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Abstract—This paper proposes an advanced disturbance-
suppression strategy for a dual-stage actuated 3-degree-of-
freedom (3-DoF) positioning system for high-precise optical 3D
inline metrology applications. The decentralized control loop
based on single input single output (SISO) PID controllers is
complemented by a disturbance observer (DOB) in each DoF
to suppress disturbance forces, originating from the coarse
positioning unit at fractions of the pitch of the mechanical
spindle drive. By reformulating the DOB design problem in
the Hoo-synthesis framework, the disturbance sensitivity of the
closed-loop system is shaped to suppress disturbances at these
specific frequencies. Experiments on an experimental prototype
demonstrate the effectiveness of the approach with up to 28%
reduction of measurement errors related to the positioning system
on a large inspection area (0.7x0.6m).

I. INTRODUCTION

Inline measurement systems are an indispensable compo-
nent of modern industrial manufacturing and production pro-
cesses, given the increasing demand for precision, throughput
and continuous quality control [1]. Consequently, optical 3D
measurement systems, such as laser line or structured light
sensors, are frequently employed in a multitude of applications
with moderate precision requirements[2], [3]. Nevertheless,
they are facing more and more challenges in terms of in-
creasing speed and precision demands in advanced production
systems, as the measurement precision is significantly limited
by motion blur [4].

One solution to this problem is to precisely position the
optical measurement system with respect to the measurement
sample in order to enable high-precision 3D surface mea-
surements on moving objects [5]. This results in local lab-
like conditions, wherein the relative motion between sample
and measurement system is ideally zero. Furthermore, the
measurement range can be arbitrarily extended within the
capabilities of the positioning system, which is beneficial when
moving laser-line sensors over measurement samples to obtain
3D surface measurements [6]. Nevertheless, the measurement
precision in the moving direction depends heavily on the
positioning system, especially considering parasitic rotational

motions of the measurement system with respect to the motion
plane of the sample.

For precise positioning over long distances dual-stage actu-
ation is often used, combining a coarse, long-range actuator
with a fine, high-precision actuator, as seen in applications
ranging from hard disk drives to wafer scanners [7], [8].
Fine actuators such as Lorentz actuators (LAs) are particularly
well suited due to their quasi-zero stiffness, which helps to
isolate disturbances from coarse-stage motion [9]-[11]. The
moving part is usually constrained in the non-actuated DoFs
by either magnetic levitation or air-bearings [5], [12] to keep
the zero stiffness property, or by mechanical flexure structures
in combination with a position control loop [13].

A recently proposed 3-DoF positioning system for optical
inline metrology combines a mechanical spindle drive and 3
LAs to precisely move a metrology platform over a production
line while also maintaining a constant orientation to the sample
motion by position control in 3 DoFs [14]. While disturbance
forces from the coarse-actuator are isolated by the LAs, errors
related to the mechanical periodicity of the spindle-drive are
still transmitted to the metrology platform via the surrounding
machine frame.

A widely adopted approach for suppressing external dis-
turbance in motion control loops are disturbance observers
(DOB) [15]. While classically an inverted plant model in
combination with a tuned low-pass filter (Q-filter) is used for
estimating external disturbances, it is shown that the DOB
design can also be formulated in the Hoo-synthesis framework
[16]. By applying appropriate weighting filters for the Hoo-
synthesis, this method can be used to suppress disturbances
at specific frequencies, as e.g. applied to hard-disk drives in
[17].

The contribution of this paper is an advanced disturbance-
suppression strategy targeting periodic errors from the coarse
stage’s mechanical spindle in a dual-stage actuated, 3-DoF
positioning system for high-precise inline metrology. Classical
PID position control is enhanced with DOBs designed in
the Hoo-framework, with performance improvements demon-
strated on an experimental prototype.
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The remainder of the paper is organized as follows:
Section II and Section III introduce the dual-stage actuated
3-DoF positioning system and a decentralized motion control
strategy based on modal decoupling, which is then extended by
the proposed DOB-control in Section IV. Section V provides
the experimental validation of the approach and Section VI
concludes the paper.

II. MULTI-DOF POSITIONING SYSTEM

A. Principle of operation

In Fig. 1 a principle sketch of an optical 3D inline mea-
surement system is shown, which incorporates a movable
metrology platform, carrying optical measurement systems.
The coarse actuator provides long travel range in y-direction

Fine actuator Metrology platform

Coarse actuator

Disturbance
forces

sample

Production line
Motiom=

direction

Fig. 1. Principle of optical 3D inline measurement system with moving optical
measurement systems. Multiple fine-actuators move the metrology platform
in y-direction and control the orientation relative to the production line.
Disturbance forces on the metrology platform lead to a lateral measurement
error of Ay (,t).

to cover a large inspection area, while the LAs on the fine-
actuator control the translational motion and rotation of the
metrology platform in the relevant DoFs by applying forces at
3 points from the back. External disturbance forces acting on
the metrology platform can induce unwanted parasitic motion,
which leads to a measurement errors in motion direction

Ay (z,1).
B. System design and prototype

For the subsequent evaluations an experimental prototype
of the positioning system is built, as shown in Fig. 2 [14].
Core part of the system is the metrology platform carrying the
measurement systems (not mounted), which is moved along
the y-direction. A spindle-drive with a stepper motor is used
for coarse positioning, providing extendable travel ranges and
reducing system costs. To overcome the low positioning pre-
cision of mechanical spindle-drives, a dual-stage approach is
applied. Therefore the coils of 3 cylindrical LAs are mounted
on the pusher, which is connected to the spindle-drive. The
magnet parts of the LAs are fixed at the metrology platform,
allowing the positioning of the stage in 3DoFs (y, 6, ).
The LA forces are proportional to their currents, which are

Pusher

Coarse pos.

Metrology platform Stepper motor
frame

Spindle

Sensor frame

Fig. 2. 3-DoF dual actuated positioning system. The coarse actuator consists
of a mechanical spindle-drive with stepper motor, which drives the pusher,
on which 3 LAs are mounted for the fine-motion. The metrology platform is
guided on mechanical flexure mounts [14].

controlled by high-bandwidth current controllers (f; = 5kHz)
and custom-made switched amplifiers [18].

The stage is suspended on the machine frame by linear roller
guides on either side of the frame. To counteract manufactur-
ing and mounting tolerances of the linear guides, the stage is
guided on mechanical flexure mounts, which enable sufficient
motion freedom in the actuated DoFs, while providing suf-
ficient stiffness in the non-actuated DoFs [14]. Additionally,
mechanical stops are added, which restrict the relative motion
between the pusher and the metrology platform, to keep the
flexures within their mechanical stress limits.

Position measurement of the stage is done via 3 optical
laser interferometers (IFM) (IDS3010, AttoCube Systems AG,
GER) mounted on the sensor frame and the difference position
between stage and pusher is measured by an optical proximity
sensor (OPS) (TCND5000, Vishay, US). The sensor readout
and subsequent derived control algorithms are implemented on
a rapid prototyping system (MicroLab-Box, dSPACE GmbH,
GER) with a sample-rate of 50 kHz.

III. DECOUPLED DUAL-STAGE CONTROL
A. System model

A full (non-linear) system model of the metrology platform
movement is derived in [14]. It is shown, that during stage
motion, a simplified linear model with the coordinates q =
1 w2 6]T (refer to Fig. 2) approximates the real behavior
sufficiently well for the subsequent control design. The model
can be formulated as a coupled linear mechanical system

Mg + Dq + Kq = Wf*, (1)

with the constant mass matrix M € R3*3, damping matrix
D € R3*3_ stiffness matrix K € R®*?3, and the LA force vec-
tor f¢ = [F, F, FC]T which is mapped to the generalized
forces with the constant matrix

a+B 1 —a+B
_ip ? i
W= 2B 2 2B : @
—-c —c—b —c
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The system matrices in dependence of the system parame-
ters are given by [14]

[my, (B> +4Bxy+4a2+4y2)+4L.. |
4B
m; = 'ml,(B —4x —4y’,) —41,,
,
_ 'm,,z!,?B+21'!,)
L 2B _
m,,(B2—4fci—4y_‘i)—4Iu
2 4B° , 2
my = m,,(B —4Bwy+42zg+4y”)+41n ,
4
_ m,,z,,?B—ZE,,)
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K= |_2 2/53 _mpgg
Hog s
e B —gmpzg + 2k3
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D= —B—ZZ Ty + 2 0
0 O ds

B. System decoupling

In order to apply a decentralized position control scheme
with separate SISO controllers for each DoF, the linear coupled
mechanical system (1) is decoupled by a modal analysis
approach [19]. This means, that a decoupling matrix U
is obtained, which transforms the coordinates q in modal
coordinates v = U~!q, for which ideally the equations of
motion are decoupled. For undamped system the solution of
the generalized eigenvalue problem

MMu=Ku, U=[u; uw u,| O]

directly leads to U, which decouples the M and K matrix
from (1) [19]. Although the damping matrix D of (1) is not
decoupled by U in this case, this approach can still be used,
since the controller can deal with the remaining coupling via
the damping matrix [14]. After solving (4) and normalizing
U, such that UTMU = I, the equations of motion in the
modal coordinates v can be written as

UTMU» +UTDU s + UTKU v = UTWEE,  (5)
—— N—— N—_—— ——

Mee=I D’ Kiee face

with the diagonalized mass- and stiffness matrix (M gec, Kgec)
and the damping matrix D’, which contains non-zero off-
diagonal entries.

C. Dual-stage control

Given the derived system equations (5), 3 separate SISO
PID-controllers are designed, to control the metrology plat-
form’s position by adjusting the forces in the LAs at the back
of the stage. A block-diagram of the implemented control
scheme is shown in Fig. 3 [14]. The plant model with the
LA forces as input is given with the transfer matrix G, which
is decoupled using the modal matrix U and the force mapping
matrix W. The grey-box in Fig. 3 represents the decoupled
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Fig. 3. Dual-stage control concept.
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plant G4 which corresponds to equation (5). Generally, the
position controller C,,; aims to track the reference position
v?, which is calculated from the desired motion trajectory for
the stage from the trajectory generator q¢ via ¢ = Uq?.

To keep the LAs within their actuation range, the coarse
positioning controller C., = P, (P-control) controls the
spindle-drives velocity w by using the difference position
signal from the OPS sensor (refer to Fig. 2). Since the
desired stage motion is known from the trajectory generation,
additionally the desired velocity in y-direction is applied to
the spindle-drive in a feed-forward manner together with the
mechanical spindle pitch p.

For each modal coordinate v; , j € (1,2,3) a PID-controller

Stepper driver

+
Coarse pos. unit

k
Cpials) = by + =22 4 1=

s 1+ 8Ty ©

is designed for an open-loop cross-over frequency of
fe = 80Hz. This frequency is limited by structural modes
of the system, starting from approximately 150 Hz [14]. To
suppress these non-modeled structural modes at higher fre-
quencies, notch filters

92 + 2D-§iw,, iS+ UJ2 n,i

CLi = .7 7
n,i(9) 82—|—2§Zw7”$+w7” @

are tailored for the respective mode frequencies and the
resulting controller is given by

HCTL i

A summary of the system and tuned controller parameter is
given in Table I

Cps,jj(8) = Cpia(s J€4{1,2,3} . (®)

IV. DOB EXTENSION

The zero-stiffness property of the LAs prevents the direct
transmission of disturbance forces originating from the coarse
positioning unit to the metrology platform. However, since the
coarse positioning frame is connected to the machine frame,
disturbances are still transmitted to the stage. A characteristic
of the disturbance forces from the spindle-drive is their spatial
periodicity at fractions of the mechanical spindle pitch [14].
This means, that by knowing the travelling speed of the
spindle-drive v, a portion of the generated disturbances can
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TABLE I
SYSTEM AND CONTROL PARAMETERS

System parameters

a 172 mm 167 mm c 119 mm

d 12mm B 562mm ko 1278

p 10 mm Tg —3.8mm Yg —3.4mm

Zg 148 mm mp 7.9kg me 0.22kg

k1 47200 % ko 1700 1\% ks 92 Ij—qé* .

dy —4.7 8= dy 0288 | 43 1128ms

Jez  0.13kgm? | Jy, 0.4lkgm? | J.. 0.215kgm?
Position controller Cpiq, Pep

kp 5.6 - 107 kr 1.76 - 105 | kq  4.45-107

T: 4.97-107% | P, 1.35-108
Notch filter C, ;(s)
245, 325, 454, 550, 600, 681, 713, 750
2n 796, 930, 1089, 1245, 1815, 2375

0.006, 0.01, 0.1, 0.056, 0.018, 0.032, 0.032, 0.316

Di 0.1, 0.1, 0.018, 0.032, 0.178, 0.003
¢ 0.25, 0.13, 0.05, 0.15, 0.2, 0.1, 0.1, 0.08
K 0.08, 0.25, 0.15, 0.15, 0.1, 0.8

be associated to specific frequencies, related to fractions of
the mechanical spindle-pitch p according to

f'd;L:i, n € {2,4,6,...} . 9)
np

Since these frequencies are known, the upper control loop from
Fig. 3 is extended by a DOB to suppress these disturbances,

as shown in Fig. 4a.

M(z)
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b, f‘dec
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Fig. 4. Extended control scheme. a) Control loop extended with disturbance
observer (DOB) consisting of a plant inverse Gd_elC and a filter Q. b)
Augmented system model M(z) with included weight W for the DOB
design in the Hoo-synthesis framework.

A. DOB Design in Hoo-synthesis framework

The DOB takes the measured position vector v and the
decoupled force vector fg.. at the input, and provides an esti-
mation of the input disturbance force f'd which is subtracted
from the control output. Ideally, if fd = f,;, the disturbance
force f; is canceled out by the DOB.

Classically the DOB design is done by finding a (causal) ap-
proximation of the plant inverse G;elc and a low-pass filter Q,
to achieve the required stability and robustness properties [15].
However, it is shown, that the problem of tuning G} and Q
separately can be reformulated to enable an intuitive tuning
based on specific noise suppression requirements [17]. This is
done by introducing a new variable D(z) and redrawing the

control loop, as depicted in Fig. 4b. If both formulations are
compared, D(z) is constrained in a way

D(z) = {_D]?(lz()zg;;}j ’

resulting from the conventional structure of DOB. This con-
straint can however be relaxed, and D(z) directly tuned based
on Hoo-optimization, which allows more flexibility with a
larger feasibility region, and therefore smaller  values in the
synthesis [17].

For the Hoo-synthesis the external disturbance force fj
is defined as disturbance input and the estimation error
e = f;— f'd as error output. So if the transfer function
from disturbance input to error output Ts(2) = g is small
in a certain frequency range, the difference between the
estimation and the actual disturbance force is small, leading to
a good disturbance suppression. To suppress the disturbance
at specific frequencies, a weighting function W, with the
structure

(10)

52 4+ 2D€w;s + w?
d H 82 + 26wis +w?

(11)
D =10,¢ = 0.01,w =27rnip,ie {2,4,...,10}

is introduced, which places notches on each of the first 5
harmonics of the spindle-related external disturbance forces
(9), as can be seen in the bottom plot of Fig. 5. For the
augmented plant M(z) from Fig. 4b, now a DOB D(z) is
. . T .
designed for each modal coordinate v = [v1,10,v3] with
the Matlab-command hinfsyn [20], which minimizes the Hoo-
norm of Ty(z) according to

argmin vy
D(z) € causal, stable

LT (2)] [0 <
It is to note, that while the synthesis of D(z) results in a

causal and stable solution for the given system, this may not
necessarily be the case for arbitrary systems.

12)

B. Disturbance sensitivity

To analyze the influence of the designed DOB in the
closed-loop system, the input disturbance sensitivity functions
|v/f4] and complementary sensitivity functions |v/v¢| from
the closed-loop system are shown in the top 3 plots of Fig. 5.
As expected, the disturbance sensitivity function is improved at
the frequencies for which the DOB is designed. Additionally, it
is notable that the inclusion of the DOB only has a negligible
impact on the complementary sensitivity function (reference
position tracking), which is a further advantage of the proposed
approach. In addition to the theoretical transfer functions (solid
curves), a closed-loop system identification is performed by
moving the stage along the y-direction and applying frequency
sweeps at the reference input and the input disturbance input
respectively (dashed curves) [21]. The measurements are in
good agreement with the theoretical transfer functions, vali-
dating the proposed approach.
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Fig. 5. Input disturbance sensitivity and complementary sensitivity function
with and without DOB for a velocity of 8 ™. The bottom plot shows
the weighting function W for the Hoo-synthesis. The theoretical curves
(—), and the measurements from closed-loop MIMO system identification
are plotted (-----).

V. EXPERIMENTS
A. Measurement errors related to positioning system

For the evaluation of the system, the lateral measurement
uncertainty originating from the positioning system is of
interest. Therefore, the measured position of the metrology
platform is used to calculate the resulting error Ay, (z,t), as
shown in Fig. 1. By using ¢ = tan™! (15¥2), y,, (2,t) can
be expressed by

Ay (z,t) = it + h; tan (0) + x tan (w)] —y, (13)

2

with the coordinates y1, y2, € and the effective standoff height
of the measurement systems h;. The maximum error along the
x-axis is calculated for a given inspection width w; according
to

(14)

em(t) = max (Aypm (z,1)) ,forz [_wi wi]

272
This represents the worst-case measurement error in y-
direction over time at any point on the inspection surface. For
the subsequent validation w; = 0.6m and h; = 0.55m are
used, which corresponds to the working distance and field of
view of two commercially available 3D surface measurement
sensors (SC 2500-300, Micro-Epsilon GmbH, GER) mounted
side by side (Fig. 1) [22].

B. Experimental Validation

For the evaluation the metrology platform is moved along
the y-direction (Fig. 2) with two different velocities v &€
{8mm/s,17mm/s} over a linear travel range of 0.7m. The
measured coordinates (y1, Y2, 0) are recorded and the worst-
case error over the entire inspection are ¢,, () is calculated
according to (14). The power spectral density and the cu-
mulated amplitude spectrum of each measurement is shown
in Fig. 6. The plots show, that for each driving velocity the

17mm/s
| W w/o DOB s DOB |

8mm/s

[ /o DOB_mm DOB |

2nd |3rd 1st 3rd
w
T 10
~
o~
g_ 4th
= 1st 2nd [4th
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C% 5 5th
A~ 5th

7.5 6.5m
—~ 7.1;/mj
g Vi
=
% 25 S5pum

10% 10° 10! 10?
Frequency (Hz)

0
10° 10!
Frequency (Hz)

Fig. 6. Power spectral density (PSD) of worst-case measurement error €y, (t)
over frequency and cumulative amplitude spectrum (CAS) for driving speeds
of 8mm/s and 17 mm/s.

first 5 harmonics of the error are vastly reduced with the
inclusion of the DOB (red) as compared to the measurements
without DOB (blue). The reason for the different PSD levels
in the range 10Hz-20Hz in the left plot may be due to the
fact, that external disturbances are varying between different
measurement runs.

In summary, with the inclusion of the DOB in the control
loop, the worst-case measurement error coming from the po-
sitioning system can be reduced by up to 28 %, demonstrating
the effectiveness of the proposed approach to suppress external
disturbance forces originating from the mechanical spindle-
drive. The measured errors are summarized in Table II.

TABLE II
MAXIMUM MEASUREMENT ERRORS €;, (RMS)
w/o DOB  DOB Improvement
8mm/s 6.5 pm 5 um 23%
17mm/s | 7.4pm 5.3pum | 28%

VI. CONCLUSION

In this paper an advanced disturbance suppression strategy
is proposed for a dual-stage actuated 3-DoF positioning system
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for high-precision 3D inline metrology. The motion of the
metrology platform is controlled by 3 decoupled SISO control
loops consisting of tailored PID controllers and notch filters
to suppress structural modes of the system. To suppress errors
at fractions of the pitch of the mechanical spindle-drive, each
control loop is complemented by a DOB. By reformulating the
DOB design in the Hoo synthesis framework, the disturbance
sensitivity of the closed-loop system is shaped in such a way,
that disturbances at these specific frequencies are suppressed.
Experiments on the experimental prototype are carried out
on a large inspection area (0.7x0.6m), which validate the
effectiveness of the proposed approach. A 28 % reduction of
measurement errors related to the positioning system down to
5um (rms) is demonstrated for the investigated driving speeds.
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