
PRECISION MEASUREMENTS

A. Robot-based precision inline measurement concept

The system concept of robot-based precision inline mea-
surements on free-form surfaces is presented in Fig. 1. A robot
arm carrying the tracking module is used to extend the range
of a high precision MT and to coarsely align it with respect to
a sample surface. A suitable MT with an integrated scanning
mechanism, such as presented in [19], [20], to perform 3D
surface measurements is mounted on an electromagnetically
actuated MP, which is embedded into the supporting frame of
the tracking module. Integrated tracking sensors (TS) are used
to measure the distance and orientation of the MP with respect
to the sample surface z., whereas internal position sensors
(IPS) measure the MP’s position relative to its supporting
frame z;. By means of feedback control, the MP ensures
a constant alignment z. of the MT to the sample surface,
establishing a contactless stiff link. Thus, disturbing relative
motions between the MT and the sample surface caused by en-
vironmental vibrations zg are actively compensated, forming
a vibration-free lab environment directly in a vibration-prone
environment and enabling precision 3D surface measurements.
Vibrations in industrial workshops are significantly present
in the frequency domain below 80Hz [7]. To attenuate the
predominant components of the vibration spectrum with up to
8 Hz by at least a factor of ten (20 dB), a tracking control mode
bandwidth greater than 80 Hz is required. For an increasing
tracking bandwidth the vibration compensation performance
increases as well [21]. Therefore, the tracking control mode
bandwidth is targeted to be as high as possible. The targeted
tracking range is set to =100 pm in the translational DoFs.

B. Tracking module design

The mechatronic design of the tracking module in Fig.
1 comprises an integrated MAGLEV actuation system (AS)
based on voice coil actuators (VCAs) to mechanically decou-
ple the moving platform and to achieve quasi-zero-stiffness
actuation. Considering the targeted application of robot-based
measurements of free-form surfaces, the vibration compensa-
tion capability of the platform needs to be independent on the
actual robot pose and orientation of the entire measurement
module. Therefore, high actuation forces are required to elec-
tromagnetically levitate and actuate the platform. Moreover, a
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Fig. 1: Multi-DoFs vibration compensation concept for robot-
based precision inline surface measurements on free-forms.
An electromagnetically actuated tracking system compensates
disturbing environmental vibrations by maintaining a constant
alignment z, of the MT with respect to the sample surface.

lightweight MP design and high precision TS are desirable in
order to achieve a good vibration compensation performance.

Figure 2a depicts the design of the tracking module with
the support frame and the MP, enabling arbitrary operation
orientation. The system design comprises eight identical VCAs
A;-Ag for a deliberate over-actuation, yielding to a balanced
MP design. The capability of providing bi-directional forces
and the symmetric placement of the VCAs enable the de-
sired orientation-independent system operability. To achieve
a lightweight MP design, the coils of the VCAs are mounted
on the MP, which is actuated within the air gaps between
coils and magnet assemblies of the VCAs. Hence, the actuator
placement significantly determines the achievable actuation
range. As-Ag enable in-plane positioning (x;, y; and ¢, ;) of
the mover, while the out-of-plane DoFs z;, ¢, ; and ¢, ; are
actuated by A;-A4. The actuators are symmetrically placed
beneath and around the moving MP. To avoid unintended
torsional motion through actuation and aiming for a good
decoupling between all DoFs, the actuators Aj-Ag are placed
on the same height as the MP’s center of mass on the z-axis
(Fig. 2b). Regarding the actuator placement in the xy-plane,
high levers of torque for the rotational DoFs are desirable to
provide high torsional forces. However, the realizable actua-
tion range decreases with increasing lateral displacement of the
actuators. Therefore, a trade-off between achievable actuation
range and levers of torque is made with resulting design
parameters shown in Section IV. An IPS system determines the
MP position in all DoF with respect to the supporting frame.
IPS,-1PSj5 are placed beneath the MP and detect the out-of-
plane position, whereas the sensors [PS4-1PSg are mounted
around the MP and measure the in-plane position.

In order to enable active vibration compensation in the three
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out-of-plane DoFs, the external out-of-plane position of the
MP relative to a sample surface (z, ¢y and ¢, ) is measured
by a set of three tracking sensors 7'S;-1'S5 as illustrated in
Figure 2b. The TS are mounted on the MP and on the same
axes as the out-of-plane IPS.

(a) VCA and IPS placement.

Sample surface - Ye
VCA coil . g

(b) Exploded view of tracking platform prototype.

Fig. 2: Design of the multi-DoF vibration compensation mod-
ule. a) VCAs are used to actuate the platform in six DoFs. IPS
determine the platform position with respect to the supporting
frame. b) A set of three TS enables the measurement of
the out-of-plane position and orientation relative to a sample
surface.

I1l. SYSTEM MODELING

A decoupled actuation between the out-of-plane (Ai-Ay)
and in-plane DoFs (A5-Ag) is achieved by the VCA placement
in Fig. 2b, yielding a balanced MP design. Based on the system
design, low cross talk between the individual DoFs is expected
and therefore neglected in the modeling phase. The cross
talk, however, is analyzed later in Section IV-B. To levitate

the MP, the gravitational force needs to be compensated in
arbitrary orientations. Since the MP is freely floating, friction-
free and quasi-zero-stiffness actuation is ensured by operating
the hysteresis-free VCAs around the mid-position, yielding
a constant force to current relation [13], [22]. Assuming a
floating mass model, the MP dynamics using the coordinate
system of the internal position ¢; can be written in state-space
representation as

e o] i o ] o]
i,ip 0335 Ajp] | iip
. T T
with Gioop = [0 Gui ¢ui] and Giip = [27 Y ¢24]
being the out-of-plane and in-plane MP position measured by
the IPS, respectively. Agop and Aj;p, denote the according
dynamic matrices, and the electrical current vectors are igop =
D . 4T . .. 4T S
[i- iy, ig,]” andiyp = [ir i, i ] . Considering the
actuator placement and the chosen coordinate systems in Fig.
2b, the dynamic matrix A is given by

0 0 0 0 0
0 bk 0 0 0
A 0 0 2’“;3” 0 0 0 o
= ) Ak,
0 0 0 e ) }(3 0
0 0 0 0 Z= 0
| 0 0 0 0 0 Akl

with m the MP mass, k,, the VCA motor constant, [, [,
and [, the levers of torque and I,, I, and I. indicating
the moments of inertia in the rotational directions. Due to
the neglection of cross talk, the dynamic matrix A has
only entries in the main diagonal, representing the effective
motor constants for each DoF. To transform the electrical
current vector i into the individual currents applicable to the
VCA coils ia= [’Ll ig i3 i4 i5 le i7 ig]T,alinear
transformation i, = T'i with the transformation matrix

1 1 0 0 0 0
1 0 -1 0 0 0
1 0 1 0 0 0
[Toop O43] {1 -1 0 0 0 0
T—[OM Tip]_ 00 0 -1 1 -1] ¥
00 0 1 1 -1
00 0 1 -1 -1
0 0 0 -1 -1 -1

is utilized. A nonlinear transformation

S Ci,oop — . ) — hi,oop (di,oop)
g-{ “J = (d,)—{ o () } )

with h; being a set of trigonometric functions, is ap-
plied to transform the measured out-of-plane and in-plane
distances dioop = [drps,dipsz2,dipss] and dizp =
[drpsa,dips,s,dips,), respectively, into the actual internal
platform position (j.

In order to calculate the external out-of-plane position
Ce,oop Of the MP with respect to a sample surface using the
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three measured distances de.oop = [d7s,1,drs,2, drs,3] by
the TS, a transformation

&)

as for the internal out-of-plane position is derived. Due to the
placement of the three TS on the same axes as [PS,-IPSs
(see Fig. 2b), the internal and external out-of-plane positions
show the relations

Ce,oop = he,oop (de,oop)

Zi+ 20 = —2¢ (6a)
¢z,i = _¢w,e (6b)
d’x,i = _¢y,e> (6¢)

with zp being a constant offset between the measured z-
position values. Considering the relations in (6), the complete
model of the MP dynamics results in

é'i‘,oop — Aoop 03,3:| |:i00p:|

{ Giip ] {03&" Aip iip (7a)
Ci.oop:| — |:hi,oop (di,oop):| 7b

{ Ci,ip h; ip (dijip) (7b)
Ce,oop = he,oop (de,oop) = _Ci,oop- (7C)

IV. SYSTEM IMPLEMENTATION AND ANALYSIS

Based on the design presented in Section II-B, the prototype
of the tracking module is implemented and the real system
dynamics are analyzed. Figure 3 shows a schematic system
overview. Depending on the position error ec, a reference
current i, is calculated. Using the transformation matrix in
(3) and the gain of the analog current control k;, the refer-
ence voltage u, » for the AS is calculated. Individual analog
PI (proportional-integral) controllers C; are used to control
the eight current amplifiers P;. The generated currents i,
are applied to the VCAs. The output voltages of the IPS
and TS are transformed into the measured distances d; and
de, respectively, by use of calibrated polynomial functions.
Finally, the actual internal and external position of the MP
is calculated using (4) and (5). The two switches represent
the control transition scheme, enabling smoothly switching
between internal stabilization and external tracking, which is
discussed in Section V-B.

A. Implementation of tracking module prototype

1) Mechanical structure of MP: The mechanical design of
the quadratic MP is modeled with a length of 150 mm. A
cross-strut is included on the bottom of the MP to achieve
high stiffness and shift structural modes to higher frequencies.
To keep the mass of the integrated system low, all mechanical
parts, i.e. the supporting frame and the moving platform, are
3D printed using polyethylene terephthalate glycol-modified
(PET-G) with a density and Young’s modulus of 1.27 gcm™3
and 2.2 GPa, respectively, as a stiff material. The total moving
mass including the mechanical structure of the MP, the coils
of the VCAs and the TS is 850g. The entirely assembled
tracking module has a mass of about 4.5 kg.

digital i analog

il

ue - drs
Fig. 3: Block diagram of the tracking module. The digital po-
sition control sets the reference voltage u, , for the individual
analog current control. The force F generated by the VCAs
is applied to the MP. The actual internal and external MP
position is calculated from the distances measured by the IPS
and TS.

2) Actuation system: In order to levitate and actuate
the MP, conventional VCAs (VCARO0087-0062-00A, Supt-
Motion, Suzhou, China) are chosen. Each VCA is capable
of providing 20N continuous force and shows a relatively
large air gap of 500 um. Considering the dynamic matrix
in (2), the values of the design parameters are summarized
in Tab. I. The assembled prototype achieves an actuation
range of about 180 um and 2 mrad in the translational and
rotational DoFs. Custom-made analog proportional-integral
(PI) voltage-controlled current amplifiers, based on the high-
power operational amplifier OPA544T (Burr-Brown, Tucson,
Arizona, United States), are utilized to apply a desired current
to each coil of the VCAs. The bandwidth of each current
control loop is set to 10kHz, avoiding undesired phase lag
for the subsequent position control.

TABLE I: Design parameters of the actuation system (AS).

Parameter Value Description

km 127NA-T VCA motor constant

ki 0.4AV~!  Gain of analog current control
m 850g Total MP mass

la V2 25 mm Lever of torque ¢y

ly V2 25 mm Lever of torque ¢y

1 25 mm Lever of torque ¢

Iy 1.44mkg Moment of inertia ¢

I 1.44mkg Moment of inertia ¢,

I, 2.54mkg Moment of inertia ¢,

3) Position sensor systems:
IPS: To determine the MP’s position in six DoFs with respect
to the supporting frame (internal position), a custom-made IPS
system based on six optical proximity sensors (HSDL-9100,
Avago Technologies, San Jose, California, United States) is
designed. Highly reflective tape is attached to the target points
of the optical proximity sensor to achieve a high signal to noise
ratio (SNR) ratio.
TS: Three capacitive displacement sensors (CSHOS5, Micro-
Epsilon, Ortenburg, Germany) are used to measure the out-
of-plane distance and orientation of the MP with respect to a
sample surface (external position).

Each sensor channel of the six IPS and three TS (see Fig. 2)
is calibrated using an interferometric sensor system (IDS3010,
attocube - Wittenstein Group, Germany) as a reference. The
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obtained sensors characteristics are fitted by a high-order
polynomial within the desired sensor range, yielding equal
sensor gains. In Tab. II the noise floor and range of the two
individual sensor systems are listed.

TABLE II: Parameters of IPS and TS.

Sensor Noise floor  Range  Bandwidth
IPS| — IPSg 75 nm rms 1.8 mm 10kHz
TS, —TS3 15 nmrms 0.4mm 4kHz

4) Rapid prototyping system: Development tools of Beck-
hoff Automation GmbH & Co. KG (Verl, Giitersloh, Germany)
are chosen for data acquisition and rapid prototyping of
the subsequent digital position control of the platform. An
Ethernet/EtherCAT bus coupler (Beckhoff EK1100) is used as
interface between the digital position control and the tracking
module components. In order to set reference voltages for the
current controllers and to read the signals of the IPS and TS,
analog in- and output terminals (Beckhoff EL3702, Beckhoff
EL4732) are included. The entire rapid prototyping system
runs with a sampling frequency of 20kHz and shows a time
delay of about 140 ps.

B. Analysis of system dynamics

In a first step, the system dynamics are measured with
a system analyzer (3562A, Hewlett-Packard, Palo Alto, CA,
USA) using the signal of the IPS in a closed-loop man-
ner. Using the system model derived in Section III and the
parameters listed in Tab. I, a low-bandwidth floating-mass
model-based proportional-integral-derivative (PID) controller
is designed for each DoF to stabilize the levitated MP in a
free-floating position with respect to its supporting frame. The
analysis of the system dynamics is exemplary shown for DoF
z. A sinusoidal sweep with low amplitudes (5 um/100 prad)
is applied to the reference position of the single-input single-
output (SISO) control loop. The system dynamics G ; = -*-
are obtained (see Fig. 4) by dividing the measured position };
and the controller output . ;, and include the time delay of
the rapid prototyping system as well as the dynamics of the
AS, the MP and IPS. Due to the balanced system design, low
cross talk between the DoFs is measured, which is 15 to 30 dB
lower than the related system dynamics for low frequencies
(data not shown). This justifies the the proposed SISO control
approach.

In the frequency range below the first structural mode of
the MP (< 150 Hz), the relations between the internal and
external out-of-plane MP position are given by (6) and (7c),
yielding equal dynamics for the internal and external position
output with just opposite sign due to the equal sensor gains.
Therefore, the same PID control parameters can be used for
the tracking control mode by inverting the sign of the external
position as indicated in Fig. 3. The identification process is
repeated in closed-loop operation with the signal of the TS as
feedback. As expected, similar out-of-plane dynamics as iden-
tified in the internal stabilization control mode are obtained
for frequencies up to 150 Hz as shown in Fig. 4. However,
due to the placement of the TS closer to the platform’s center
(Fig. 2b), measured structural modes of the moving platform

at higher frequencies differ from the dynamics observed by
the IPS. This results in different system dynamics at higher
frequencies, as exemplary shown for z; and 2. in Fig. 4 (black
dashed and dotted lines). Due to the cable connection of the
actuator coils mounted on the platform, parasitic stiffness and
damping can be observed for frequencies lower than 25 Hz.
However, between 20 and 140 Hz good agreement with the
floating mass model dkmbi a9 modelled in (1) and (2) with

ms2
the design parameters listed in Tab. I, is obtained.

V. CONTROL DESIGN AND IMPLEMENTATION
A. Position control
Based on the measured system dynamics, the parameters of

the SISO PID controllers

k‘i kds
C =k —
PID p+5+1+i

®)

are optimized in a loop shaping approach by following to
achieve maximum bandwidth. As discussed in Section IV-B,
the internal and external out-of-plane position outputs show
very similar dynamics in the low frequency range. This fact
enables the application of the same PID parameters for both
position outputs by just inverting the sign of the external
position. The parameter of the parallel tamed PID controller
structure in (8) are synthesized in accord to the guidelines
in [23]. With a being a tuning parameter, the P-gain k, =
e (s)\szj%fl is used to shift the intersection of the loop
gain CprpGy, k € {i,e} with the 0dB-line to the targeted
crossover frequency w,. The I-gain, which is active below 25,
is used to increase the loop gain at low frequencies and thus,
reduce the steady state error. The D-gain kg = (f: is required
for reasons of robustness by introducing sufficient phase lead
at around w,. A limitation of the loop gain at high frequencies
is achieved by stopping the D-action with a pole at w; = aw,.
A reasonable value for the tuning parameter is found to be
a =~ 3 [23]. The cross-over frequencies w, of the designed
loop gains are about 130 Hz, limited by excited structural
modes and the according phase loss at higher frequencies. The
controller implementation is exemplary shown for DoF z. The
PID controller designed for both position outputs, z; and z, is
represented as solid black line in Fig. 4. However, for frequen-
cies above 150 Hz measured structural resonances differ due
to the sensor placement. Therefore, tailored notch filters for
the internal and external position control are required. For the
internal position (stabilization) and external position (tracking)
control, two notch filters of the form

82 + 0k2mugs + Am2v?
$2 + 20 pip27vys + A2l

Hyp = ke{l,2}, (9
with pj, determining the depth and §, the width of the notch
filter at a desired frequency vy, are designed to attenuate
occurring structural modes at higher frequencies and ensure
robustness. The extended position controller is given by

C=CpipHn1Hn2=CprpHn. (10
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For each of the six internal and three external position
outputs an individual controller is designed. The control pa-
rameters, including measured gain and phase margin of each
position controller, are summarized in Tab. III.

)

Magnitude (dB)
SR

Magnitude (dB)

ES

10° 10 10° 10°

180 -

Phase (°)
7

-180 = e

-360 L
10° 10"
Frequency (Hz)

10° 10°

Fig. 4: System and controller dynamics of DoF z. The same
PID controller (solid black) is used for the internal and external
position control. Different system dynamics (G ; and G )
observed at higher frequencies require tailored notch filters
(Hn,.; and Hy . .) for robustness.

Figure 5 shows the measured complementary sensitivity
T = lfCGG and sensitivity function .S H% for
the three external out-of-plane position outputs. The achieved
position control bandwidths are between 120 to 160 Hz. Good
vibration compensation capability for lower frequencies is
indicated by the measured sensitivity functions S. A sinusoidal
vibration with e.g. a frequency of 20 Hz can be attenuated by
15dB, 17dB and 20dB in z., ¢ and ¢y ., respectively.
A slight waterbed effect above the unity-gain cross-over fre-
quency can be observed.

B. Transition scheme

For the actual operation of a robot-based inline measure-
ment system, a robust control transition scheme between
stabilization and tracking mode is required. When the robot
arm is approaching a sample surface, the MP needs to maintain
a constant center position with respect to its supporting frame
by using the IPS in order to avoid mechanical damage. Once
the TS are in range, active vibration compensation is enabled
by the tracking mode, which maintains a constant displacement
and orientation between the MP and the sample surface (see
Fig. 1). To enable an efficient control transition between
stabilization and tracking mode, a method is developed, which
prevents undesired switching transients in the MP position that
may damage the MT or the sample. Considering the schematic
system overview in Fig. 3, the two switches are replaced by
a cross-fading error gain v € [0,1]. The resulting transition
scheme is exemplary illustrated for DoF z in Fig. 6. The actual
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Fig. 5: Complementary sensitivity 7" and sensitivity function
S for the external out-of-plane positions ze, ¢, and ¢, ..
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Fig. 6: An efficient transition scheme between stabilization
and tracking mode of the MP using a cross-fading error gain
~ € [0, 1] and a single PID position controller [24].

internal and external position errors e, ; and e . are weighted
by v and 1 — +, respectively, with

-

t\° t\* t\?

following a minimum jerk trajectory in a given transition time
T;. The weighted position errors €, ; and €, . are applied to
the individual notch filters Hy .; and Hy .. and the sum
of the notch filter outputs is applied to the PID controller
Cprp. The transition scheme is stable for each v € [0, 1]
since the effective loop gain L(vy) = (1 — v)L; + L. is
a weighted superposition of the two stable loop gains L; =
CpipHy,.iG; and L, = CprpH, . .G, which have equal
cross-over frequencies [24]. The tracking module is capable of
performing simultaneous transitions in all three out-of-plane
DoFs.

VI. EXPERIMENTAL EVALUATION OF SYSTEM
PERFORMANCE IN VIBRATIONAL ENVIRONMENT

In order to evaluate the vibration compensation capability of
the developed tracking module as well as the performance of
the control transition scheme in the three out-of-plane DoFs,
a moving sample surface is required to emulate vibrations in
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TABLE III: Controller design parameters.

Output  kp(1) kqg(s/rad) wi(rad/s) ki(rad/s) Hni : {v,p, 0} Hyo : {v,p, 8} GM/PM

i {190Hz/0.5/0.3}  {389Hz/0.2/0.5}  7dBR24°

Ze 10.54 0.034 28274 993.5 {290Hz/0.55/0.25}  {400Hz/0.8/0.2}  9dB/34°
TTgee T LI T TTI o TT T m- - T moo- 1200 Hz/0.8/0.3) ~ {366 Hz/0.15/0.5] ~ 22dB/A0° ~

boq 1874 0-006 3298.7 2061.1 {400Hz/0.3/0.5}  {912Hz/0.1/0.8}  8dB/45°
TTye TS T T oI ST LI T T {180 Hz/0.7/0.2) " ~ {5001/05/1.8) ~ 11dB/36” -
Cya O 00 BOST WS {doons/0/0.5) | {794H2/05/03) | 17dBI35

z 14389 0.007 2961.9 1122.6 {200Hz/0.8/0.6} ~ {400Hz/05/06} ~ 13dB/53°

y 14.89 0.007 2261.9 1122.6 {200Hz/0.8/0.6}  {470Hz/0.5/0.6}  7dB/52°

b 21.03 0.009 2261.9 1558.8 {180 Hz/0.3/0.4} {478 Hz/1/0.5} 9 dB/50°

an industrial environment. Therefore, an aluminum sample is
mounted on a one DoF shaker. The entire tracking module is
placed above the moving target as shown in Fig. 7, with the
TS determining the actual distance and orientation between the
MP and the sample surface. In DoF z a randomized vibrational
disturbance according to the VC-A norm [7] is emulated by the
shaker. However, non-controllable rotational motion in ¢, and
¢, occurs when actuating the shaker due to eccentric mounting
of the sample.

Fig. 7: Experimental setup overview. The TS are measuring
the distance and orientation to the vibrating target in the DoFs
z, ¢ and ¢,.

A. Control Transition

The control transition scheme is implemented for all out-of-
plane DoFs and exemplary shown for DoF z in the artificially
generated vibrational environment. Therefore, the platform is
positioned in a free-floating position using the stabilization
control mode, such that the initial external position error
between the platform and a stationary sample surface is
€ze,0 = H0um. Figure 8 shows the results related to this
experiment. For ¢ < 0.5s the motion of the sample surface
€ze = 20.1umrms + e, .o is represented by the external
error e, ., while the MP is stabilized with respect to the
supporting frame (e,; = 90nmrms). The related control
effort is represented by the current i, applied to A;-A4 (see
(3)) in Fig. 8c. The total force applied in direction z is
|F.| = 4kpi, = 4-12.7TNA71 . 0.164 A = 8.33N, which
is a reasonable value to levitate the MP with a mass of
about 850g. At t = 0.5s the minimum jerk control transition
with a transition time of 7} = 50ms is enabled. As desired,
the tracking error e, . decays and, accordingly, the internal
position error e, ; and the AC component of the control

(pm)

e,

0 0.25 0.5

(b) Zoomed plot.

-0.12
-0.14
<.0.16

-0.18

(c¢) Control effort.

Fig. 8: Experimental validation of the control transition
scheme for DoF z. a) For ¢ < 0.5 the external position error in
solid black equals the sample motion. The transition is enabled
att = 0.5s. b) A residual tracking error of e, . = 1.89 pmrms
is achieved, corresponding to a vibration attenuation of 90.4 %.
¢) The related control effort in A applied to each of the VCAs
A;-Ay. Follow the link https://www.acin.tuwien.ac.at/project/
precision-robotic-in-line-metrology-for-freeform-surfaces to
the online video.

effort increase due to the tracking motion of the platform. For
t > 0.55s a residual tracking error of e, . = 1.89 pmrms is
achieved. Thus, the vibration disturbance in DoF z is reduced
by 90.4 %.
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Fig. 9: Amplitude spectrum of reference (dashed-dotted grey),
generated (red) and attenuated (black) vibrations. The velocity
spectrum (dotted grey) of the reference accords to the VC-A
standard (dotted black) [7]. Disturbance rejection better than
—20dB is observed for frequencies below 40 Hz.

B. 3 DoF vibration compensation

The vibration compensation performance in the three out-
of-plane DoFs is demonstrated, again by applying a random-
ized z-position signal, which meets the standardized VC-A
spectrum [7]. Figure 9 shows the corresponding spectrum of
the reference position zy,-cy (dashed-dotted grey), resulting
from the integration of the velocity spectrum of vyip ey
(dashed grey). By applying 2,p rcs to the shaker, the tracking
error e, . for disabled vibration compensation in solid grey
results. Repeating the measurement with enabled vibration
compensation, the tracking error is significantly reduced, in-
dicated in dashed black. Good attenuation of about —35dB
for low-frequency vibrations can be observed. According to
the measured sensitivity function in Fig. 5, the capability of
disturbance-rejection decreases with increasing frequency of
the vibrations. However, at 40 Hz the attenuation is still around
—20dB.

In Fig. 10 the according time domain signals of the out-of-
plane position errors for disabled vibration compensation are
shown in grey, having about 15.7 pm rms in z and 95 pyrad rms
in the rotational DoFs. The according peak-to-valley values are
89 um pv and 740 yrad pv. By repeating the measurement with
enabled vibration compensation (black), a residual error of
about 1.6 um rms/10 um pv in %z, results, which corresponds to
a reduction of about 90 % for this DoF. The rotational tracking
errors are reduced to about 21 purad rms/160 urad pv (78 %).
The achieved system performance is orientation-independent
due to the actuation principle based on identical VCAs, as
demonstrated in [18].

In summary, the tracking module with integrated robust
control transition scheme successfully compensates 78 — 90 %
of disturbing vibrations in the three out-of-plane DoFs, demon-
strating the feasibility and validity of the proposed system
concept.

——Vib. comp. OFF

200 -

e (prad)
(=1

-400
0

e (urad)

Fig. 10: Position errors for standardized floor vibrations with
disabled (dotted grey) and enabled (solid black) vibration
compensation. Residual rms position errors of 1.6umrms
(—90 %) and 21 prad rms (—78 %) are achieved for z and the
rotational DoFs, respectively.

VII. CONCLUSION

In this paper, a three DoF MAGLEV tracking module
with arbitrary operation orientation for precision robot-based
surface measurements is presented. Three TS measuring the
external distance and orientation relative to a sample in the
three out-of-plane DoFs z, ¢, and ¢, are mounted on the
MP. The implementation of SISO PID controllers enables to
maintain a constant position of the MP relative to a sample
surface, while the MP is stabilized in-plane with respect to
the tracking module frame. The achieved position control
bandwidth for each DoF is about 130 Hz. By means of a
cross-fading error gain, an effective control transition between
the stabilization and tracking mode of the MP is presented
and evaluated. Standardized floor vibration profiles are applied
to a vibrating sample surface to evaluate the vibration com-
pensation performance of the tracking module. Attenuation
better than —20dB for frequencies below 40Hz in DoF z
is shown. In the time domain, a residual tracking error of
about 1.6 ym rms is achieved for a vibration disturbance with
15.7 um rms, corresponding to a reduction of 90 %. Angular
displacements are reduced by 78 % down to 21 uradrms.
These results clearly show the feasibility of the proposed
system concept.

Next steps include the integration of in-plane TS in order
to achieve vibration compensation in six DoF. Moreover, the
implementation of a scanning MT will enable precision robot-
based 3D measurements on free-form surfaces.
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