2021 European Control Conference (ECC)
June 29 - July 2, 2021. Rotterdam, Netherlands

Optimal Active Vibration Isolation Systems for Multiple Noise Sources

S.T. Spanjer, W.B.J. Hakvoort

Abstract

The performance of active vibration isolation systems
is limited by several effects, including sensor noise and
signal filtering. It is shown in this paper that the joint
contribution of those effects to the acceleration of the
payload is minimized for a bounded set of parameters
of the control system and the mechanics. Notably, a
bounded optimal value for the skyhook damper is found.
Furthermore, these minimizing parameters are found to
be in the feasible design space. In a reference case,
the RMS acceleration in the relevant frequency band is
found to decrease by a factor of 22 using the proposed
optimization method.

1. Introduction

Active vibration isolation systems (AVIS) are widely
used to attenuate the effect of floor vibrations on pre-
cision payloads. Applications can be found in, for ex-
ample, wafer steppers [1], gravitational wave detectors
[2] and scanning tunnelling microscopes [3]. These sys-
tems are developed to circumvent the trade-off in pas-
sive systems between the sensitivity to direct and indi-
rect disturbances. That is, direct disturbances act on the
sensitive payload, where indirect disturbances work on
the sensitive payload through the suspension.

The performance of AVIS depends on the used control
method. A traditional example of these control methods
is the skyhook damper [4]. The idea of skyhook damp-
ing is extended to a skyhook spring [5], and accelera-
tion feedback [6]. These feedback controllers are com-
monly appended with a feedforward controller to can-
cel measured indirect disturbances. Recently, promis-
ing results are obtained with such a disturbance feed-
forward controller [7]. This feedforward controller is
based on self-tuning, generalized FIR filters whose pa-
rameters are adjusted using the filtered error least mean
squares approach.

In combination with the control method, the mechani-
cal design and the used actuating and sensing hardware
heavily influence the vibration isolation performance
[8][9]. Here the used actuating and sensing hardware
introduce noise in the system, where the mechanical de-
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sign acts as analogue filters for the system signals. The
sensor noise motivates the use of weak integrators to
minimize drift of the system [7]. For the weak integra-
tors as well as the feedback controller, no clear tuning
guidelines are currently available.

The control method and its parametrization and the used
hardware have an intricate interaction. For example, the
effect of the noise of the sensors on the acceleration of
the payload is amplified by the controller, whereas the
actuator disturbances are attenuated by the controller.
This sets the scope for a combined optimization prob-
lem, where both the control and the hardware are opti-
mized.

The central research question is therefore: Does a feasi-
ble optimum exist in tuning the mechanical and control
parameters for the vibration isolation performance of
an active vibration isolation system for a given set of
sensing and actuation hardware? The main contribu-
tion of this paper is to show that a feasible limit exists
using an optimization approach to dynamic error bud-
geting [10]. Furthermore, a tuning guideline for weak
integrators is introduced. For this, the proposed method
is detailed for a real AVIS system.

The remainder of this paper is organized as follows.
First, the governing equations of a single degree of free-
dom AVIS are introduced. Then, the performance lim-
iters are described. This is followed in section 4 by a de-
scription of the available sensing and control hardware.
The optimization criteria and method are described in
section 5. The results are presented in section 6, and
discussed in section 7.

2. Active vibration isolation systems

A basic representation of a 1-DoF active vibration iso-
lation system is displayed in figure 1. Here, m is the
sensitive payload and x( the coordinates of the vibrat-
ing floor. The parameters d and k are respectively the
suspension damping and stiffness constants and F, is
the actuation force for the active system. The absolute
motion is measured at sg and s;. These sensors can ei-
ther measure absolute position, velocity or acceleration
and are subjected to noise. Hereafter, acceleration mea-
surements are considered.

Authorized licensed use limited to: UNIVERSITY OF TWENTE.. Downloaded on January 21,2022 at 15:06:55 UTC from IEEE Xplore. Restrictions apply.



51

oL

S0

45

X0

Figure 1: General active vibration isolation system.

The blockscheme of this system is given in figure 2.
Here ag and a; are the acceleration of the floor and the
payload respectively. dp and d; are the measured accel-
erations, which consist of the acceleration and additive
measurement noise ng and n;. The primary path and
secondary path are given as

_ai(s) 1
Pils) = ap(s) ms:+ds+k’ @b
2
Ps)= 8 _ s 2.2)

Fu(s) ms2+ds+k’

The feedback controller is chosen as a combination of
a skyhook spring, skyhook damper and a virtual mass
with the corresponding parameters k,, k, and k, respec-
tively, which is described by

ky

kx

upB(s)

Crp(s) =

a(s) s s
The feedforward controller is chosen such that it per-
fectly compensates the floor disturbance in the distur-
bance and noise free case. This can be realised using
the following controller, where the exact parameters are
assumed to be obtained through adaptation of a gener-
alized FIR filter [7], and is given as

(2.3)

_ Urr (S) _ d k
Coao(s) s s
The transmissibility is the sensitivity of the payload to
indirect disturbances and is given as

CFF (S) (24)

Pi(s) +Crr(s)Pa(s)

_als) _
T(s) = ao(s)  1—Crg(s)Ps(s)

The compliance is the sensitivity of the payload to direct
disturbances and is given by

(2.5)

_xls) P
Fu(s)  1—Crp(s)Pa(s)’
where Fy(s) are the direct disturbance forces. In general

disturbance force includes the disturbance introduced
by the actuators n,.

C(s) (2.6)
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Figure 2: Blockscheme Active vibration isolation sys-
tem.

The influence of the measurement noises on the acceler-
ation of the payload can be described by the noise sen-
sitivity functions

_ai(s)  Crp(s)Pa(s)
6 =00 T T Cwmw &7
Si(s) = a(s) . Cra(s)Pa(s) (2.8)

ni(s) 1—Crp(s)Ps(s)’
Combining the equations introduced here gives the ex-
pression for the acceleration of the payload as

ay(s) =T (s)ao(s) + s>C(s)Fy(s) 2.9
+So(s)no(s) + Si(s)n1(s). '
The power spectral density of a; (s) is
S0 (0) =TS (0) +12COSR 0

+1S0(5) %Sy (5) + 181 (5) 2, (5).

where the bar operator indicates a spectrum.
Substituting the feedforward controller of (2.4) into
(2.5) yields T (s) = 0. An ideal AVIS, without direct dis-
turbances (F;(s) = 0), and no noise (1 (s) = ni(s) =0),
has therefore a; (s) = 0.

3. Performance limiters

In practice, the performance of an ideal AVIS is limited
by some unavoidable adverse effects. These effects in-
clude noise and signal conditioning and are presented
in this section in more detail. Later, in section 5, these
effects are included in optimisation of the system pa-
rameters.

3.1. Sensor noise

The shape of the noise profile of absolute motion sen-
sors depends on the sensor principle [9]. Commonly ei-
ther absolute acceleration or absolute velocity are mea-
sured with accelerometers and geophones respectively.
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Figure 3: Blockscheme of a general actuator system.
The gain A is the amplifier gain in the region of interest.
k,, is the force constant.

Accelerometers can use various principles to measure
accelerations, of which the most common are piezoelec-
tric and variable capacitance. Variable capacitance ac-
celerometers have a flat noise spectrum, where piezo-
electric accelerometers have high low-frequent noise
levels, which decrease to a constant level. Geophones
have a V-shaped noise spectrum[9]. In general, piezo-
electric accelerometers have lower high-frequent noise
levels than variable capacitance accelerometers, but
specifics depend on the design, material and manufac-
turing of the sensors.

3.2. Actuator disturbance

The actuators for AVIS need to satisfy requirements in
bandwidth, force capacity, stroke and noise levels. Typ-
ical actuator types that could satisfy these requirements
are piezo electric stacks and voice coil actuators [9]. In
general, the actuator force and noise can be described
by the blockscheme in figure 3, where the filters F; and
F> depend on the type of actuator and amplifier used.

It can be seen that there are two noise sources in the
system, the amplifier noise, and the Digital to Analogue
Converter (DAC) noise. The total noise contribution is
scaled by the force constant. It therefore is important to
match the actuator to the load requirement to minimise
the effect thereof.

3.3. Signal conditioning

The sensor signal needs to be filtered to make the signal
suitable for the Analogous to Digital Converter (ADC).
This filtering serves a couple of purposes. The first is to
match the signal amplitude to the measurement range of
the AD converters. The second is to make the voltage
of the signal proportional to the acceleration. Lastly, the
filter serves as an anti-aliasing filter. Due to these filter-
ing steps, the measured acceleration, even in the case of
no noise, is only an approximation of the actual accel-
eration. Since this approximated acceleration signal is
used for the construction of the control signals, this lim-
its the performance of the setup. This can be included
in the model by replacing P(s) by Py(s) = K(s)Ps(s),

Figure 4: Experimental setup, with; 1) VCM with sus-
pension ; 2) Payload mass; 3) Accelerometer; 4) Floor.

where K () describes the signal conditioning filter. This
effect shows up in both 7" and C, which is indicated with
T and C.

3.4. Weak integrators

The feedback as well as the feedforward controller use
the position and the velocity of the payload and floor re-
spectively. These position and velocities need to be re-
constructed from the measured signal. The use of pure
integrators for estimation of the position and velocity
yields drift in these estimates due to the amplification
of the noise in the low frequency region.

This drift can be limited by replacing the pure integra-
tors of (2.3) and (2.4) by

Hon= (31)
which are high pass filtered integrators, also called
weak integrators [7]. Here « is the corner frequency
and n the order of the weak integrators.

4. Setup

To contextualize the method described in section 5,
first the available experimental setup is described. This
setup is a Steward platform where the payload mass is
connected via wire flexures to six Voice Coil Motors
(VCMs), and is shown in figure 4. For a detailed expla-
nation of the experimental setup, the reader is referred
to [11, 12]. To quantify the performance limiters as pre-
sented in section 3, the following components of the
setup are relevant:

¢ GeePlus VM4032-250 VCM actuators

e Trust automation TA-105 VCM amplifiers (volt-
age mode)

* Briiel & Kjaer Nexus 2692-0S4 conditioning am-
plifier
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Figure 5: PSD of the original setup. FS: ASML floor
spectrum, S, : Total ay, Sy, 4,: contribution of ap on ay,
Saynp: contribution of ng on ay, S, 4,: contribution of
ny onai, Sg, »,: contribution of n, on a;

e Endevco 7703A-1000 piezoelectric accelerome-
ters (used to measure floor and payload accelera-
tions)

* dSpace DS2102 DA converter

The system is sampled at f; = 6400 Hz. Here, for sim-
plicity of representation, only the z-direction is consid-
ered. The primary and secondary path, see equation 2.1
and 2.2, of this direction are described by k = 80 kN/m,
d =80 Ns/m and m = 3.5 kg.

The accelerometer signals are conditioned by charge
amplifiers with built-in are high- and low-pass filters,
with cut-off frequencies at 0.1 Hz and 3000 Hz respec-
tively.

The Power Spectral Density (PSD) of the floor is as-
sumed to follow the ASML specification [10].

The reference feedback controller used for this setup is
a skyhook damper with &, = 3500. Fifth order weak in-
tegrators are used with o =2 Hz [7].

The voltage mode VCM actuators yield a realisation of
the filters in figure 3 as Fi(s) = 1 and F(s) = g7
with R, the coil resistance and L. the coil inductance.
From measurements, the sensor spectra are approxi-
mated as

_ _ _102.86-10735% +1.635+7.80
Sny(s) =8y, (s) =10 10 5 ,

4.1
It is assumed that the direct disturbance spectrum is
equal to the actuator noise spectra, which is approxi-
mated by[9]

_ 1

Sk, (5) = Sn,(5) = Gor12-1007° 4.2)

2476

5. Optimization

The experimental setup has all performance limiters
discussed in section 3. They have been separately quan-
tified. This leads to the PSD of the setup with its compo-
nents as displayed in figure 5 as the starting point of the
optimization. It can be seen that the the residual spec-
trum S,, is dominated by S, 4, in the low frequency
region and S, , in the high frequency region. S, 4, is
caused by a non-zero transmissibility as a result of the
weak integrators and the signal conditioning.

5.1. Optimization criteria

The following minimization problem is solved for this
system

J = argmin
6cO

+ omax(0,P(0) — y)}

= argmin {V;(8) +V»(8)}
6cO®

{ /f " 5., (0,22 f)df

5.1

in which @ is the feasible parameter space. V;(0)+
V2(0) is the cost function, where V(@) penalizes the
cost function when the drift power P, see equation 5.3,
exceeds the bound y. o is the penalty constant. f; and
f2 define the integrand bounds which corresponds to the
bandwidth of the optimization. Here, f; = 0.1 Hz and
f> = 1000 Hz.

The vector 0 contains the optimization parameters and
is defined as @ = [k, a,ky,ky,k,])7, which are the me-
chanical suspension stiffness, corner frequency of the
weak integrators, skyhook spring stiffness, skyhook
damper constant and virtual mass respectively.

5.2. Drift limiting

As mentioned in section 3.4, the weak integrators are
used to limit the drift of the setup. There are practical
limits to the allowable drift in the setup. These limita-
tions stem from the allowable suspension and actuator
stroke. For the actuators, drift in the position and the ve-
locity will cause the output of the actuator to saturate.
The drift is a function of the different noise contribu-
tions and the system transfer functions. The power
spectral density of this drift can be expressed as

G _ g‘ll (s) — Stlo(s)

Se(s) 2 {|T — 1284, (s)

S )+ 150(5) PS5+ 151 () 9}
(5.2)
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Figure 6: PSD of the optimized setup. See figure 5 for
the labels

where the drift power is

foy _
P:/f Se(2nf)df. (5.3)
p El
The integrand is bounded by f,, and f.,, and are
1-107 Hz and 1-10% Hz respectively.

5.3. Optimization method

The cost function is optimized by a two-stage optimiza-
tion procedure. The first step is to explore the solution
space using a grid search where the parameter space is
sampled with a logarithmic Latin hypercube. The abso-
Iute minima of this exploratory search is refined using
a gradient descent method. The integrals of (5.1) and
(5.2) are numerically approximated using an adaptive
quadrature with a relative tolerance of 1- 10710,

6. Results

The optimization problem is solved for two cases. The
first is optimizing all available parameters. For the
second case k, and k, are fixed to zero, this results in
a pure skyhook damper feedback controller, which is
commonly used. The results of these optimisations
and the original settings [7] are given in table 1. Here
also the RMS acceleration is given. This RMS value is
determined as RMS,, = /V1(0). It can be seen that
only using skyhook improves the RMS acceleration
with a factor of 3.8 w.r.t. the original settings. This is
mainly due to a lower weak-integrator corner frequency
and a higher skyhook damping. Furthermore, adding
a skyhook spring and virtual mass yields a predicted
improvement in the RMS acceleration by a factor of
21.5.

The PSD of the optimized setup is given in figure 6.
It can be seen that the components of the PSD are
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Figure 8: RMS acceleration as a function of the sky-
hook damper for the skyhook damper optimized case.

balanced when compared to figure 5. The cumulative
PSD of this optimized setup is given in figure 7. The
floor sensor only marginally contributes to the overall
acceleration, furthermore there is a clear balance
between the different contributions.

In figure 8 the RMS of the acceleration is given as
a function of the skyhook damper using the original
values for o and k. Here clearly a feasible minimum
can be seen. The same holds for the fully optimized
case, where also the minimum is found to exist and is
within the feasible space.

7. Discussion

It can be seen in figure 6, that the optimal solution
balances the different contributions to the payload ac-
celeration. Below the 10Hz, this balance is dominated
by the indirect disturbances (S4,4,), and the payload
sensor noise (S, ,,). For frequencies higher than 10Hz,
the direct disturbance (Sg,r,) is balanced with the
payload sensor noise (Sq, ).

The balance of S, r, and S, is governed by the
feedback controller and is the reason that the optimal
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| KIN/m] | o[Hz] | & ky ka | RMS [m/s?]
Original 8- 107 2 0 3500 0 20-1073
Skyhook damper optimized | 8.1-10* | 2.0-1072 0 7.4-10* 0 5.3-107%
Fully optimized 34-10* | 20-1072 | 3.7-10° | 7.8-10% | 8.0-10' | 9.3.107

Table 1: Original and optimized parameters.

feedback tuning is bounded.

The balance between S;,4, and Sy, ,, is obtained by a
decrease in transmissibility at low-frequencies. This
is caused by the decreased corner-frequency of the
weak-integrators. The optimal value for ¢ is equal for
both optimization cases and corresponds to the inter-
section of the sensor noise spectrum and the ASML
floor spectrum, see figure 5. This intersection point
does not violate the drift specifications. Therefore, it is
suggested that the tuning of & should be chosen at this
intersection point.

Furthermore, the obtained balance can be used to iden-
tify the bottleneck of the system. For this experimental
setup for example, the first candidate to upgrade is the
payload accelerometer, since the noise of this sensor is
dominant for most of the frequency range.

The system is modelled without parasitic eigenfrequen-
cies and discretization effects which could limit the
parameters of the feedback controller. These effects
can be included in the system description in section 2,
and as a stability constraint in the optimization.

8. Conclusion and future work

A method is proposed to concurrently optimize both
controller and physical parameters. Application of this
optimization based dynamic error budgeting method
yields a predicted improvement in RMS acceleration of
a factor of 21.5. Furthermore, a bounded optimal value
for the skyhook damper is found. The addition of a sky-
hook spring and virtual mass also results in a bounded
optimum. Furthermore, the optimization did result in a
tuning guideline for the weak integrators.

A natural progression of this work is to include the sta-
bility constraints to the optimization, as well as extend-
ing the design freedom of the controller through H, op-
timization. Furthermore, experimental validation of the
results are a valuable addition to the proposed method.
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