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Abstract—This paper presents a measurement platform (MP)
as high precision endeffector of a robot with a tailored dis-
turbance rejection scheme, in order to enable high-resolution
measurements directly in a production line. The MP is installed
on a gantry robot for in-plane positioning and has an electromag-
netic actuator for vertically positioning its mover. It can mount
a compact measurement tool for high precision topography mea-
surements, which are typically sensitive to external vibrations,
introducing relative motion between the measurement tool and
the sample. To compensate these vibrations, the MP mover
vertically tracks the sample by feedback control, maintaining
a constant distance between sample an measurement tool. In
order to reject broad-band floor vibrations as well as narrow-
band vibrations, revealed by the analysis and introduced by the
robots servo control, the designed high-bandwidth PID-based
controller is supplemented by peak filters tailored to the narrow-
band vibration components. A method for designing these peak
filters depending on the location of the narrow-band disturbance
relative to the crossover frequency is presented. The resulting
controller enables a tracking error as small as 15nm(rms),
which is 50% smaller than the error without the peak filters,
demonstrating the effectiveness of the MP in enabling high
resolution inline measurements.

Index Terms—Precision Engineering, Disturbance rejection,
Motion control, Inline metrology.

I. INTRODUCTION

NLINE metrology enhances the quality control of industrial

production processes by evaluating the product quality
directly in the production line and adjusting the production
settings accordingly [1]. Dependent on the production process,
e.g. coating [2] or grinding [3], various surface properties of a
good, such as topography or roughness, are of interest, which
they are typically evaluated by high-resolution measurement
instruments, such as atomic force microscopes (AFMs) [4],
[5] or scanning optical 3D sensors [6]. These instruments,
however, usually require means for vibration isolation because
floor vibrations, caused by operators and manufacturing ma-
chines on the work floor, impair high-resolution measurements
(4], [7].

Commonly used vibration isolators are equipped with a
tabletop mounting for measurement instruments. The table-
top is suspended by supports that decouple it passively or
actively from the floor for vibration isolation [8]. When such
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a vibration isolator is used for product inspection, samples
from the production line need to be transferred to a laboratory
environment, which clearly prevents a 100% quality control or
significantly impairs the throughput. Additionally, vibrations
at low frequencies cannot be isolated due to the supports’
stiffness and the noise of vibration sensors in passive [8] as
well as active vibration isolators [9].

The flexibility to quickly locate a measurement tool over
various regions of interest on a produced good directly in
a production line can be provided by employing industrial
robots. They extend the range of the measurement tool [10]
and enable fully automatic measurement operations [11].
However, the typical positioning accuracy and resolution of
nowadays industrial robots is in the range of several tens of
micrometers [12]. The limited positioning accuracy, similar
as environmental vibrations, causes relative motion between
a robot-mounted measurement tool during the measurement
process and leads to motion blur in the measurement results
in all degrees of freedom. This entails corrupted measure-
ments, making robots themselves insufficient for conducting
measurements with high precision measurement tools on the
micrometer scale and below.

In order to overcome the aforementioned shortcomings, ac-
tive sample-tracking vibration isolation [13] has been proposed
to enable high precision inline measurements [14]. While
sample-tracking vibration isolation itself has been successfully
demonstrated [13], [14] and already been integrated into a
tabletop AFM [15], it remains unclear if it can also be used
to improve the positioning precision of a robot-based inline
metrology system. One major concern is that the mechanical
loop from the measurement tool to the sample is significantly
enlarged, such that the measurement system may become even
more sensitive to floor vibrations [4]. Another concern is that
vibrations induced by the operation of the robot itself, impair
the the positioning precision of the system.

The contribution of this paper is (i) the design and analysis
of a metrology platform (MP) as endeffector for robot-based
high precision inline measurements, capable of carrying a
compact measurement tool and compensating external vibra-
tions in vertical direction, and (ii) a method for tailoring
supplemental peak filters to the noise properties of the used
robot, extending the feedback controller for improved active
sample surface tracking. The positioning systems, comprising
a gantry robot and the MP, is designed in Section II, followed
by an analysis of the dynamics and vibration characteristics
in SectionIIl. Based on the analysis, the motion controller
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Fig. 1. Vibration compensation concept with metrology platform (MP). The
relative distance between the measurement tool (MT) and the sample is
measured by a tracking sensor and kept constant by feedback control via
a vertical z actuator. Vibrations from the robot z, and the sample zs are
canceled and not influencing the measurement.

is designed and tailored to the vibrational characteristic of
the robot via the proposed design method in SectionIV. Sec-
tion V experimentally evaluates the tracking performance of
the positioning system with the tailored controller. Section VI
concludes the paper.

II. SYSTEM DESIGN

The entire positioning system comprises the MP for vertical
positioning of the measurement tool in constant proximity
above the sample and a gantry robot for lateral positioning
of the entire MP in the working space of the robot. Figure 1
shows an overview schematic of the developed system design.
The MP carries the measurement tool and includes a vertical
actuator and a tracking sensor to measure the distance between
measurement tool and sample [16]. The sensor signal is
used for feedback control, such that the distance between the
measurement tool and the sample is kept constant by actively
controlling the MP mover position. The MP thus tracks the
sample to isolate and reject vibrations from the robot and the
sample to enable vibration-free high resolution measurements
[17]. As illustrated, the MP is installed on the carriage of the
robot in order to place it at arbitrary measurement locations
on the sample. When the MP reaches a targeted measurement
location, the robot maintains its lateral position with its servo
control activated, while the MP vertically tracks the sample
for vibration isolation. The MP and the robot are described in
detail below.

A. Metrology platform (MP)

The MP comprises a rigid mover part equipped with a
compact measurement instrument and a mechanical stator
part to interface the robot. Figure 2 shows a CAD rendering
of the designed platform. For guiding the mover motion in
vertical direction and restraining motions in the other degrees
of freedom, the mover is suspended by a flexure mechanism
consisting of two notch type flexures [18]. For tracking the

sample motion a Lorentz tracking actuator with a motor
constant of K,, = 1.24 N/A and integrated permanent magnet
assembly for passive gravity compensation is used [19]. It is
driven by a current-controlled power amplifier, which provides
the actuator current 4,. The MP mover mounts an arbitrary
compact 3D measurement tool and an on-board tracking sensor
(see Fig. 1), based on the laser focus principle, to measure the
distance between the MP mover and the target sample surface.
The tracking sensor provides a resolution of about 2 nm within
a range of 2.5 ym and a bandwidth of more than 10kHz [20].

With the magnets of the actuator and the gravity compen-
sator, the tracking sensor, a dummy mass for a compact mea-
surement tool and the rigid aluminium made mover structure,
the MP mover has a resulting mass of m, = 4.3kg. The
resulting suspension mode should be as low as possible in
order to minimize the transmission of vibrations from the
robot carriage to the MP mover [21], such that the flexures
are designed to result in a suspension mode at 5 Hz.

B. Gantry robot

The gantry robot uses three linear motors guided by roller
bearings (one for the x axis and two for the y axis) to
laterally move the carriage in x- and y-direction. The servo
control is realized by one PID controller for the = and y axis,
respectively, which are implemented on two microprocessor
boards (STM32F407G, STMicroelectronics, Switzerland). To
prevent limit cycling due to the static friction in the bearings
and the integral control, a tolerance band is defined within
which the integral action is inactive. The resulting positioning
uncertainty is within 400 nm for both axes.

The implemented experimental setup is depicted in Fig. 3a.
It shows the gantry robot for lateral positioning, the MP for
vertical positioning as well as the sample frame and sample
holder, which are directly placed on the workspace floor. Next
to the sample mount, a mirror is mounted as target for the
on-board tracking sensor in order to enable positioning with
nanometer resolution.

III. SYSTEM ANALYSIS
A. System modeling

The lumped mass model of the entire system is depicted
in Fig.3b. The MP mover with mass m,, is actuated by the
actuation force F,, generated via the actuator current %,, and
is connected to the robot carriage via the flexures, modeled
by the spring k and the damper d. The additional springs and
dampers in Fig. 3b represent the limited stiffness of the robot
(kR and dg) and the sample frame (kg and dg), which result in
parasitic relative motion and additional mechanical dynamics.
The variables z,,,, 2, and z,. denote the position of the MP
mover, the sample, and the robot carriage, respectively. The
relative distance between mover and sample z = 2z, — 2,
which is measured by the tracking sensor, is considered as the
plant output, while the actuator current ¢, is considered as the
control input of the plant. Under the assumption that k£ and d
are sufficiently small and result in a lowly damped suspension
mode at low frequencies significantly lower than the targeted
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Fig. 2. CAD rendering of the metrology platform (MP). The MP mover is vertically guided by flexure hinges and actuated by a Lorenz actuator with integrated
passive gravity compensator. A laser focus sensor measures the relative distance to the sample. A compact AFM is depicted as exemplary measurement tool.

crossover frequency, the plant model P(s) = z(s)/iq(s) is
given by [22]

Wi Tss
Lets 1
e (1)

P(s) = Pul(s) [ |

Jj=1

a n W2 pi
Pp(s) = —2 .o
(5) = 131 (82 Ty )

where P,,(s) represents the mechanical dynamics, G, is the
plant gain, n denotes the number of the modeled modes, and
ws,; and (; specify the frequency and the damping ratio of
each mode, respectively. The parameter p; determines if the
respective term represents a second order pole or zero. The
dynamics of the current amplifier and the tracking sensor
are modeled individually by a first-order low-pass filter. The
parameter T = 50 s is used to consider the delay of the rapid
prototyping system used for control implementation, which is
running at a sampling frequency of f; = 20 kHz.

B. Closed-loop system identification

To experimentally identify the parameters of the derived
model, a system identification is performed in a closed-loop
configuration. This is necessary to keep the MP mover position
within the measurement range of the tracking sensor (2.5 pm)
by canceling e.g. floor vibrations or thermal drift. A tamed PID
controller Cp;q(s) is selected and parametrized as follows:

3

with K; denoting the integral gain, K, the proportional
gain and K, the derivative gain. K is used to terminate
the derivative action at higher frequencies. For a crossover

frequency w,. on the mass line, the control gains are calculated
by [23]

K; = (we/7)” @)
K, = mw? /v, ©)
Kq = mwe, 6)
Ky =1/(we), %)

with m = m,/K,, incorporating the motor constant. The
parameter v defines the stop frequency of the integrator and
the bandwidth of the derivative action. v = 3 is typically
chosen to achieve a good compromise between robustness
and performance [23].

The complementary sensitivity function 7. .(s) from the
reference r to output z is given by

~ Chiua(s)P(s)
Tr,z(s) - m

As the controller is essentially a constant gain at frequencies
higher than w7y due to the tamed derivative action, the second
term in the denominator, which is the loop gain, decreases
quickly and can be neglected with respect to 1 for higher
frequencies, such that Tm(s) at those frequencies can be
approximated by

Ty,2(5) = Cpia(s)P(s) = (K, + Kq/K)P(s). (9)

®

This means that the plant dynamics P(s) can be directly
obtained from 7, . (s) under consideration of the constant gain
K,+ K4/ K, of the controller within that frequency range. The
crossover frequency w,. is a tuning parameter which depends
on the purpose of the control and is set to w. = 60Hz for
identifying the plant dynamics above 200 Hz.

Figure 4 depicts the measured Bode plot of T, ,(s). With the
constant control gain at frequencies larger than w.y = 180 Hz
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Fig. 4. Measured (solid black line) and estimated (dashed blue line) closed-
loop transfer function T3 .. The plant model P(s) is fit to T . at higher

frequencies.

TABLE 1
@ ESTIMATED PARAMETERS OF PLANT MODEL P(s).
Z,I i G ws,i [rads]  p; | j  wj [rad/s]
Robot 1 0.030 2250 - 27 1 1 5500 - 27
2 0.090 -2350 - 27 -1 [ 2 11000 - 27

3 0.020 2750 - 27 1

4 0.003 4500 - 27 1

of the robot (z,) and the sample (z5). To investigate these
vibrations, the MP mover is stabilized by Cliq(s), such that
it stays within the measurement range of the tracking sensor.
For this purpose the feedback controller is redesigned for a
lower crossover frequency w. = 30 Hz, such that the tracking
error components above 30 Hz can essentially be considered
the vibration characteristics of interest. To distinguish the
g individual vibration sources, the vibrations in the system

are investigated for the cases with (i) deactivated and (ii)
(b) activated lateral motion control of the robot. Figure 5 shows
the time signal, the power spectral density (PSD), and the
corresponding cumulative power spectral density (CPSD) of
the measured tracking error for both cases.

Case 1: With deactivated robot motion control, the tracking
error is 58 nm(rms), with significant components up to 50 Hz
according to the CPSD. However, the lateral position of the
robot carriage deviates from the desired position due to the
cogging forces of the linear motor. To maintain the desired
lateral position, motion control for the robot thus needs to be
activated.

Case 2: With the lateral position of the robot carriage
actively regulated by the robot controllers, the tracking error
increases to 83 nm(rms). The CPSD reveals that the increase
is mainly due to vibration components at 100 Hz and 150 Hz,

Zmpi
m
z 12

N

[ Sample holder |
k=T d
"~ Floor

Fig. 3. Robot with metrology platform. (a) shows the setup with (1) xy-
positioning bridge of the robot, (2) sample frame, (3) robot carriage, (4)
MP mover, (5) tracking sensor, (6) measurement tool mount and (7) sample
holder. (b) depicts a lumped mass model with k, d, and F, representing the
stiffness and the damping of the flexure mechanism and the actuation force,
respectively.

and the low-pass characteristics of the sensor and the power
amplifier, P(s) is estimated by manually fitting the mass-line
in a first step. In the second step, the structural modes at
frequencies higher than 2kHz are modeled by manual fitting.
The identified parameter values of P(s) with the plant gain
Gp = 0.21 are given in Tablel.

C. Vibration analysis

To maintain a constant distance between the MP mover
and the sample, the feedback controller needs to compensate
relative vertical motions, which are introduced by vibrations

which are higher harmonics of the 50 Hz vibrations visible in
the PSD. This is most likely due to noise coupling from the
robot power supply, which results in vibrations of the robot
carriage and an increased variation of the distance between
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Fig. 5. Tracking error measured in closed-loop with a control bandwidth of
about 30 Hz when the robot controller turned off (blue) and on (black): (a)
time signal, (b) zoomed time signal, (¢c) PSD, and (d) corresponding CPSD.

the MP mover and the sample.

IV. HIGH PERFORMANCE TRACKING CONTROLLER
DESIGN

In order to investigate the achievable performance of the MP
with the robot, this section presents the motion control design
based on the analysis in Sec.IIl. Being aware of advanced
concepts for disturbance rejection such as ARC [24] or ADRC
[25], a model-based PID controller design approach is used
due to the simplicity of the designed plant and the non-varying
harmonic disturbances. A high control bandwidth is targeted
in order to reject broad-band vibrations and supplemental peak
filters are added in order to improve the rejection performance
at the vibration peaks at 100 Hz and 150 Hz, obtained in the
previous section. The resulting controllers are descretized by
pole-zero matching [26] for implementation on the rapid pro-
totyping system (Type: DS1202, dSPACE GmbH, Germany)
running at a sampling frequency of 20 kHz.

A. PID Controller with notch filters

As depicted in Fig. 4, the mechanical plant shows parasitic
structural dynamics beyond 2 kHz, which influence the achiev-
able control bandwidth. In order to compensate them, the PID
controller designed according to (3) is cascaded with notch
filters [27]

2

Conls) = Cpia(s) [

i=1

2
s°+ 2<n7innr,iwn7is + Wn,i

10
32 + 2<n,iwn,is + wn,i ’ ( )

where wy, ;, (n,, and 7, ; denote the frequency, the width,
and the depth of the notch, respectively. Two notch filters are
implemented to compensate for the resonances around 2.5 kHz
and 4.5kHz with the parameter values given in TablelIl
Designing C;q(s) with a model-based loop shaping approach

[23] for an open-loop crossover frequency of 270 Hz, results
in a phase margin of 30° and controller gains of K; = 1.38¢4,
K, =564, K = 7.7¢e — 3, and K; = 1.52e — 4. Figure 9
shows a Bode plot of the resulting controller Cy,(s).

TABLE II
PARAMETERS OF THE NOTCH FILTERS OF Ciy (s).
i ‘ Mn,i Cn,i Wi [rad/s]
1] 0.05 0.2 2550 - 27
2 0.1 0.5 5000 - 27

B. Peak filter design

As revealed in Sec. III-C, the robot introduces narrow-band
vibrations at 100 Hz and 150 Hz, which are most likely caused
by noise coupling from the robot power supply and increase
the distance variation between MP and sample (see Fig. 5(d)).
The control gain of C,,(s) is, however, relatively low around
these frequencies (see Fig.9), such that the disturbance rejec-
tion of these harmonic vibrations is fairly limited.

To reject harmonic vibrations, compensation methods such
as adaptive repetitive control [28], [29] and adaptive feed-
forward cancellation [30] are reported. Both compensation
techniques exhibit a similar control structure and rely on
determining the disturbances to find proper control gains that
decrease the gain of the sensitivity function at the harmonic
frequencies. Adaptive and learning laws are often applied to
make them robust with respect to varying disturbances and
model uncertainties, leading to complex and computationally
intensive control structures. Another approach is the applica-
tion of resonant filters to implement high gain controllers [31],
[32].

To efficiently reject the harmonic vibrations at 100 Hz
and 150 Hz, resonant filters are implemented by peak filters.
The peak filters are cascaded to C),(s), such that the entire
controller dynamics are obtained by logarithmically adding the
gain and phase characteristics of the peak filters and C,,(s).
A peak filter Cp(s) is given by

Oy (s) = 52 + 2(=1) Cpwps + w%y
s2+ 22—:%8 + w2

an

with w,, denoting the peak frequency. The parameters d, and
(p are related to the height and width of the peak, respectively.
The parameter k = {1,2} specifies the location of the zero
in either the right half (RHP) or in the left half (LHP) of the
Laplace plane. In Fig. 6 the simulated gain and phase responses
of Cps(s) are shown for d, = 10, the configurations with a
RHP and a LHP zeros and varying values of (,. The gain
response is symmetric while the phase response is asymmetric
about the peak frequency. A pair of LHP zeros results in an
increasing phase lead followed by a decreasing phase lag as
the frequency increases. A pair of RHP zeros results in an
increasing phase lag starting from 0° at low frequencies and
ending at -360° at frequencies sufficiently higher than w,,.
The impact of a peak filter on the closed-loop system
stability is analyzed by the Nyquist plot of the open-loop
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Fig. 6. Frequency response of peak filters for different values of (4. The

placement of the zeros in (a) the LHP and (b) the RHP results in the same
gain responses but different phase responses.

transfer function L (s) = Cpia(s)Cps(s)P(s). Higher order
dynamics of the plant P(s) are neglected in this analysis as T
they are compensated by the notch filters of C’m(s). Figure 7 % —_— =029,
shows the Nyquist plots of L..(s) for varying values of w, % ’ —_— E=0.43 w,
(d, =10 and ¢, =0.005) for the case of LHP zeros and RHP § - I -0 =067,
Zeros: 1 —_— = 0.86
o With C,¢(s) having zeros in the LHP (see Fig.7 (a)), - 1 === 1140
L..(s) shows an additional counterclockwise circle with 02 04 06 08 1 12
its center towards the negative real axis, approaching the woHz]
-1 Nyquist point with increasing w,,. To maintain stability, ()
the -1 Nyquist point has to be outside the encircled area,
thus specifying an upper limit on wj,. 10

o With Cp(s) having zeros in the RHP (see Fig. 7 (b)), the
center of the caused additional circle is shifted towards
the positive real axis. Notice that the smaller w,, is, the
smaller the vector margin gets, creating the lower limit
of wp.

In summary, a peak filter with the zeros in the LHP can be used
to compensate harmonic disturbances with frequencies below - =270
or slightly above w,, while peak filters with the zeros in the 15 2 25 3

RHP are exclusively for harmonic disturbances significantly W [Hz]

above w,. )

Magnitude [dB]

— ) =2 )
p c

— ) =2.3 0
P c

. . Fig. 8. Magnitude of the sensitivity functions ratio S with peak filters for
C. Peak filter analysis (a) the zeros in LHP (k = 1) and (b) the zeros in RHP (k = 2).

While peak filters improve the disturbance rejection at the
specified frequencies, they amplify the disturbances at other
frequencies due to Bode’s sensitivity integral. To analyze the
impact of the peak filter on the disturbance rejection, the ratio not only improves the disturbance rejection at wy, but also
S between the sensitivity function without peak filter S,,,,(s) amplifies disturbances in the vicinity of w,. Depending on

and with peak filter .S,,,(s) is introduced as the peak filter implementation, this amplification takes place
above (for k = 1) or below w,, (for k = 2). The smaller the

Sup(s) = 1/(1 + Cn(5)P(5)), (12) " difference |w, — w,|, the higher the peak gain of the sensitivity
Swp(s) =1/(1 + Cp(s)Cpy(s)P(s)), (13)  function around w,. Overall, the disturbance rejection at w,
55| Suwp(8) ‘ 1+ Cp(s)P(s) (14) is significantly improved, but the additional amplification of

T Sup(s) | 11+ Cua(s)Crs(s)P(s) | disturbances such as vibrations or sensor noise close to w,, has

to be considered in order to prevent the overall tracking error

The ratio 45 is shown for varying values of w, with from increasing

respect to w, in Fig. 8. It is clearly visible that the peak filter
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is acquired by using a system analyzer (3562 A, Hewlett-
Packard, Palo Alto, CA, USA) to measure the frequency
response from system input to error signal. For evaluating the
error in the time domain, the resulting output of the tracking
sensor in closed-loop control with each of the two controllers
is measured with activated lateral motion control of the robot

N
o

w
o

Magnitude [dB]
N
o

101 (see Section III-C).
0
B. Experimental results
i i . The measured sensitivity function is depicted in Fig. 10(a)
1001 "= Conp(s) 1 1 and shows good accordance with the simulated response,
= sofl—™ Cm(s) i | validating the previous modeling. The control bandwidth (the
S ol unity-gain crossover frequency) is 180 Hz. More importantly,
2 the influence of the peak filters is clearly visible by compar-
& -50¢ ing the measured response with C,,(s) and the simulated
-100} L cind response with C,(s). The peak filters successfully enhance
161 162 163 10* the disturbance rejection at 100 Hz and 150 Hz by about 20 dB,
Frequency [Hz] equaling a factor of 10, which is determined by the peak height
dp,; in the peak filters’ design.
Fig. 9. Frequency response of the designed controllers Cy, (s) and Cpp(s). Figure 10(b) shows the measured tracking error, i.e. the

The peak filters locally increase the controller gain of Cy,p(s) by approxi- deviation from the constant setpoint value 0, in the time
mately 20dB. and frequency domain. The feedback controller without the

peak filters C,,(s) results in a tracking error of 28 nm(rms).
D. Determination of peak filter parameters Evaluation of the PSD and the CPSD of the tracking error
shows good vibration rejection below 100 Hz. It is also visible
. . that the harmonic vibrations at 100 Hz and 150 Hz result in
occurring at 100 Hz and 150 Hz. As these harmonics are well a tracking error of about 20 nm(rms). With the peak filters,

belgw f a 270 Hz, two peak filters with = 1 are select@d to Chmp(s) significantly decreases the harmonic vibrations at
maintain stability. The parameters of the peak filters are listed 100Hz and 150Hz, as shown by the PSD and CPSD. The
in Tab.IIl. The entire feedback controller consisting of the ; )

PID controller with the notch filters and the two peak filters
is given by

Peak filters are implemented for the harmonic vibrations

resulting overall tracking error is 15 nm(rms), which is another
decrease by a factor of 2 as compared to the initial PID
controller and only 18% of of the vibrations in the workspace,
2 which were measured in Sec. III-C.

Crup(s) = Cp(s) H Chpy.i(s). (15) In summary it is shown that the designed MP as endeffec-

i=1 tor enables high precision positioning for robot-based inline
metrology applications and that the proposed peak filter design
can locally improve the rejection of harmonic vibrations of
the robot, resulting in an overall 82% reduction of the present
vibrations and a small remaining tracking error of only 15 nm.

As shown in Fig.9, the gain of C,,,(s) is successfully
increased by about a factor of 10 at the desired frequencies,
with respect to C, (s).

TABLE III
PARAMETERS OF THE PEAK FILTERS Cp ¢ ;(s). VI. CONCLUSION
) For enabling high precision measurements directly in a
7 ‘ dp,i k Cp,z Wp 5 [rad/s] . . . . .
TT 10 2 0005 100 2~ vibration prone production line, a metrology platform is de-
2] 10 2 0005 150 - 27 signed as robotic endeffector, with its mover vertically tracking

the sample to be evaluated. In order to reject broad-band

floor vibrations for precise tracking control, a PID feedback

V. EXPERIMENTS controller is designed based on a loop shaping approach, em-
ploying notch filters to cancel parasitic mechanical dynamics
of the robot structure. A vibration analysis shows that the ac-
In order to validate the disturbance rejection capability of tive servo control of the robot introduces additional vibrations
the system designed in Section II together with the controllers ~ with narrow-band frequency spectra at 100Hz and 150 Hz.
designed in Section IV the tracking error is evaluated in the To handle these narrow-band disturbances and to improve
frequency and time domain. For this purpose the designed the disturbance rejection capability, a method for designing
controllers Cy,, and C,,,, are implemented on a rapid prototyp- supplemental peak filters is introduced, which succeed the
ing system (Type: DS1202, dSPACE GmbH, Germany). The PID controller and are tailored to the disturbance criteria by
sensitivity function, as measure for the disturbance rejection in  locally increasing the loop gain. The experiments demonstrate
the frequency domain and given by S(s) = 1/(1+C(s)P(s)), the effectiveness of the system design in combination with

A. Experimental design
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Fig. 10. Performance evaluation in the frequency and time domain. (a)
Measured and simulated sensitivity functions with the peak filters enhancing
the disturbance rejection by a factor of 10 at 100 Hz and 150 Hz. (b) Measured
tracking error in the time domain, (c) the error spectrum and (d) the cumulative
power spectrum density with Crp(s) and Crp ().

the designed controller and the supplemental peak filters
by significantly decreasing the tracking error to 15 nm(rms),
enabling high resolution inline measurements.
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