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Preface
Before you lies the master’s thesis entitled ’Active Vi-

bration Isolation with an Active Stage’. It is the basis of sci-
entific research on actively attenuate vibrations with adap-
tive control for precision machines conducted by me. I was
engaged in researching and writing this thesis for the last 9
months.

It has been a long road to get to this point of almost suc-
cessfully finishing a master’s in Mechanical Engineering at
the University of Twente. For the last 10 years, I studied in
Almelo, Hengelo, and Enschede. At both the level of MBO
and HBO. I remember well that during my MBO years the
fascination for mechanics increased significantly. It was fun
to design, manufacture and realise mechanisms out of solid
blocks of aluminum and steel. Also, in those years it be-
came apparent that it was frustrating that I could not under-
stand all the physics behind it. That’s why I applied for Sax-
ion, the University of Applied Sciences, and subsequently
for the University of Twente. It was not until my first year of
the master that my passion for control engineering began to
grow. In particular the combination of designing mechanics
and accurately realise movements with controllers up to the
nanometer scale.

That’s why I choose this assignment. It had both the de-
sign aspect of a precision mechanism and controller. I have
to admit that the assignment gave a bunch of stress at the be-
ginning of the research due to a lack of controller knowledge.
Nevertheless, after a full four months of research things be-
came to fall in place. I designed, constructed, and imple-
mented a flexure mechanism on top of a vibration isolation
system. Subsequently, I conducted experiments with differ-
ent controllers in the laboratory at the Horst for a total of
two (maybe three) months. Finally, in the last three months,
I worked on writing all obtained knowledge in a systematic
and concise matter in this thesis. I am satisfied with the re-
sult and I hope it contributes to construct and control more
precise machines in the future.

I would like to thank several people for their support
throughout the graduation period. In particular my super-
visors Wouter Hakvoort and Sil Spanjer. I can imagine that
the tons of questions of me every now and then were a bit ir-
ritating. However, both of you were always helping me out,
by givingme a certain direction to further research or a direct
answer that speeded up my research progress. The biweekly
meetings were interesting and I did learn a lot about the the-
oretical and practical aspects of controllers. The atmosphere
of openly discussing the findings of simulations and experi-
ments was good! I would also like to thank Leo Tiemersma
for helping me realise the mechanism. I am very grateful
that you have spent hours of your time helping me finetune
the technical drawings and manufacture all parts. Also, for
all the times you fixed a snapped component in less than an
hour when I was doing experiments.

Special thanks to my girlfriend for all the support
and for correcting all my grammar errors. I found it very

relaxing to spend a few days with you in Ameland just a
few weeks before my deadline. It gave me new energy
to finish the thesis. Finally, thanks to all my friends in
Enschede my second home, and to all the friends and family
in Mariënberg my first home!
I hope you enjoy your reading.
Roy Kelder,
Mariënberg, June 11, 2021
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Summary
Vibrations in high-precision machines can cause a loss

of accuracy in moving part(s) and sensitive equipment. One
of the limiting factors is the internal deformation between
the moving part(s) and sensitive equipment. This deforma-
tion is caused by indirect and direct disturbances, where in-
direct disturbances act on the base of the machine, and direct
disturbances directly on the sensitive payload. Especially in-
direct disturbances due to seismic activity and direct distur-
bances generated by the moving part(s) induce a major part
of vibrations.

Active vibration isolation systems can be used to atten-
uate the effect of these disturbances by using controllers
which utilize measurements of the isolated base with the in-
terconnected sensitive payload and the source of the distur-
bances as control inputs. The first tries to dampen the sus-
pension modes of the vibration isolation system and atten-
uate vibrations with feedback control. With the use of ab-
solute sensors in combination with the controller so-called
virtual mass, skyhook stiffness, and skyhook damping can
be added. This would ideally create an artificial suspen-
sion with respect to an imaginary hook in the sky, unaffected
by indirect disturbances and less susceptible to direct distur-
bances. The second tries to generate forces with feedforward
control which cancels the forces induced by the sum of all
disturbances on the isolated base.

In the case of only a vibration isolation system it is com-
mon to quantify the performance with the transmissibility
of indirect disturbances and compliance for the direct distur-
bances. However, with an active stage with moving part(s)
and sensitive equipment, the performance also depends on
the tracking characteristics of the moving part(s) and the
amount of internal deformation. So far, none considers an
active stage in combinationwith a vibration isolation system.
Therefore, in this research, a multi-objective control strategy
is proposed for an active stage with a vibration isolation sys-
tem wherein the goal is to have accurate tracking properties
and minimal internal deformation. To achieve this, a the-
oretical framework is set up in which all important charac-
teristics for are incorporated. According to this framework,
all performance objectives are easily linked to the control
strategies.

Based on the theoretical framework, a control strategy
is designed for both the active stage as well as the vibration
isolation system. It utilizes both the measured indirect base
vibrations and the reference profile of the moving part in the
case of the vibration isolation system feedforward controller.
A self-tuning IIR-filter with fixed poles is implemented in
which physics-based parameters are contained that are es-
timated with a Filtered-Error Least Mean Square (FeLMS)
algorithm. The algorithm tries to find a global minimum
using the measured vibrations of the isolated base and re-
spective disturbances. The signals are pre-filtered with a
noise shaping filter to choose the frequency range of interest
and to suppress frequencies that otherwise cause instability

due to parasitic modes. This self-tuning filter can handle
time-varying parameters, lacks the need for extensive sys-
tem identification, and automatically takes into account the
effect of noise.

Although feedforward control can improve the perfor-
mance significantly, the use of measured machine base vi-
brations as control input for discretized controllers is inher-
ently too late and insufficient to cancel the forces induced by
the continuous disturbance. Besides that, the moving part
states differ from the reference components used as a con-
trol input for the direct disturbance feedforward control due
to a tracking error. The difference in moving part states and
used direct disturbance control input causes the feedforward
control, even with parameters estimated exactly, to generate
a force which not cancels the force generated by the moving
part completely. This causality and mismatch in states dete-
riorate the system’s performance. Therefore, also feedback
control is used with aid of absolute sensors located on the
isolated base which further attenuates residual vibrations.
Tuning is accomplished by considering the power spectral
densities of all measured disturbances and noises in which it
is aimed to minimize the measured vibrations of the isolated
base.

The control system for the moving part consists of an
adaptive feedforward controller whose parameters are esti-
mated with a Kalman filter. This is appended with a PID
controller which is tuned such that the influence of all dis-
turbances and noises on the tracking error is balanced. For
this, sensitivity and complementary sensitivity are consid-
ered.

The controller’s feasibility is experimentally demon-
strated on a benchmark system that consists out of an active
stage mounted on top of a Stewart Gough vibration isolation
system. The active stage is designed in this research. It has a
single degree of freedom flexure-based translational moving
part and intentional frame compliance in which a sensor is
placed that measures the internal deformation perpendicular
to the part movements.

The proposed controllers show promising experimental
results. With a total of 66 estimated parameters for the vibra-
tion isolation system, the vibrations are attenuated with 24
dB in comparison to the passive vibration isolation system.
Due to this, the internal deformation reduces with a ratio of
five and tracking error with a ratio of three. Furthermore, the
moving part is able to track a reference, that has acceleration
components up to 50 m∕s2, with a tracking error of 1 µm.
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1. Introduction
1.1. Background

There is an increasing demand for precision machines
with high throughput and accuracy. This often implies a
minimal tracking error of the moving part(s) and the abil-
ity to accurately examine moving part(s) by means of mea-
surements or other processes with sensitive equipment fas-
tened in the framework of a machine. The performance of a
machine depends primarily on the dynamic behavior of the
mechanical structure, used control strategies, and the noise
characteristics of sensors and actuators.

The mechanical structure is fundamentally limited with
a finite stiffness that inevitably causes internal flexibility.
However, it only results in a negative effect on the sys-
tem’s accuracy when vibrations from indirect or direct dis-
turbances are transmitted on the machine. The indirect dis-
turbances affect the respectivemoving part(s) and equipment
due to vibrations transmitted through the machine suspen-
sion. While the other type of disturbances induces vibra-
tions directly on the moving part(s) and equipment. Exam-
ples of indirect disturbances are seismic activity and other
machines operating in the surroundings. For direct distur-
bances, these are reaction forces induced by the actuators
to track a reference with moving part(s), forces due to ca-
bles that are fixated to the moving part(s), and acoustics. Of
all disturbances, seismic activity and forces due to moving
part(s) cause a major part of vibrations.

To decrease the influence of disturbances on the ma-
chine, often a vibration isolation system is used. Such a
vibration isolation system tries to attenuate vibrations pas-
sively with physical springs and dampers. In addition, a vi-
bration isolation system can be equipped with actuators that
actively attenuate the influence of disturbances with aid of
sensors and controllers. A vibration isolation system is com-
monly quantified with the transmissibility and compliance
curve which defines the transfer from vibrations induced by
indirect and direct disturbances on the sensitive payload.

Implementation of vibration isolation systems in preci-
sion machines can roughly be realised in two ways as shown
in figure 1. In the first, the system is constructed such that
the metrology and positioning framework are separated from
each other [1]. In this, the metrology frame is connected
to a vibration isolation system that is fixated on the floor,
and the framework that provides guidance for the moving
part(s) directly on the floor. In the second configuration [2],
the metrology and positioning are integrated into one frame-
work, the so-called active stage. These active stages are of-
ten quantified considering settling time and tracking error
of the moving part(s) in combination with the amount of
internal deformation between the sensitive equipment and
moving part(s). The interconnection of the active stage to
the floor is provided by the vibration isolation system. A
drawback with this configuration is the increased suscepti-
bility for direct disturbances that are mainly generated by
reaction forces, in order to track a reference with the moving

part(s). However, this configuration is much more modular,
as the isolating and positioning system can be designed sep-
arately. Moreover, with separate frameworks, the controller
complexity significantly increases because it needs to track
a reference with the moving part(s) and simultaneously re-
quires leveling of the metrology framework with respect to
the positioning framework.

The guidance of moving part(s) in an active stage is in
most applications realised with bearings that have a medium
of rollers, air, or magnetics [3]. Although a medium of air
ormagnetics shows promising results in terms of compliance
and deterministic behavior, it is quite complex and in most
cases expensive to implement. In the case of roller bearings,
play and friction are present that cause hysteresis. An al-
ternative is the use of flexure-based guidance [4, 5]. These
create freedom of movement from elastic elements rather
than kinematic joints. Although most flexure-based guid-
ance types have a limited stroke and support stiffness. They
behavemuchmore deterministic compared to roller bearings
and in most cases are more simple to implement in practice
than a bearing with a medium of air or magnetics.

1.2. Control of active stages
In this research, the focus is put on control strategies for

the second category of precision machines. These strategies
relate to motion and vibration control [6]. The goal of mo-
tion control is to generate forces to track the desired motion
with the moving part(s) of the active stage such that high
throughput is achieved with minimal settling time and accu-
rate reference tracking. In general, a control strategy is con-
structed out of a feedback and a feedforward controller [7].
The feedback controller provides disturbance rejection and
a part of the tracking performance. The fundamental limi-
tation of feedback controllers is the bode sensitivity integral
that quantifies the maximum achievable performance with
noise and disturbances present [7]. For an increase in track-
ing performance, a feedforward controller is used inmost ap-
plication [8, 9]. In the case of non-repetitive motion profiles,
model-based controllers are proposed that try to mimic the
inverse of the dynamics of the moving part. The effective-
ness of these controllers primarily depends on the accuracy
of the inverse model.

1.3. Control of vibration isolation systems
The goal of vibration isolation control is to attenuate the

effect of both indirect and direct disturbances that otherwise
cause vibrations and internal deformation between the sen-
sitive equipment and moving part(s). When a passive vi-
bration isolation system is used a clear trade-off exists be-
tween the attenuation of vibrations due to indirect and di-
rect disturbances [10]. The addition of active control can
improve performance by means of damping the suspension
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frequencies of the vibration isolation system and minimiz-
ing the influence of disturbances acting on the system [11].
In this, it is aimed to control the actuators such that a force
is created that cancels the force caused by the sum all dis-
turbances. With relative sensors, that measure between the
floor and isolated base, vibrations due to direct disturbances
can be attenuated. However, a drawback is that the influ-
ence of indirect disturbances increases. This fundamental
limitation of both a passive configuration and relative sen-
sors can be circumvented with the use of absolute sensors.
As a result, maximum achievable performance is primarily
dependent on the noise characteristics of sensor and actuator
noise.

A number of feedback controllers are proposed that uses
absolute measurements of sensors that are located on the iso-
lated base [12, 13]. These controllers add so-called virtual
mass, skyhook damping, and skyhook stiffness, which can
improve the dampening of suspension frequencies and at-
tenuation of vibrations due to disturbances. Although feed-
back controllers can improve performance, they are bounded
to the stability of the closed-loop that is dependent on the
physics of the system. Besides that, they use measured vi-
brations that are filtered by the mechanical system that can
cause a poor signal-to-noise ratio. Also, most sensors exhibit
noise in low-frequent regions which induces drift.

With the use of feedforward controllers, the drawbacks
of feedback can be circumvented. It uses the absolute sensor
measurements of indirect and direct disturbances, as a con-
trol input [14]. Subsequently, the controller is designed in
such a way that, compared to the forces induced by indirect
and direct disturbance forces, an opposite phase force is cre-
ated by the actuators. Although these controllers improve
the attenuation of vibration significantly, still performance
is limited by causality (in the case of indirect disturbances)
and noise characteristics of sensors and actuators.

1.4. Adaptive control
The effectiveness of feedforward controllers for active

vibration isolation primarily depends on the accuracy of pa-
rameter estimation for the model [15]. In the case of an ac-
tive stage with an vibration isolation system, this requires a
proper estimate of the transfer path from the moving part(s)
of the active stage through the guide dynamics on the iso-
lated base, and the transfer path from the floor through the
vibration isolation system suspension on the isolated base.
The latter requires complex offline identification techniques
because it is extremely difficult to sufficiently excite an in-
dustrial floor. An alternative is using online identification
techniques (self-tuning filters) in the format of finite or in-
finite impulse response filters [16, 17]. Finite impulse re-
sponse filters require many parameters for slightly damped
vibration isolation system suspension resonance frequencies
[15], whereas infinite impulse response filters exhibit inmost
cases instability and difficulty to guarantee that the filter
in combination with an algorithm finds a global minimum
[18]. A more suited self-tuning filter is an infinite impulse

response with fixed poled, also called generalized finite im-
pulse response filter [19].

Filters are in most applications adapted with Least Mean
Square (LMS) algorithms. In this, a choice needs to be
made which signal to use as a regressor and as an error to
be minimized. Commonly used are Filtered-reference LMS
(FxLMS) [20] which filters the floor signal(s) and Filtered-
error LMS (FeLMS) [21] that filters the isolated base sig-
nal(s) such that the regressor and error are correctly aligned
[22]. In the case of a multiple-input-multiple-output sys-
tem, the FeLMS outperforms the FxLMS. The reason is that
FxLMS uses a Kronecker product which requires a signifi-
cant amount of computational power. However, stability and
convergence properties are similar.

A further advantage of self-tuning filters is that they au-
tomatically account for the influence of sensor and actuator
noise. Due to this, it converges to a minimum of measured
vibrations on the isolated base.

1.5. Research challenges
The knowledge of using controllers for active stages to

minimize the tracking error and settling time is well-known.
However, there is to the best of the author’s knowledge no
research on the influence of active stages on the vibration
isolation system and vice versa. Also, there is a lack of
knowledge for a multi-objective control strategy that is si-
multaneously operational for the active stage and vibration
isolation system. Besides that, a theoretical framework is
not present for a vibration isolation system that uses both
indirect and direct disturbances as control input for a model-
based feedforward controller in combination with a feedback
controller with the aim of minimal internal deformation and
maximal tracking accuracy. Therefore, in this research, the
goals are to set up a theoretical framework in which the im-
portant transfer paths and performance limiters are present,
design a multi-objective control strategy for both the active
stage and vibration isolation system, and conducting exper-
iments to validate the proposed control strategies.

For this, the focus is put on a benchmark system that
consists out of an active stage mounted on top of a Stew-
art Gough vibration isolation system. The active stage has
a translational single degree of freedom for the moving part
with flexure-based guidance. Moreover, it has intentional
frame compliance in which a sensor is fastened that mea-
sures the internal deformation perpendicular to the guided
part movements. The active stage is designed and verified in
this research. Next to that, all dominant transfer paths are ex-
perimentally identified and characterised for the benchmark
system such that a proper theoretical framework can be de-
signed.

1.6. Outline of the thesis
This thesis consists out of three self-contained chap-

ters and additional appendices. In chapter 2 the theoretical
framework that describes all relevant transfer paths, and con-
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Figure 1: Precision machines configurations: (A) Seperated metrology and positioning framework and (B) integrated frameworks.

trol strategies for both the active stage and vibration isolation
system are presented. Furthermore, control strategies are
proposed and validatedwith simulations and experiments for
a single degree of freedom translation flexure-based active
stage mounted on top of a Stewart Gough vibration isola-
tion system. The active stage feedback is tuned such that the
influence of all disturbances and noises on the error is bal-
anced. For this, the parameters of a PID controller are deter-
mined according to the sensitivity and complementary sensi-
tivity. This is appended with a feedforward controller whose
parameters are estimated with a Kalman filter. In addition,
the vibration isolation system makes use of a feedback con-
troller that is tuned according to the power spectral densities
of the measured vibration of the isolated base, that take into
account the known disturbances and noises of sensors and
actuators. Finally, an indirect and direct disturbance feed-
forward controller is applied in which a self-tuning filter is
implemented that aims to minimize the measured vibrations
of the isolated base. All this is written in a paper format.

Chapter 3 describes the design and verification of an ac-
tive stage. The active stage is constructed out of a transla-
tional single degree of freedom flexure-basedmechanism for
the moving part and intentional frame compliance in which
a sensor is fastened that measures perpendicular to the part
movements the internal deformation. The active stage is
constructed for conducting experiments that are explained
in the paper of Chapter 2.

Chapter 4 describes the implementation of the active

stage on the vibration isolation system and analyses the dom-
inant transfer paths that are needed to set up a theoretical
framework and a multi-objective control strategy, which is
explained in the paper of Chapter 2.

Overall conclusion and recommendations are provided
in Chapter 5. Extended results, block diagram manipula-
tions and modal analysis of the active stage are given in the
Appendices.
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ABSTRACT
This paper proposes a multi-objective control strategy for a vibration isolation system with an active
stage to improve tracking of a reference profile, attenuate vibrations of the isolated base and mini-
mize internal deformations. As a basis for designing the controllers is set up a theoretical framework
taking into account the dynamics, sensors, actuators, disturbances, and noises. A PID controller in
combination with a model-based adaptive feedforward controller is designed for the active stage. The
feedforward control parameters are estimated online with a Kalman filter. The active vibration iso-
lation system is implemented with a feedback controller tuned such that the power spectral density
relating to the measured vibrations of the isolated base is minimal. Furthermore, a self-tuning feed-
forward controller with a Filtered-error Least Mean Square (FeLMS) algorithm is proposed that uses
both measured indirect disturbances and generated direct disturbances as control inputs. The feasibil-
ity of the control strategies is demonstrated on a multi-degree of freedom flexure-based benchmark
system. Experiments show promising results. The vibrations of the isolated base are attenuated with
24 dB compared to the passive configuration. Due to this, the internal deformation reduces with a
ratio of five and tracking error with a ratio of three. The active stage is able to track a reference,
that has acceleration components up to 50 m∕s2, with a maximum tracking error of 1 µm only. After
each reference step, with all controllers operational, the moving part settles in 0.048 s and internal
deformation in 0.128 s with an error of 0.01 µm.

1. Introduction

The demand for accurate reference tracking is ever-
increasing [23]. This is often combined with a require-
ment for minimal internal deformation between the mov-
ing part(s) and sensitive equipment. Examples for which
these requirements hold are wafer steppers and electron-
microscopes [23]. The performance of these systems is lim-
ited by vibrations caused by indirect and direct disturbances,
where in particular indirect disturbances are induced through
seismic activity and direct disturbances from forces gener-
ated by the moving part(s). The indirect disturbances act
through themachine’s suspension and direct disturbances di-
rectly on the isolated base of the system.

A passive vibration isolation system can be used to iso-
late the base with moving part(s) and sensitive equipment
from the indirect disturbances [24]. For these passive sys-
tems, a clear trade-off exists between the sensitivity for indi-
rect and direct disturbances. Relative low suspension modes
are required to have good properties in terms of transmissi-
bility and high suspension modes are needed to have a good
compliance [25]. Active vibration isolation systems can be
used to mitigate the trade-off between sensitivity to indirect
and direct disturbances.

A numerous amount of feedback controllers already
show an increase in performance with aid of absolute accel-
eration and/or velocity measurements [26], force feedback
[27] and sensor fusion with state observer [28]. Tuning ap-
proaches are for example based on LQG [28], H∞ norms
[29], MRAC [30, 31] and optimal parameter tuning taking
into account the influence of all individual noises and distur-
bances in terms of power spectral densities [32].

roy_kelder@hotmail.com (R. Kelder)

Another essential category for active vibration is feedfor-
ward control. Herein the aim is to mimic the transfer paths
that are in between disturbances and isolated base, such that
a force is created that cancels the force induced by the sum
of all disturbances on the isolated base [33, 34]. In this, the
effectiveness is determinedmostly by the accuracy of param-
eter estimation [33]. One way to minimize uncertainty is by
performing extensive identification experiments. However,
this cannot take time-varying uncertainties into account. A
solution is using self-tuning filters that make use of minimiz-
ing a quadratic cost function by a gradient descent method
which are known as Least Mean Square (LMS) algorithms.
These algorithms automatically include the influence of sen-
sor and actuator noise because it tries to minimize the error
of the system, which in this case are the vibrations of the iso-
lated base [33]. To deal with plant dynamics a Filter-error
Least-Mean-Square (FeLMS) algorithm [21, 35] in combi-
nation with a generalized FIR filter can be used. This cor-
rectly aligns the signals [22], make the filter inherently sta-
ble, and requires few parameters to accurately estimate the
dynamic response.

The objective of all mentioned controllers is to minimize
vibrations of the isolated base, however, none considers an
active stage with moving part(s) and sensitive equipment in
combination with a vibration isolation system. Furthermore,
most focus only on transmissibility and compliance as per-
formance indicators without considering the tracking error
and internal deformation.

Therefore, this paper presents a multi-objective control
strategy for an active stage with a vibration isolation system
that is designed, taking into account the tracking error and
internal deformation. For this, both types of disturbances are
used as control inputs.

To achieve this, the first contribution of this paper is a
5
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model-based theoretical framework in which all important
characteristics for are incorporated. Based on this theoretical
framework, performance requirements can easily be linked
to the control strategies. The interaction of the active stage
to the vibration isolation system and vice versa thereby ex-
plicitly taken into account.

For reference tracking of the moving part in the active
stage, a controller is designed. It comprises a PID controller
[36] to ensure stability and accurate tracking. Herein the
parameters are tuned taking into account the sensitivity and
complementary sensitivity. This is combined with a model-
based feedforward controller for a more refined tracking,
wherein the parameters are estimated with a Kalman filter
[37, 38].

The second contribution is a control strategy for the vi-
bration isolation system. For this, a feedback controller is
chosen in which the parameters are manually tuned to min-
imize the power spectral densities that relate to the vibra-
tions of the isolated base [32]. In addition, a generalized
self-tuning FIR filter with FeLMS is implemented as a feed-
forward controller that takes both the indirect and direct dis-
turbances as control inputs [33].

The control strategies of the active stage and vibration
isolation system are evaluated by means of simulations and
experiments for which a flexure-based benchmark system
is used [39]. Herewith it is shown that the proposed con-
trol strategies show promising results for accurate reference
tracking and minimal internal deformation. The benchmark
system is used throughout the paper for visualization and
reference to clarify the theoretical framework and proposed
control strategies.

The remainder of this paper is organized as follows. In
Section 2 an overview of the benchmark system is given.
The problem formulation with the theoretical framework is
presented in Section 3. The controller design is given in Sec-
tion 4 and verified with simulations in Section 5 and exper-
iments in Section 6. The conclusions and main findings of
the research are given in Section 7.

2. System description

The benchmark system shown in figure 1 and with a
schematic section view in figure 2 is representative of high-
end precision machines and is modular in the sense that the
active stage and vibration isolation system are designed sep-
arately and can be detached from each other. The modular-
ity allows the active vibration isolation control system to be
tested for other types of active stages and passive payloads.

In total, the system has 10 actuated Degrees Of Freedom
(DOFs) and a single intentional frame compliance to mimic
internal deformation between the equipment of interest. The
vibration isolation system has all six DOFs and resembles a
Stewart Gough platform. On top of the vibration isolation
system, an active stage ismounted. This active stage consists
out of a framework with an intentional frame compliance
mode and a single translational DOF moving part guided by
folded leaf springs. A three DOF floor assembly enables

Figure 1: Photos of the total benchmark system and active
stage only.

the introduction of floor vibrations in three out-of-plane di-
rections. The functionalities of the benchmark system can
roughly be described by four categories( 1○- 4○); 1○ mimic an
industrial floor spectrum, 2○ attenuate vibrations with the vi-
bration isolation system, 3○ tracking of a reference with the
moving part and 4○ measuring internal deformation.

In the remainder of this section, the schematic shown in
figure 2 is used to further explain the important components.
At the bottom is positioned a three-DOF (zf , �xf , �yf )floor base actuated with three piezo’s (Piezomechanik PSt
150/5/40) that induce an industrial floor spectrum 1○. The
indirect disturbances (floor vibrations) are measured in local
coordinates q̈f (t) ∈ ℝ6 with six accelerometers (Endevco
7703A-1000). Connected to this is a vibration isolation sys-
tem that consists of an axisymmetric isolated base connected
by wire springs to the active suspension systems [39]. The
active attenuation 2○ is realised with six Voice Coil Motors
(VCMs, Geeplus VM4032-250) with parallel flexure-based
straight guides with one side fixed to the wire springs and the
other to the floor frame. Another set of six accelerometers
(Endevco 7703A-1000) are placed in line with wire springs
to be able to measure all six-DOF of the isolated base, in lo-
cal coordinates q̈i(t) ∈ ℝ6. The voltage controlled VCMs
f i(t) ∈ ℝ6 serve as output of the feedback and disturbance
feedforward controller.

The moving part of the active stage is denoted as the
shuttle and on both sides, a VCM (AVM30-15) is positioned
for tracking of the desired reference profile 3○. Both VCMs
are current-controlled and their currents are balanced such
that the VCMs can be considered as a single control output
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Fa(t) ∈ ℝ. The shuttle guided by means of six folded leaf
springs with a resonance frequency of around 9.5 Hz in the
nominal DOF. The folded leaf springs are designed such that
a stroke of ±5 mm can be achieved. Each folded leaf spring
is equipped with a sandwich-based reinforcement that pre-
vents buckling and increases the first parasitic frequency to
around 650 Hz. On the shuttle’s lower side a linear scale
(Renishaw, RGSZ20) is glued as a reference for an optical
incremental encoder. The encoder (Renishaw, T1000-15A)
itself is mounted to the active stage framework and measures
the relative displacement△xa = xa − xi ∈ ℝ. Above the
shuttle and inside the active stage framework a capacitive
sensor (Lion Precision, C5R) is located that measures the
internal deformation �zc = zc − zi ∈ ℝ 4○. A combination
of leaf springs is used to fasten the sensor and to introduce an
intentional frame compliance. As a result, a parasitic mode
is present around 390 Hz. The shuttle top plane is equipped
with a block for reference of the capacitive sensor that mea-
sures perpendicular to the shuttle driving direction the inter-
nal deformation.

All signals are processed and the control strategies are
implemented on a a real-time dSpace processor board (DS-
1005) at a sample rate of 6.4 kHz. Correct read-out of the
accelerometers requires signal conditioners (Bruël Kjaer
nexus 2692-0S4) andAnalog-to-Digital Converters (dSpace,
ADCDS-2004). The analog incremental encoder makes use
of another dSpace sub-module (dSpace, DS-3002). Further-
more, the capacitive sensor is read-out with a lion precision
device and passed on to the ADC sub-module.

The analog outputs of the system are filtered by anti-
imaging filters (Frequency devices, 424 Series) to remove
sampling artifacts, and amplifiedwith actuator drivers (Trust
Automation, TA-105). The active stage VCMs are only am-
plified by the actuator drivers. Independently of both control
strategies, the piezos are excited. Actuation is realised with
the help of reconstruction filters and respective amplifiers
(piezomechanic, SVR 150-3-bip).
2.1. Modeling

The complete system is designed such that the vibration
isolation system’s DOFs and active stage shuttle DOF is ac-
tuated [40]. Furthermore, all parasitic modes of the mechan-
ical structure (except for the intentional frame compliance)
lie above 500Hz. This justifies the use of a rigid-body repre-
sentation of the complete system that describes the most im-
portant dynamics accurately for frequencies below 500 Hz.

In order to fit all important dynamics in a compact nota-
tion. All local accelerometer signals q̈f (t), q̈i(t) and actua-
tor forces f i(t) of the vibration isolation system are mapped
to the elastic center with transformation matrices Rf ,BJ ∈
ℝ6x6 [39],

ẍf (t) = Rf q̈f (t), ẍi(t) = B−TJ q̈i(t),
F i(t) = BJf i(t).

(1)

With this, the equations of motion of the benchmark system
can be written as

M ẍ(t) + C ẋ(t) +Kx(t) = BF (t) +Dd(t). (2)

Figure 2: Schematic section view of the benchmark system:
(a) piezo for floor excitation, (b) accelerometer floor, (c) floor
base frame, (d) floor frame, (e) active vibration isolation sys-
tem with VCMs and circular leaf springs, (f) wire springs, (g)
accelerometer isolated base, (h) isolated base, (i) active stage
frame, (j) active stage VCMs and guidance by means of folded
leaf springs, (k) shuttle, (l) incremental encoder, (m) inten-
tional frame compliance, (n) capacitive sensor assembly and
(o) capacitive sensor. The global coordinate system is de-
noted with red-arrows and the DOF of the active stage with
xa(t) and parasitic deformation with zc(t).

Figure 3: Conceptual 2D-representation of the floor, vibration
isolation system, active stage and capacitive sensor assembly
with intentional frame compliance. All rigid body dynamics
parameters are denoted with: force F or moment M , mass m,
inertia I , damping c, stiffness k and height ℎ.

The displacements x(t) = {

xi(t) xa(t) xc(t)
}T ∈ ℝ8

are written in the elastic center [39]. TheM ,C ,K ∈ ℝ8x8
terms represent the global system mass, damping and stiff-
ness matrices. The respective forces F (t) ∈ ℝ8 are trans-
formed by the matrix B ∈ ℝ8x7. Furthermore, the floor is
considered rheonomic [34] and therefore written as a distur-
bance source denoted by d(t) ∈ ℝ6 whereD ∈ ℝ8x6 is used
as a transformation matrix. The schematic of figure 2 is fur-
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ther simplified to a conceptual drawing as shown in figure 3,
which represents the benchmark system in the plane of mo-
tion. Herein the elastic center is denoted by red arrows and
is named the global coordinate system. Note, however, that
the vibration isolation system also has dynamics in three ad-
ditional out-of-plane directions. Expanding the equations of
motion in a more detailed form, gives
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żc(t)

⎫

⎪

⎬

⎪

⎭

+
⎡

⎢

⎢

⎣

[

Kf 0
0 0

]

+
⎡

⎢

⎢

⎣

Ki Kia 0
Kai ka 0
0 0 0

⎤

⎥

⎥

⎦

+Kc

⎤

⎥

⎥

⎦

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
K

⎧

⎪

⎨

⎪

⎩

xi(t)
xa(t)
zc(t)

⎫

⎪

⎬

⎪

⎭

=

⎡

⎢

⎢

⎣

Bi Bia
0 1
0 0

⎤

⎥

⎥

⎦

⏟⏞⏞⏞⏟⏞⏞⏞⏟
B

{

Fi(t)
Fa(t)

}

+
[

Cf Kf
0 0

]

⏟⏞⏞⏞⏟⏞⏞⏞⏟
D

{

vf (t)
xf (t)

}

.

(3)

Note that the equations of motion are complemented with
zeros for correct matrix sizes. The associated numerical val-
ues for the simulations are given in Appendix A.
The displacements of the isolated base are expressed with
xi(t) ∈ ℝ6 and correspond to the ideal mass, damping, and
stiffness matrices, Mi,Cf ,Kf ∈ ℝ6x6. The damping and
stiffness matrix also relate to the rheonomic floor velocities
and displacements, vf (t),xf (t) ∈ ℝ3. Additional dynamics
due to the active stage for the vibration isolation system are
accounted for by matrices Ci,Ki ∈ ℝ6x6. The dynamics of
the capacitive sensor assembly and springs of the intentional
frame compliance are described with parameter mc ∈ ℝ and
matrices Cc ,Kc ∈ ℝ8x8. These dynamics relate to the dis-
placements xi(t) but also zc(t) ∈ ℝ of the capacitive sensor
which is unactuated, intentional parasitic deformation. The
influence of shuttle displacements xa(t) ∈ ℝ on the vibration
isolation system and vice versa is accounted for with vectors
Cia,Kia ∈ ℝ6x1 and Cai,Kai ∈ ℝ1x6. Matrix Bi ∈ ℝ6x6
describes the relation between vibration isolation system ac-
tuator forces Fi ∈ ℝ6 and displacements xi(t), whereas therelations between active stage actuator force Fa ∈ ℝ to dis-
placements xi(t) are described by vector Bia ∈ ℝ6x1. The
shuttle and guidance dynamics are described by parameters
ma, ca, ka ∈ ℝ. In practice, an extra matrix Mio ∈ ℝ8x8
with off-diagonal terms is needed that accounts for an out of
alignment center of mass with respect to the elastic center.

Figure 4: Schematics of mixed feedback and non-adaptive
feedforward control strategies for both the vibration isolation
system and active stage with respective noise sources.

3. Problem formulation

3.1. System characteristics
The characteristics of the benchmark system are neces-

sary to identify the influence of physical parameters and con-
trol strategies on the performance objectives, which are: 1

accurate reference tracking and settling time of shuttle dis-
placement xa(t), 2 attenuation of vibrations in the isolated
base ẍi(t), and 3 minimal internal deformation and settling
time which is denoted by �zc(t).These influences are quantified by the transfer paths ob-
tained by converting the equations of motion to the Laplace
domain. A schematic of all relevant transfer paths is shown
in figure 4. It is chosen to exclude the effect of internal defor-
mation from the scheme because the performance objectives
of 3 are dependent from objective 2 .
3.1.1. Active stage characteristics

The encircled active stage in figure 4 includes a primary
path Pa(s) which describes the transfer from displacements
of the isolated baseXi(s) through the guidance dynamics on
the shuttle displacementXa(s), and a secondary transfer path
Sa(s) between control output Fa(s) and displacementXa(s).Both transfer paths can be described with the variables of the
equation of motion as

Sa(s) = (mas2 + ca + ka)−1,
Pa(s) = (Cais +Kai)Sa(s).

(4)

The active stage is controlled in terms of a feedback Cfb,a(s)and a feedforward Cff,a(s) controller. Reference Xr(s) isused as control input for the feedforward controller and both
the reference and relative position△Xa(s) = Xa(s)−Xi(s)in case of feedback control. The relative position results
from the measurement head being attached to the isolated
base with translational coordinate Xi(s) and scale to the
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shuttleXa(s). Furthermore, noise of sensor and actuator are
taken into account by the terms Dn(s) and Da(s).In order to quantify the performance objectives of 1 , ref-
erence tracking error E(s) = (Xr(s) −△Xa(s)), is writtenin terms of the signal sources mentioned above,
E(s) = Sa(s)

(

1 − Cff,a(s)Sa(s)
)

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
t1

Xr(s) − Sa(s)Xi(s)

+ Sa(s)Pa(s)
⏟⏞⏞⏞⏟⏞⏞⏞⏟

t2

Xi(s) − Sa(s)Sa
⏟⏟⏟

t3

Da(s)

+ Ta(s)Dn(s),

(5)

with sensitivity and complementary sensitivity
Sa(s) =

(

1 + Cfb,a(s)Sa(s)
)−1 ,

Ta(s) = Sa(s)
(

Cfb,a(s)Sa(s)
)

.
(6)

This shows that the influence of the reference, disturbances,
and noises on the error E(s) depends on the following trans-
fer paths:

• The terms in t1 where the shuttle guidance dynamics
Sa(s), feedback Cfb,a(s) controller and feedforward
Cff,a(s) controller determines the influence of the ref-
erence Xr(s).

• The sensitivity Sa(s) only, in the case of the isolated
base frame translational displacement Xi(s), whichcauses an error because a relative incremental encoder
is used.

• The terms in t2 that describes the transfer paths fromdisplacements of the isolated base Xi(s) through the
guidance dynamics Pa(s) and sensitivity Sa(s).

• The sensitivity Sa(s) which determines the influence
of actuator noise Da(s).

• The complementary sensitivity Ta(s) which deter-
mines the influence of incremental encoder noise
Dn(s).

With specified dynamics, noises, and disturbances, the
active stage control problem can now be formulated as fol-
lows. Find a feedback Cfb,a(s) and a feedforward Cff,a(s)controller which minimizes the tracking error and settling
time. More specifically, find a feedforward controller
Cff,a(s) that cancels the terms of t1, and find a feedback
controllerCfb,a(s) considering both the sensitivity and com-
plementary sensitivity function with the respective spectra
of noises and disturbances.
3.1.2. Vibration isolation system characteristics

The influence of isolated base displacements Xi(s) onthe error E(s), also depends on the vibration isolation sys-
tem control strategy, since isolated base displacements can
be actively attenuated with the vibration isolation system.
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Figure 5: Power spectral density of the ASML floor spectrum
and measured vertical floor accelerometers spectra.
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Figure 6: Power spectral density of incremental encoder noise.

For this, consider the transfer paths of the vibration iso-
lation system as shown in figure 4. It consists out of pri-
mary path Pi(s) which describes the transfer from mea-
sured floor vibrationsAf (s) through the suspension dynam-
ics on the measured vibrations of the isolated base Ai(s) =
s2Xi(s), secondary transfer path Si(s) from control output
Fi(s) to Ai(s), and tertiary path Ti(s) from shuttle displace-
ment Xa(s) to Ai(s). The vibration isolation system is con-
trolled with a feedback controller Cfb,i(s) which utilizes themeasured vibrations of the isolated base Ai(s) and a feed-
forward controller Cff,i(s) =

{

Cff,if (s) Cff,ia(s)
} that

uses measured indirect floor vibrations Af (s) and the refer-
ence component Ar(s) = s2Xr(s) as control inputs. The lat-ter is linked to the direct disturbance caused by shuttle move-
ments. It will be shown in Section 4 that Xr(s) ≈ Xa(s) ifcertain conditions are met.

The input-output relations that quantify the performance
objective 2 and indirectly influences the error E(s) of the
active stage can be described as

Ai(s) = Pi(s)Af (s) + Si(s)Fi(s) − Ti(s)s2Xa(s). (7)
The performance objectives of 3 are directly related to this,
since (with the rigid body dynamics up to 500 Hz) the in-
tentional frame compliance �Zc(s) is only excited when theisolated base vibrates.

Elaborating the transfer functions of the input-output re-
lations in terms of the variables in the equations of motion

9



gives
Pi(s) = G−1(s)

(

Cf s +Kf
)

,

Si(s) = s2G−1(s)Bi,
Ti(s) = s2G−1(s)Biama,

(8)

with common terms
G(s) = (Mi +Mi,0)s2 + Cf s +Kf . (9)

Further elaborating equation (7) by including the effect of
control disturbances and noise sources gives

Ãi(s) = ℝ(s)[T (s)Af (s) + ℂr(s)Ar(s)
+ ℕv(s)Dv(s) + ℕf (s)Df (s)
+ ℕa(s)Da(s) − ℕn(s)Dn(s)]
+ ℕi(s)Di(s),

(10)

with a so-called return difference
ℝ(s) = [1 +

(

Ta(s)Q(s)
)

Sfb(s)]−1, (11)
and

T (s) = Sfb(s)
(

Pi(s) + Cff,if (s)Si(s)
)

,

ℂr(s) = Sfb(s)
[
(

Cff,a(s) + Cfb,a(s)
)

Sa(s)Q(s)Sa(s)
+ Cff,ia(s)Si(s)],

ℕv(s) = Sfb(s)Si(s),
ℕf (s) = Sfb(s)Cff,if (s)Si(s),
ℕi(s) = Sfb(s)Cfb,i(s)Si(s),

ℕa(s) = Sfb(s)Q(s)[s2Sa(s)Sa(s)],

ℕn(s) = Sfb(s)Q(s)[s2Cfb,a(s)Sa(s)Sa(s)],

(12)

where the feedback sensitivity of the vibration isolation sys-
tem is

Sfb(s) =
(

1 − Cfb,i(s)Si(s)
)−1 , (13)

with common terms in ℝ(s), ℂr(s), ℕa(s) and ℕn(s) givenby
Q(s) = Ti(s)(1 − Pa(s)Ti(s))−1. (14)

In equation (10), all terms can be interpreted as follows: the
return difference ℝ(s) is the result of a relative position en-
coder that influences all terms except for the isolated base
accelerometer noise termsℕi(s)Di(s). The terms inQ(s) de-
scribes a feedback loop from vibrations of the isolated base
through the shuttle with guidance dynamics and the trans-
fer paths from shuttle displacements on the isolated base.
Furthermore, transmissibility T (s) and compliance reference
ℂr(s) characterizes the transfer from floor vibrations Af (s)and acceleration reference componentAr(s) to the vibrations

of the isolated base Ai(s). Next to that, noise sources of vi-
bration isolation system actuators, accelerometers floor, ac-
tuators active stage, incremental encoder and accelerome-
ters isolated base are described by noise sensitivities; ℕv(s),
ℕf (s), ℕa(s), ℕn(s) and ℕi(s).With all disturbances and noises characterised the vi-
bration isolation system controller problem can be formu-
lated as follows. Find a feedback Cfb,i(s) and a feedfor-
ward Cff,i(s) controller such that vibrations of the isolated
base Ai(s) are minimized. In the absence of feedback con-
trollers Cfb,i(s) and Cfb,a(s), neglected noise contributions
and a shuttle stateAa(s) that equals the reference component
Ar(s). The objective simplifies to finding a feedforward con-
troller Cff,i(s) which mimics the respective transfer paths
such that a force is generated that cancels the force caused
by all measured indirect floor disturbances Af (s) and di-
rect generated active stage reference component disturbance
Ar(s). However, due to discretization perfect cancellation isnot possible as both types of disturbances are continuous,
and in the case of indirect disturbances, the control force
is inherently too late. Besides that, the direct disturbance
control input Ar(s) slightly differs from the real direct dis-
turbance source Aa(s) due to a tracking error. Therefore, a
feedback controller Cfb,i(s) is needed in which the objec-
tive is to find a controller where a balanced trade-off is made
between all spectra of noises and disturbances such that the
influence of it on the vibrations of the isolated base are min-
imal in a certain frequency range.
3.2. Reference profile

The shuttle of the active stage is required to track a third-
order reference with a stroke of xr(t) = ±5 mm and maxi-
mum acceleration ar(t) = 50 m∕s2 [36]. The difference of
this reference and measured position△xa(t) quantifies theperformance objectives of 1 .
3.3. Floor vibrations

The floor vibrations of industrial high-tech sites are often
characterised by standardized Power Spectral Density (PSD)
curves. In this research the piezos are controlled such that
the vertical floor accelerometers q̈f (t) measure an approx-
imated ASML-spectrum [41]. The respective ASML floor
spectrum and measured vertical accelerometer signals are
shown in figure 5. For the simulations, the floor spectrum
is mimicked by feeding a white noise through a shaping fil-
ter of the ASML spectrum.
3.4. Noises
The non-white noise spectra of the accelerometers S̄Df (s) =
S̄Di (s) and actuators S̄Da (s) ≈ S̄Dv (s) are adopted from
earlier research [32]. The noise of the incremental encoder
S̄Dn (s) is determined by firmly locking the shuttle and subse-
quently measuring the output. The respective power spectral
density is shown in figure 6.
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4. Control design

This section presents the controller design for both the
active stage and vibration isolation system. First, a PID con-
troller is presented for which equation (5) and the shuttle and
guidance dynamics of the active stage are considered. Sec-
ond, an adaptive feedforward for the active stage is presented
wherein the terms in t1 of equation (5) are taken into account.Third, a high-gain feedback controller is presented where
the suspension modes of the vibration isolation system and
all known noises and disturbances are considered. Finally,
a feedforward controller is presented that consists out of a
self-tuning filter with a FeLMS algorithmwherein measured
indirect floor disturbances, generated direct shuttle distur-
bances, respective actuator noises and floor accelerometer
noises are considered.
4.1. Active stage control

The proposed PID-feedback controller [36] is based on
tuning only the cross-over frequency of the open-loop

L(s) = Cfb,a(s)S△a(s). (15)
Herein the augmented secondary path S△a(s) can be ap-
proximated by

S△a(s) ≈

△Xa(s)
Fa(s)

=
w22(s

2 +w23)(s
2 +w2ar)

maw2ar(s2 +w
2
1)(s

2 +w22)(s
2 +w23)

,

!1 =

√

ka
ma
, !2 =

√

ki
mi + mc

, !3 =

√

k�
Itot

,

!ar =

√

ki
mi + ma

.

(16)

This shows the main resonance frequency of the active stage
guide at !1. The influence of the vibration isolation sys-
tem is reflected with the resonance frequencies !2 and !3,whereas the anti-resonance frequency with !ar. These latterterms can be interpreted as follows: !2 is the suspension fre-quency in the xi-direction, !3 in �yi-rotation and !ar is themode in which the shuttle and isolated base move in phase
with equal amplitude.

The influence of the vibration isolation system dynam-
ics is negligible if the suspension frequencies are damped
appropriately and ma << (mi + mc) (figure 13). As a resultof this, the open-loop can be simplified to

L(s) ≈ Cfb,a(s)Sa(s). (17)
The influence of all components, except for the incremen-
tal encoder noise, on the error E(s) as described with the
input-output relations of equation (5) decreases with a large
open-loop gain because it makes the sensitivity smaller and
the complementary sensitivity larger. This signifies that a
balanced trade-off needs to be made such that the influence
of incremental encoder noise in comparison with the sum of

all other components on the error is approximately equal. In
practice, parasitic modes are present above 500 Hz. There-
fore, the cross-over frequency is chosen, taking into account
stability and the influence of all components on the error.

For the feedforward controller design, the terms in t1 ofequation (5) are considered, therefore the error is written as
E(s) = Sa(s)

(

1 − Cff,a(s)Sa(s)
)

Xr(s). (18)
From this, it can seen that E(s) = 0 when

Cff,a(s) = S−1a (s). (19)
In order to accurately find the parameters of S−1a (s), a
Kalman filter [37] is used that estimates the parameters on-
line. It requires the inverse secondary path to be rewritten
such that the parameters are linear in those parameters. How-
ever, not all states of the system are measured and therefore
it is necessary to include differentiators. The gain of the dif-
ferentiator increases linearly with frequency and thereby am-
plifies noise content at higher frequencies. To account for
this both Fa(s) and �̃ are filtered with a low pass filter F (s).
The rewritten form with the inclusion of the filter, parameter
vector �̃ and a so-called linear regressor is given by

F (s)Fa(s)
⏟⏞⏞⏟⏞⏞⏟

y(s)

= F (s)
{

s2 s 1
}

Xa(s)
⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟

H(s)

�̃,
(20)

with
�̃ = {ma ca ka}T . (21)

The Kalman filter noise variances are determined according
to the actuator and incremental encoder noise spectra. The
initial parameter vector and covariance matrix are chosen
from the identified transfer path Sa(s) for tuning the feed-
back controller Cfb,a(s).
4.2. Vibration isolation system control

The proposed feedback controller is based on minimiz-
ing the power spectral density of the measured vibrations of
the isolated base ẍi(t) [32]. With this, the feedback con-
troller can be manually tuned by taking into account all dis-
turbances and noises. The feedback format is a combination
of virtual mass ms, skyhook damping cs and skyhook stiff-
ness ks. The feedback utilizes the accelerometer signals ẍi,
z̈i and �̈i and respective velocity and position integral as con-trol input. To cope with noise in the low-frequency region,
integration is done with so-called weak integrators [33] that
act as high-pass filters

H(s) =
(

1 −
( �
s + �

)n)
s−1. (22)

The feedback format complemented with the weak integra-
tors gives

Cfb,i(s) = −
{

1 H(s) H2(s)
}

�,

with � = {ms cs ks}T .
(23)
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Figure 7: Schematics of mixed feedback and adaptive feedfor-
ward control strategies for both the vibration isolation system
and active stage with respective noise sources.

Tuning of those parameters is done by writing equation (10)
as power spectral densitities
SÃi (s) = |ℝ(s)T (s)|2 ⋅ |S̄Af (s)|

+ |

|

ℝ(s)ℂr(s)||
2 ⋅ |S̄Ar (s)| +

|

|

ℝ(s)ℕv(s)||
2 ⋅ |S̄Dv (s)|

+ |

|

|

ℝ(s)ℕf (s)
|

|

|

2
⋅ |S̄Df (s)|

+ |

|

ℝ(s)ℕa(s)||
2 ⋅ |S̄Da (s)|

+ |

|

ℝ(s)ℕn(s)||
2 ⋅ |S̄Dn (s)|

+ |

|

ℕi(s)||
2 ⋅ |S̄Di (s)|.

(24)

The feedforward controller uses the measured indirect
floor disturbances and generated direct shuttle reference dis-
turbance for control inputs such as explained in Section 3.1.
In the case of feedback controllers and associated noises
omitted, and not considering the influence of vibrations due
to the isolated base through the primary transfer path Pa(s)(which is valid if the following feedforward controllers are
implemented correctly). Then equation (10) can be written
as

Ãi(s) =T (s)Af (s) + ℂr(s)Ar(s)
+ ℕv(s)Dv(s) + ℕf (s)Df (s).

(25)

Expanding gives
Ãi(s) =

(

Pi(s) + Cff,if (s)Si(s)
)

Af (s)
+
(

Cff,a(s)Sa(s)Ti(s) + Cff,ia(s)Si(s)
)

Ar(s)
+ Si(s)Dv(s) + Cff,if (s)Si(s)Df (s).

(26)

If the proposed active stage feedforward controller given in
equation (19) is implemented correctly and noise sources are
not considered. Then an ideal indirect disturbance feedfor-
ward controller equals

Cff,if (s) = −S−1i (s)Pi(s) =

(1 +As)
(

Cf s−1 +Kf s−2
)

,
(27)

and for the direct disturbance feedforward controller
Cff,ia(s) = −S−1i (s)Ti(s) = (1 +As)ma. (28)

With ma ∈ ℝ3x1 and A,Ci,Ki ∈ ℝ3x3. Expanding the
respective feedforward terms gives

Cff,if (s)(j, j) = −V (s)(cjs−1 + kjs−2),
for j = x, z, �

Cff,ia(s)(1, 1) = V (s)ma,
Cff,ia(s)(3, 1) = V (s)ℎama,

with V (s) = K−1
Mi

(

Lis + Ri
)

.

(29)

Note that V (s) represents the voltage-controlled VCM prop-
erties, with motor constant KMi

, inductance Li and resis-
tance Ri. In matrix format, this is represented with an actu-
ator pole on the diagonal entries of matrix A.

It can be seen that the indirect disturbance feedforward
terms depend on damping and stiffness components related
to the vibration isolation system suspension [33]. In the case
of the active stage, only components related to acceleration
affect the vibration isolation system. The forces related to
velocity and position are compensated internally. It can be
stated that if both terms are estimated ideal in the continuous
domain and noises are not considered, the controller creates
a force that cancels the force induced by both types of dis-
turbances.

In order to obtain effective feedforward controllers, all
associated parameters need to be accurately estimated. For
this, a self-tuning filter is chosen. The reason is that with
such a filter time-varying parameters can be estimated. Be-
sides that, it also automatically includes the effect of actuator
and sensor noise, since it aims to minimize the measured vi-
brations of the isolated base.

For this a FeLMS algorithm with residual noise shap-
ing [42] is used. This algorithm has attractive convergence
properties and is easy to implement as it only needs an esti-
mation of the secondary path [35]. The structure presented
in this section is primarily adopted from [43]. The differ-
ence is that in this research a passive payload and not an ac-
tive stage is considered. As a consequence, the so-called
generalized FIR-structure [44] and derivation of update law
changes. The FIR structure makes it possible to separate
the poles and zeros from each other. In this, the zeros can
be adaptively identified and the poles are fixed to make the
controller inherently stable [45]. In the remainder of this
section, the derivation of both FIR-structure format and up-
date law for the vibration isolation system control strategy
are given.

The control output of the self-tuning filter can be written
in matrix-vector notation as

uff,i(s) = (1 +As)
[

ma
(

Cf s−1 +Kf s−2
)]

{

Ar(s)
Af (s)

}

.
(30)

Merging all dynamics properties and separation of all poles
12



and zeros gives
uff,i(s) =

[

Ama ma ACf Cf +AKf Kf
]

{

Jr(s) Ar(s) Af (s) Vf (s) Xf (s)
}T .

(31)

A newly introduced term herein is the jerk reference com-
ponent Jr(s). Furthermore, the weak integrators replace the
velocity and position terms of the floor. Next to that, the
terms �1−3 are used for normalisation such that convergence
is improved [43]. With weight matrixW (k) ∈ ℝ3x11 and re-
gression vector  (k) ∈ ℝ11 one can write in discrete time,

uff,i(k) =
[ 1
�1
Ama

1
�2
ma ACf

1
�3
(Cf +AKf )

1
�23
Kf

]

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
W (k)

{

�1jr �2ar ãf �3H(q)ãf �23H(q)
2ãf

}T

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
 T (k)

.

(32)

For use in the update law, the matrix is rewritten as a single
column vector w(k)T ∈ ℝ33 and regression parameters in
matrix format 	(k) ∈ ℝ3x33,

uff,i(k) =
⎡

⎢

⎢

⎣

 (k)T … 0
⋮ ⋱ ⋮
0 …  (k)T

⎤

⎥

⎥

⎦

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
	(k)

⎡

⎢

⎢

⎣

W(1,∶)(k)T
⋮

W(3,∶)(k)T

⎤

⎥

⎥

⎦

⏟⏞⏞⏞⏞⏟⏞⏞⏞⏞⏟
w(k)

.

(33)
The FeLMS algorithm with residual noise shaping in which
the derivation is based on the steepest descent method and
minimizes a quadratic cost function

J (k) = eT (k)e(k). (34)
In this the error (see figure 7) is
e(k) ≈ N(k)Ŝ−1i (q)(yf (k)

+ yr(k) + di(k)) +
[

N(k)Ŝ−1i (q)Si(q)	(k)
]

w(k),
(35)

with N(k) used as residual noise shaping to define the fre-
quency band and filter to cope with parasitic modes or dis-
turbances. As a result of using a FeLMS algorithm, Ãi(s)needs to be filtered with the inverse of the secondary path.
In this case the secondary path consists out of

Ŝi(s) = Sfb(s)Si(s). (36)
The weights are updated according the gradient-based up-
date law

w(k + 1) = w(k) − �(k)
2

(

)J (k)
)w

)T
. (37)

In which the gradient of the quadratic cost function is given
by

(

)J (k)
)w

)T
≈ 2 [N(k)	(k)]T e(k). (38)

The adaptation rate equation for �(k) is adopted from [43].

5. Simulations in 2D

The proposed control strategy is validated in simulations
according to the schematic as shown in figure 7 with a sam-
ple rate of 6400Hz. The numerical values for transfer paths:
Pa, Sa, Pi, Si and Ti can be derived from the matrices in
Appendix A. All noise spectra are explained in Section 3.2,
3.3 and 3.4.

Inspection of the incremental encoder power spectral
density reveals that the noise spectra are significantly lower
than the sum of all noise spectra influencing the tracking er-
ror. Therefore, a cross-over frequency can be chosen such
that the sensitivity Sa is pushed towards zero and comple-
mentary sensitivity Ta to one. However, in practice, the
cross-over frequency is limited due to the presence of par-
asitic modes as shown in figure 13. Therefore, a cross-over
frequency of !c = 200 Hz with � = 2 and � = 0.1 [36]
is chosen such that with experiments equal settings can be
used.

The feedforward controller Cff,a is simulated with a
process noise covariance of 10−8 and initial covariance ma-
trix as a diagonal matrix with entries 0.1. The low-pass filter
F is designed as a 2nd order with cutt-off frequency at 500
Hz. To investigate robustness an initial �̃(0) is chosen with
40 % mismatch to the ’real’ parameters.

The vibration isolation system feedback controller Cfb,iis tunedwith the assumption that the FeLMS algorithm iden-
tify all parameters with a mismatch of 5 % and that perfor-
mance limiters are discretization, disturbances, noises, weak
integrators and a 5 %mismatch between Ar(s) and Aa(s). Inorder to use equation (24) for minimization ofSÃi , the powerspectral density of the floor is specified as the ASML spec-
trum |S̄Af | [23], accelerometer |S̄Di | (= |S̄Di |) and actua-
tor noise |S̄Dv | (= |S̄Da |) according adopted data [32]. For
|S̄Ar | the acceleration ar(t) is decomposed to the frequency
domain with aid of Fourier transform and subsequently the
absolute squared. Experimental data of Dn is used to deter-
mine |S̄Dn | as shown in figure 6. Visual inspection of all
individual contributions (SÃi,Ar , SÃi,Af , etc.) to SÃi revealsthat the major part defining SÃi are due to measured indirect
floor disturbances and generated forces due to shuttle move-
ments. Therefore, it is chosen to tune the artificial parame-
ters with SAr and SAf as performance indicator. The result
is shown in figure 8. The corresponding parameters obtained
with loop shaping are: ms = 0.4, cs = 350, ks = 100, weakintegrator order n = 5 and cutt-off frequency � = 1 Hz. The
parameter gains are constrained such that with experiments
approximately equal settings can be used. The reason is that
higher gains in combination with parasitic modes otherwise
cause instability.

The self-tuning filter Cff,i is simulated with � = 10−7,
� = 10−3 and parameters �1−3 such that the components
are normalised [33]. The inverse of the secondary path is
obtained from the secondary path with the identified paths
(given in Appendix B) and taking into account the feedback
controller as denoted in equation (36). The noise shaping

13
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Figure 8: Power spectral densities in the xi-direction of ref-
erence acceleration SAr , floor SAf , performance objective SÃi
and all individual contributions to the performance objective.
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Figure 9: Magnitude frequency reponse of transmissiblity T (s)
in xi-direction, in case of passive system (dashed-orange), the
feedback controlled system (green) and mixed feedback and
ideal feedforward controlled system using a parameter mis-
match of 1 % (reddish) and 5 % (blue).

filter N(s) consists out of a 4th order bandpass filter in the
range of 10 − 300 Hz.

In the proceeding section, results are shown related to
measurements in xi-direction. To illustrate the behavior of
the vibration isolation control strategy, both the transmissi-
bility and compliance reference as denoted in equation (25)
are plotted without noise. In this, the effect of only using
a feedback controller and a mismatch in parameter estima-
tion for feedforward control are shown with respect to the
passive configuration. From the transmissibility (figure 9) it
is observed that in the low-frequency region the weak inte-
grators limit the attenuation. Moreover, feedback attenuates
the resonance peak and already gives 40 dB attenuation for
! > 10 Hz. Besides that, it shows that a mismatch in pa-
rameter estimation dramatically influences the effectiveness
of the controller. For the compliance reference as shown in
figure 10, it can be clearly seen that the performance is only
subject to the actuator pole and not the weak integrator.

The inspection of simulation results reveals that both the
active stage and vibration isolation system feedforward al-
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Figure 10: Magnitude of the compliance reference ℂr (s) in xi-
direction, in case of the passive system (dashed-orange), the
feedback controlled system (green) and mixed feedback and
feedforward controlled system using a parameter mismatch of
1 % (reddish) and 5 % (blue).
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Figure 11: Simulated result of the measured reference (red-
dish), reference acceleration component (dashed-orange) and
tracking error (green).

gorithms converge in about 10 s. In total 33 weights are
estimated for the vibration isolation system and three for
the active stage feedforward control. Those weights con-
verge in about 10 s. Figure 11 shows the measured reference
and tracking error with the reference acceleration compo-
nent. From the figure, it can be clearly seen that a change
in acceleration (and jerk) is directly linked to the reference
tracking error made. Which is expected, because the major
part that defines movement of the shuttle is due accelera-
tion component ar,maxma ≈ 10 N (vr,maxca = 1.5 N and
xr,maxka = 3.25 N). Besides that, performance limiters are
a mismatch in parameter estimation of the feedforward con-
trollers, noises, and discretization. The result is a maximum
tracking error of approximately 220 nm and in about 0.042
s the feedback+feedforward settles in between an error band
of 2 % with respect to the required final value.

Figure 12 shows the measured internal deformation with
both the passive and active configuration. The internal defor-
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Figure 12: Simulated results of internal deformation in case
of a passive (violet) and active (orange) vibration isolation
system.
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Figure 13: Augmented secondary path S△a and secondary
path Sa measurements of the active stage. Obtained with a
passive and an active vibration isolation system.

mation is, for the rigid body approach, completely dependent
on floor disturbances and the respective noises. Therefore,
similar performance is achieved compared to the attenuation
of the vibrations measured on the isolated base.

6. Experimental results

This section presents the results of four experiments. In
the first experiment, both feedback controllers are activated
and subsequently, parameters are estimated for the feedfor-
ward controllers. In the second experiment, the tracking er-
ror of the active stage is examinedwith non-adaptive feedfor-
ward controllers in which the found parameters are adopted.
In the third experiment, the feedforward controllers are step-
wise activated and the measured vibrations of the isolated
base are examined. In the last experiment, the influence of
the vibration isolation system controller on the tracking error
and settle time is examined. Besides that, also is examined
the measured internal deformation.
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Figure 14: Secondary path Ŝi (closed-loop feedback) measure-
ments in local coordinates of the vibration isolation system and
the related parametric fit obtained from equation (36).

The active stage feedback controller is similar to the con-
troller used in simulations. The only difference is that two
notch filters are placed at 1090Hz and 1186Hz to cope with
parasitic modes that cause instability (figure 13). The set-
tings for the Kalman filter are �̃(0) = 0, noise variances of
10−12 and diagonal covariance matrix with entries 0.1.

The feedback and feedforward control of the vibration
isolation system are implemented in local coordinates with
feedback parameters: ms = 0.4, cs = 400 and ks = 100.
Furthermore, weak integrators are designed 5nd order with a
cutoff frequency of 1 Hz. The result is an open-loop phase
margin of 5 ◦ and gain margin of 5. For each feedback, notch
filters are added to cope with parasitic modes that otherwise
cause stability issues. The FeLMS algorithm is implemented
with a parametric fit of the secondary path in local coordi-
nates. This fit is obtained with equation (36) and visually
inspected with measurements of the closed-loop feedback
shown in figure 14. The noise shaping filter consists out of
a 5nd order bandpass filter in the range of 3 − 300 Hz. With
this, both the reference and floor vibrations are filtered. The
measured vibration of the isolated base are filtered with the
secondary path inverse and noise shaping filter to obtain the
filtered error.

In the first experiment, the parameter estimations of the
vibration isolation system and the active stage are examined.
For this, the feedback controllers are activated and subse-
quently both feedforward controllers. Controller Cff,if es-
timates a total of 54 weights that correspond to the primary
path and the actuator pole. These weights are estimated with
three vertical floor accelerometers, respective velocity and
position integrals, and the six isolated base accelerometers.
The other controller Cff,ia estimates 12 weights that corre-
spond to the tertiary path and actuator pole. These weights
are estimated with the six isolated base accelerometers, jerk
reference, and acceleration reference components. In figure
18 the convergence of a representative part of the weights
is displayed. It can be seen that the algorithm converges af-
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Figure 15: Measured convergence of the acceleration compo-
nents related to feedforward Cff,ia. The weights are estimated
in local coordinate frames and transformed to the global coor-
dinate system for visualization.
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Figure 16: Measured convergence of the weights related to
active stage feedforward control Cff,a.

ter 5 s. The feedforward terms related to translation in xiand rotation �yi show most compensation of reference dis-
turbance. As expected because movements of shuttle are in
the xa-direction at a certain height above the global coor-
dinate system. This causes a force in the xi-direction and
moment around �yi on the isolated base.The convergence of weights corresponding to Cff,a areshown in figure 16. It can be seen that all weights converge
after 10 s.

In the second experiment, the influence of the active
stage feedback and feedforward controller on the tracking
error is examined. The experiment is conducted with the vi-
bration isolation system activated. For this, the found param-
eters are adopted in a non-adaptive feedforward controller.

Figure 17 shows the measured position and the resulting
tracking error. It can be seen that the maximum tracking er-
ror with both controllers active is approximately 1 µm. The
tracking error characteristics correspond with simulations.
However, the error is a ratio of around five higher. This is
primarily due to the vibration isolation system feedforward
controller which does not cancel all displacements of the iso-
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Figure 17: Measured (A) incremental encoder position △xa
and (B) error xr −△xa). Visualized for feedback Cfb,a and
feedback + feedforward Cff,a.
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Figure 18: Measured acceleration of a single accelerometer in
local coordinate system of the isolated base for different con-
figurations: (A) Passive with both disturbances from floor as
active stage + (B) feedback Cfb,i and feedforward Cff,if , + (C)
feedforward Cff,ia in xi-direction + (D) feedforward Cff,ia in
�yi-direction. All feedforward parameters are initially estimated
online and used in a non-adaptive controller for visualizing the
influence of each controller.

lated base caused by direct disturbances. The reason is that
the reference components used as control input for the di-
rect disturbance feedforward controller differ from the ’real’
direct disturbances, i.e. the states of the shuttle.

In the third experiment, the vibrations of the isolated
base are examined. The same settings were used for this as
in experiment two. The difference is that the feedforward
controller responsible for attenuation of active stage distur-
bances is step-wise activated.

Figure 18 shows that vibrations are attenuated with 24
dB when all controllers are activated. The effect of Cff,ifis minimal and therefore not independently shown. The lack
of performance improvement from Cff,if is due to direct
disturbances that are a few orders higher in energy. The con-
troller Cff,ia is not able to completely attenuate these direct
disturbances such that the effect of Cff,if is minimal. Be-
sides that, it is found is that actuators of the vibration isola-
tion system influence the floor assembly. As a result, these
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actuators try to attenuate indirect and direct disturbances but
at the same time generates indirect disturbances through the
floor assembly on the isolated base.

In the last experiment, the reference is complemented
with longer breaks between the position steps such that the
characteristics can be examined in more detail. The position
measurement and internal deformation are inspected with
a passive, feedback, and feedback + feedforward configu-
ration. The adjusted reference, incremental encoder, and
capacitive sensor signal are shown in figure 19. The pas-
sive configuration shows poor damping with a maximum
overshoot of around 4.2 µm. For the feedback and feed-
back+feedforward rise time is almost equal. The difference
is that the feedforward drastically improves the settling time
and damping. In about 0.048 s the feedback+feedforward
settles in between an error band of 2 % with respect to the
required final value. After another 0.075 s the error is around
0.01 µm.

Figure 19 (C) shows that active control reduces the in-
ternal deformation with a ratio of around five. The addition
of a feedforward controller is minimal compared to only us-
ing feedback. At the moment the active stage settles it takes
another 0.08 s before the capacitive sensor settles to an er-
ror of around 0.01 µm. The residual internal deformation is
primarily caused for the same reason as the residual track-
ing error. The difference with simulations is that in practice
the shuttle movements are coupled with the internal defor-
mation. There are several reasons that can explain this ob-
servation. The active stage framework is finite in stiffness,
the guidance is not exactly linear such that also force compo-
nents other than in the required direction are present, and the
vibration isolation system is not an exact decoupled system.

7. Conclusions

In this paper, a theoretical framework is presented for ac-
tive vibration isolation systems with an active stage for the
design of control strategies. A multi-objective control strat-
egy is derived that depends on the mechanical and electrical
properties of respective suspension, guidance, and actuators.
All to achieve accurate reference tracking, attenuation of vi-
brations, and minimal internal deformation. First, an active
stage feedback controller is tuned according to the open-loop
cross-over frequency, taking into consideration the sensitiv-
ity and complementary sensitivity. Then, an adaptive feed-
forward controller is implemented whose parameters are es-
timated with a Kalman filter. Next, a vibration isolation sys-
tem feedback controller is tuned such that the power spectral
densities of the vibrations measured on the isolated base are
minimized. After that, a self-tuning generalized FIR filter
with a FeLMS algorithm is implemented which estimates
a total of 66 parameters to generate forces that cancel the
forces induced by indirect and direct disturbances. Finally,
all controllers are validated with aid of simulations and ex-
periments on a benchmark system. The results show that
such an approach is promising. The internal deformation
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Figure 19: Measured (A) incremental encoder position △xa,
(B) error (xr−△xa) and (C) internal deformation �zc . Visual-
ized for the passive, feedback Cfb,i and feedback + feedforward
Cff,i configuration.

reduces with a ratio of five and tracking error with a ratio
of three compared to the passive vibration isolation system.
With shuttle accelerations up to 50 m∕s2 a tracking error of
around 1 µm is measured.

A. Numerical values
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Damping matrix;
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ẋa
żc
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Stiffness matrix;
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Force matrix;
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Disturbance matrix;
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B. Measured and modeled global secondary paths
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Figure A.1: Global measured (solid) and modeled (dashed)
secondary paths Si(s).
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3. Design and verification of an active stage

This chapter presents the design and verification of an
active stage with amoving part and sensitive equipment. The
active stage is designed such that it can be mounted on top
of a Stewart Gough vibration isolation system [13]. Both
combined represent a benchmark system that can be used for
control experiments wherein the goal is to accurately track
a reference with the moving part and actively minimize in-
ternal deformation between the sensitive equipment and the
moving part.

The active stage is constructed modular in which both a
flexure-based and bearing can be used as guidance of the
moving part. Moreover, the active stage framework is de-
signed with intentional frame compliance that introduces an
internal mode.

3.1. Introduction
High-tech machines with moving parts(s) and sensitive

equipment are used in numerous applications [46]. In most,
important characteristics are the accuracy of guidance of the
moving part(s), dynamic behavior of the framework inwhich
the guidance is fastened, and accuracy of the sensitive equip-
ment in the framework that examines the moving part(s) by
means of measurements or other processes.

The design principles of high-precision machines are of-
ten based on obtaining maximal stiffness and minimal mass
in combination with symmetry and a kinematic design [47,
48]. The constraints are in practice material properties, ge-
ometrical shape, and dimensions. Another property is the
damping of the parasitic modes. Usually, little focus is put
on this property in the design of machines. The reason is
that most damping components exhibit unwanted or com-
plex phenomena, like non-linear characteristics and hystere-
sis [6].

The guidance of moving part(s) in an active stage is in
most applications realised with bearings that have a medium
of rollers, air, or magnetics [3]. Although a medium of air
ormagnetics shows promising results in terms of compliance
and deterministic behavior, it is quite complex and in most
cases expensive to implement. In the case of roller bearings,
play and friction are present that cause hysteresis. An alter-
native is the use of flexure-based guidance [4, 5]. These cre-
ate freedom of movement from elastic elements rather than
kinematic joints [49]. Although most flexure-based guid-
ance types have a limited stroke and support stiffness. They
behavemuchmore deterministic compared to roller bearings
and in most cases are more simple to implement in practice
than a bearing with a medium of air or magnetics.

It is favorable, for this and future research, to have con-
trol strategies validated for both types of guidance. There-
fore, in this research, it is chosen to design an active stage in
which both a flexure-based as bearing can be used as guid-
ance. For this, a translational single Degree Of Freedom
(DOF) is designed for the guidance of the moving part that
needs accurate movements.

Another essential point, the framework of precision ma-
chines is fundamentally limited with a finite stiffness which
inevitably introduces an internal mode. It is important that
the active stage also has an internal mode such that con-
trollers can be experimentally verified with the same condi-
tions that are present in real applications. In order to mimic
this behaviour, intentional frame compliance is designed.
Herein, a sensor is fastened that measures the internal de-
formation. The sensor acts as sensitive equipment that mea-
sures the distance to the shuttle.
3.2. Chapter outline

The proceeding of this chapter is organized as follows.
Section 3.3 gives a system description with requirements for
the design of the active stage. The active stage has to be
implementable on a Stewart Gough vibration isolation sys-
tem. This system is already used in a number of studies and
proven to be a suitable active vibration isolator [13, 12, 31].
The suspension consists out of an exact constrained design.
This is realised with six judiciously placed isolator legs that
each constraint one degree of freedom. Each leg consists
out of an actuator that can provide a force in the axial direc-
tion, and a flexure that is only stiff in the axial direction and
compliant in all other directions.

In Section 3.4 the conceptual design and construction of
the active stage is given. Focus is put on the optimisation of
the flexure-based configuration. It explains the design trade-
offs made for practical implementation and control aspects.
The flexure-based configuration is constructed out of folded
leaf springs and force is provided in one direction by means
of twoVoice CoilMotors (VCMs). Furthermore, the bearing
configuration is explained and the design for the intentional
compliance mode is given. Next to that, the system concept
is validated with simulations performed in FEM software
and SPACAR a flexible multibody dynamics software pack-
age in MATLAB. In Section 3.5 the realised active stage is
presented, verified and characterised. Herein, the accuracy
of guidance straightness, dynamics in the driving direction,
parasitic modes, hysteresis, and achievable position error are
investigated. Conclusions and recommendations are given
in Section 3.6 and 3.7 .
3.3. System description

In this research, a single translational DOF active stage
is considered. It requires an active stage that can be mounted
on top of the Stewart Gough vibration isolation system. The
associated workspace is therefore limited to (0.12 × 0.12 ×
0.1)m. A schematic overview of the vibration isolation sys-
tem and the active stage is shown in figure 4.2. The vibration
isolation system has a mass of around 5 kg and is equipped
with six VCMs that can generate a force around 15 N in the
xi-direction. The aim is to mimic a benchmark system that
is representative of a high-tech system. In such a system, it
is common to have a ratio of 25−30 between the mass of the
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vibration isolation system and the active stage moving part,
the so-called shuttle.
3.3.1. Requirements

The active stage requires a modular design that is capa-
ble of guiding a shuttle in a straight line with means of a
roller bearing or a flexure-based configuration. For the shut-
tle, a stroke of ±5 mm and mass of ≤ 0.2 kg is specified.
The reference that needs to be tracked with the shuttle is a
third-order profile that analytical describes the jerk, acceler-
ation, velocity, and position as shown in figure 3.1. In this
the maximal acceleration is 50 m∕s2, velocity 0.5 m∕s, and
position 5 mm.

The use of actuators is restricted to VCMs [50] that are
in stock at the laboratory of the University of Twente. The
choice for a position encoder requires a balanced trade-off
between accuracy and costs, as the active stage is only in-
tended for scientific research.

The VCMs and position encoder are used to actuate and
track the shuttle. In order to have equal conditions as in
real applications, an internal mode around 350 − 400 Hz
is needed. Moreover, the internal deformation between the
framework and shuttle has to be measurable with a sensor.
For this, a capacitive sensor [51] is used.
3.4. Design of the active stage

This section describes the active stage design. First, is
discussed the conceptual design of the flexure-based con-
figuration. Second, numerical optimization is performed for
the flexure-based configuration. Herein is searched for mini-
mal elastic storage in driving direction and high first parasitic
mode. Third, the flexure-based configuration reinforcements
are adapted with sandwich-constructed reinforcements that
increase the frequency of the first parasiticmode. Fourth, the
shuttle is adapted such that the actuators that provide force
in the driving direction and incremental encoder that reads
out the position can be implemented. Furthermore, a cut-
out chamber is constructed in the shuttle for the guidance of
the shuttle with a bearing. Also, a suspension is designed
as a fastener for the sensor that measures perpendicular to
the shuttle driving direction. Fifth, the constructed active
stage is presented with the implemented shuttle, guidance,
and sensor suspension assembly. Finally, simulation results
are performed and analysed with the focus on frequencies at
which parasitic modes are present.
3.4.1. Flexure-based configuration

Flexure-based configurations are in most applications
exactly kinematic constrained. Different from bearings is
that mobility is created from flexible elements and not kine-
matic joints. In the case of a straight guided shuttle, only a
single DOF is needed. For clarity, a DOF is a motion in a
direction that is free or relatively compliant in comparison
to other stiff directions [52]. This means that a rigid body in
three-dimensional space, that has six DOFs, needs to con-
strain five DOFs (y, z, Rx, Ry, and Rz) to create a guided
shuttle as shown in the schematic A of figure 3.2.
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Figure 3.1: Third-order reference profile with components:
jerk jr, acceleration ar, velocity vr and displacement xr

There exists a wide variety of flexure-based mechanisms
in which the complete mechanism can be examined in a 2D
perspective [52]. Although these mechanisms can be con-
structed simple, most exhibit a rather arc-like curve. Besides
that, most are not symmetrical and are therefore susceptible
to temperature changes. These disadvantageous properties
can be circumvented with the use of more complex config-
urations. For this intermediate bodies and slaving mecha-
nisms are proposed that can be seen as sub-assemblies [53].
Each sub-assembly ’releases’ or confines certain degrees of
freedom. However, this makes a design complex, and also
in most mechanisms, it has a negative influence on the sup-
port stiffness or stroke. Therefore, in this research, a flexure-
based mechanism in a 3D perspective is further examined.
The reason is that with a rather simple design exact linear
guidance can be realised, and approximately equal perfor-
mance in terms of elastic storage and parasitic modes, com-
pared to arc-like curve 2D perspective mechanisms [4].

In most applications, guidance in 3D perspective is a
combination of flexure parts that each confine a single de-
gree of freedom. For this, commonly are used wire or folded
leaf springs [54]. With this, an exact constrained design can
be realized by adding three such springs at the front and two
at the back end of the shuttle. However, a wire spring config-
uration is not preferable. The reason is that it is asymmetric
which is unwanted, and any shuttle movement in the (x) di-
rection results in an inevitable rotation (Rx) [55]. Besides
that, wire springs are highly fragile and require extreme care
for assembly.

The folded leaf spring configuration as shown in
schematic B of figure 3.2 is also asymmetric. However, this
can be solved by adding another folded leaf spring, at the
cost of a single over-constraint as shown in schematic C of
figure 3.2. Examples of configurations like these are found
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Figure 3.2: Folded leaf spring configurations with shuttle (blue), reinforcement (yellow) and fixed planes (green). (A) Shuttle,
(B) exact constrained asymmetric design, (C) symmetric design and (D) symmetric design with reinforcements.

in a scientific instrument [56], calibration of a measuring de-
vice [53, 57] and focusing guidance for optics [58].

With such a configuration, roughly two choices can be
made: the first is that the over-constrained is accepted. This
at the risk of high stresses if large geometrical tolerances in
the parts or misalignment in the assembly are present. The
other option is to redesign the shuttle with a low torsional
stiffness such that the design is (again) exactly constrained.
The latter is not preferred, because on the shuttle top plane
a measurement block is needed that is used as a reference
for the capacitive sensor. This would require a mechanism
in front or the back of the measurement block for which is
no "easy" design solution due to space limitations of screws
needed to fasten the folded leaf springs and to implement a
bearing. Therefore in this research, it is chosen to use a con-
figurationwith six folded leaf springs without a low torsional
stiffness of the shuttle.

A common inclusion in flexure-based configuration is
the use of reinforcements. For the folded leaf spring con-
figuration only at the long-side reinforcements are added as
shown in schematicD of figure 3.2. It adds another six con-
straints and increases the risk of high stresses. However, it
lowers the risk of buckling and it can increase the first para-
sitic mode [4].
3.4.2. Numerical optimization folded leaf springs

In order to achieve optimal dimensions for the folded leaf
springs, an optimization algorithm is performed with the use
of a Sequential Quadratic Programming (SQP) method [59].
In this optimization, the performance is assessed over the
entire stroke with the flexible multibody software SPACAR
[60, 61]. In SPACAR all leaf springs are modeled as 3D lin-
ear beams with the inclusion of geometrical non-linearities.
The optimization is repeated multiple times with different
initial parameters to ensure that a global minimum is found.
Furthermore, the number of beam elements is set such that
in the case of more beam elements, results only differ around
a percent.

The objective of the numerical optimization is to obtain a
high ratio between the first parasitic and nominal resonance

frequency. The reason is that, with mass given, a low reso-
nance frequency is directly linked to a minimal strain energy
storage. As a result, smaller VCMs can be chosen. Besides
that, with a high first parasitic frequency, greater bandwidth
for a controller is possible.

In the numerical optimization algorithm, the require-
ment of a low resonance frequency is incorporated in the in-
equality constraint for amaximum actuator force. In an itera-
tive manner, this inequality constraint is decreased to inspect
the influence on the first parasitic frequency. In order to pre-
vent high stresses, an inequality constraint is used to restrict
the maximal stress (≤ 600 MPa) in the folded leaf springs,
and a constraint is added for the required stroke (= ±5mm).
The variables in the algorithm are:

• Length shuttle 40 ≤ ls ≤ 70 mm
• Width shuttle 20 ≤ ws ≤ 50 mm
• Height shuttle 20 ≤ ℎs ≤ 50 mm
• Thickness springs 0.1 ≤ tf ≤ 5 mm
• Length folded part 1 ≤ lf ≤ 30 mm
• Length folded leaf spring 10 ≤ ll ≤ 70 mm
• Width springs 20 ≤ wf ≤ 100 mm
• Factor (length reinforcement lr w.r.t. length folded

leaf spring ll) 0 ≤ p ≤ 0.9

After iterative performing the algorithm, an actuator
force of 14N showed to be most suitable. Which is in agree-
ment with the maximum force the vibration isolation system
can provide in this direction (≤ 15 N). With this the ratio of
resonance and first parasitic frequency is !par,1∕!1 ≈ 45.
The result is, with a shuttle weight of ma = 0.2 kg, first
parasitic frequency around 450 Hz, a resonance frequency
in driving direction of 10.2 Hz, and maximum stress of 350
MPa. An overview of the optimized variables is shown in
table 3.1.
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Table 3.1
Optimized variables folded leaf spring configuration.

Description Symbol Value

Length shuttle ls 70 mm
Width shuttle ws 20 mm
Height shuttle hs 20 mm
Thickness leaf spring tf 0.1 mm
Length folded part lf 17 mm
Length folded leaf spring ll 47.86 mm
Width leaf spring wf 40 mm
Reinforcement factor p 0.85

3.4.3. Sandwich-constructed reinforcement
It is observed from simulations in SPACAR that the first

parasitic frequency is due to a torsional mode of the rein-
forcement. Therefore, it is advantageous to adjust the rein-
forcement such that the weight decreases and stiffness in-
creases. This can be realised with a sandwich-constructed
reinforcement as shown in figure 3.4. The folded leaf spring
and core are constructed with cut-out chambers to decrease
the weight. In order to cope with a decrease in stiffness
due to the cut-out chambers, both the cores are covered with
facesheets.

In view of the parasitic modes, the reinforcement parts
dimensions are chosen with consideration of the following
trade-off. The core thickness significantly changes the rein-
forcement assembly bending stiffness and moment of iner-
tia. A thick core is advantageous for a higher frequency in
which the bending mode is present and disadvantageous for
the frequency in which the torsional mode is present. Hence
the thickness is chosen such that the frequency of bothmodes
differs around 20Hz. The result is that the ratio of first para-
sitic and resonance frequency increases to 70. The improve-
ment compared to the solid reinforcement is shown in figure
3.3.

Another factor with the design of folded leaf springs and
related reinforcements is the need for high clamping pres-
sure to lower hysteresis. So far little research is conducted
on the amount of clamping pressure needed to compensate
tangential forces that are caused by a deflection of flexures.
In this design, an educated guess is made for the construction
of the reinforcements and clamping blocks. This resulted in
a theoretical clamping pressure of 120 MPa approximately
1∕3 of the maximum stress that occurs with deflection of the
folded leaf springs. For this, the area of contact between the
core and folded leaf spring is made minimal and for each
reinforcement assembly, nine screws are used to fixate all
reinforcement parts.
3.4.4. Bearing, actuators and sensors

The crossed-roller bearing [62] is chosen according to
the required reference characteristics and weight of the bear-
ing. For implementation, a cut-out chamber is made in the
shuttle such that the risk of moments on the bearing due to
the VCM is minimal. The related design is shown in figure
3.5. The shuttle is equippedwith twoVCMs that are fastened
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Figure 3.3: Comparison of the first parasitic mode for a solid
and sandwich-constructed reinforcement as a function of the
stroke.

Figure 3.4: Folded leaf spring with sandwich-constructed rein-
forcement. (A) folded leaf spring, (B) core and (C) facesheet.

to the shuttle with brackets. Due to the lack of space in the
front and back end of the shuttle, and the wish for symmetry,
it is chosen for two VCMs that are in parallel. These VCMs
can generate the force needed to track the given reference
and to deflect the folded leaf springs.

In order to measure the position of the shuttle, an opti-
cal encoder scale [63] is glued at the bottom of the shuttle.
At the front and back end of the shuttle, tapping holes are
placed. These tapping holes are used for fastening the trian-
gular brackets that each clamp three folded leaf springs. In
the center of both triangular brackets, a dowel hole is placed.
With this, the triangular brackets can be aligned with respect
to the shuttle. The respective triangular brackets and folded
leaf springs are shown in figure 3.8.

On top of the shuttle, a measurement block is mounted as
a reference for the capacitive sensor. The capacitive sensor is
fastened inside a suspension that consists out of a mounting
block with a suspension of two leaf springs in parallel as
shown in figure 3.6. The dimensions of the leaf springs and
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Figure 3.5: Bearing configuration. (A) Shuttle, (B) linear
scale, (C) measurement block, (D) actuator bracket, (E) coil,
(F ) bearing upper slide and (G) bearing duplex.

Figure 3.6: Capacitive sensor assembly. (A) capacitive sensor,
(B) measurement block and (C) intentional frame compliance.

their location to each other are chosen such that an internal
mode is present at 350 Hz in the zc-direction. Through the
mounting block, a rod is placed perpendicular to the shuttle.
At the bottom of the rod, a tapped hole is placed to fasten the
capacitive sensor by means of a set screw. In the rod, a slit is
designed such that the cable of the capacitive sensor can be
wired. The capacitive sensor measures the relative distance
to the reference block mounted on top of the shuttle. For
setting up the correct distance from the sensor to the shuttle
the rod can be corrected in height by means of another set
screw.
3.4.5. Detailed design of the active stage

This section explains the complete active stage accord-
ing to the constructed framework and both guidance config-
urations as shown in figure 3.7. An exploded view of the

complete active stage with the folded leaf spring configu-
ration is shown in figure 3.8. The framework consists out
of two plates with a cut-out section in the middle. These
plates are interconnected with eight rods. At the left and
right lower sides mounting blocks are located that enable fix-
ation between the active stage and vibration isolation system.
Furthermore, tapped holes are provided for clamping of the
folded leaf springs and for fastening the capacitive sensor
assembly as shown in figure 3.6. All clamping blocks are
designed with a recess too lower hysteresis [64]. The area
and type of fasteners are chosen such that clamping pressure
is maximal (same method as with the sandwich-constructed
reinforcements).

Also, tapped holes are placed in the left plate for mount-
ing two magnets. These magnets are the stators of the VCM
used for the actuation of the shuttle as shown in figure 3.5.
The shuttle and related parts are placed in between the two
plates. Above the shuttle, the capacitive sensor assembly
(figure 3.6) is located.

The framework is designed such that parasitic modes are
expected at frequencies ≥ 600Hz and the effect on the guid-
ance resonance frequency is minimal. This is important be-
cause the framework stiffness is in series with the folded leaf
spring stiffness. Moreover, a lower stiffness makes it more
difficult to minimize internal deformations, since a vibration
isolation system underneath the active stage does not mea-
sure vibrations in the active stage framework. Another re-
quirement is that the active stage framework has a minimum
effect on the dynamics of the vibration isolation system. This
means that the center of mass, of the vibration isolation sys-
tem in which the framework of the active stage is part, does
not change significantly. For ease of production, it is aimed
for a minimal number of production steps and low complex-
ity of each part. Further limitations were build-dimensions,
weight, and implementation of the shuttle and related parts
inside the framework.

The analog incremental encoder that measures the posi-
tion of the linear scale is attached to the framework bymeans
of brackets. These brackets are relatively thick such that the
collocation in view of the controller is guaranteed for fre-
quencies ≤ 600 Hz. The same is done for the brackets of the
coils attached to the shuttle.
3.4.6. Modal analysis active stage

Recall the requirement for frequencies of parasiticmodes
higher than 600 Hz. To verify this requirement, modal anal-
ysis is performed with aid of SolidWorks Simulation (FEM
software). Also, the resonance mode in the driving direc-
tion and intentional frame compliance in which the capaci-
tive sensor is suspended is verified. All analysed modes not
shown in this chapter can be found in Appendix C.

In order to lower the computational complexity in sim-
ulations, the active stage is divided into two assemblies:
framework and shuttle with guide. Furthermore, all nuts
and screws are replaced with rods with approximately equal
weight and inertia (omitted in the figures). In the case of the
framework both the mounting blocks that are intended for
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Figure 3.7: Configurations active stage with a○ roller bearing, b○ folded leaf springs, c○ framework. On surface 1b○ is fixed the
bearing surface 1a○. In a○ the shuttle is made transparent such that the bearing can be seen.

Figure 3.8: Exploded view active stage with 1○ facesheet, 2○ core, 3○ folded leaf spring, 4○ shuttle guide, 5○ framework, 6○
spring clamp, 7○ magnet, 8○ voice coil, 9○ shuttle, 10○ linear scale, 11○ optical encoder, 12○ measurement block, 13○ capacitive
sensor, 14○ intentional frame compliance.
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Figure 3.9: Resonance mode in the driving direction at 10.2
Hz with deformation scale 0.0010.

Figure 3.10: Internal torsional modes of the sandwich-
constructed reinforcements at 720 Hz with deformation scale
0.0010.

connecting the active stage to the vibration isolation system
are assumed fixed. For the other simulation the folded leaf
springs ends, which are normally clamped by blocks on the
active stage framework, are fixed. The folded leaf springs
and facesheets are modelled as beam elements and all other
parts with parabolic tetrahedral solid elements.

In the case of the shuttle and the guidance, it is observed
that the first mode relates to the resonance frequency in the
DOF at 10.2 Hz as shown in figure 3.9. The second mode
is in the zc-direction at 350 Hz and it is caused by the inten-tional frame compliance. In practice, it is expected that this
mode is a fraction lower due to the capacitive sensor wire

Figure 3.11: Internal tilting modes of the sandwich-
constructed reinforcements at 740 Hz with deformation scale
0.0010.

that adds some weight.
Hereafter several internal torsional modes are present

between 720 − 740 Hz that are mainly caused by the mo-
ment of inertia of the sandwich-constructed reinforcement
and thin folded leaf springs. In between 740− 780 Hz inter-
nal tilting modes are present due to finite bending stiffness of
the sandwich-constructed reinforcement and non-reinforced
short-side of the folded leaf springs. The presence of both
types of internal modes in almost the same frequency region
confirms that the core thickness is chosen correctly. The in-
ternal modes with the largest mass participation are shown
in figure 3.10 and 3.11 (amount of mass participation usu-
ally indicates the contribution to the response of the overall
system).

The shuttle with guide shows modes at
840, 870, 880, 1470, 1485 Hz, wherein primarily
the shuttle translates and rotates around its center of
mass. These relate to a torsional mode around the z-axis,
translational mode along the z-axis, translational mode
along the y-axis, and torsional mode around the x-axis.
Note however that in practice the modes are expected to
be a fraction lower. The reason is that in practice not all
parts are ideally interconnected and the shuttle its guide is
in series with the framework.

The framework exhibits a tilting mode around the y-axis
at 835 Hz. The cause of this mode is mainly due to the
thickness of the plates, the distance between each other, the
outer diameter of the rods, and the moment of inertia around
the y-axis (due to the magnets and intentional frame com-
pliance assembly). Another observation is that bending and
torsional modes are present at 1330 and 1380 Hz. These
result from a number of factors. First, both plates require
a large cut-out chamber to fit in the shuttle and associated
component which results in a lower torsional stiffness around
the z-axis and bending stiffness in the xy-plane. Second,
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(again) the distance between the two plates is a limiting fac-
tor. Third, the middle of both plates are not fixated which
results in a relatively high non-supported mass and this in-
creases the susceptibility for a bendingmode in the xy-plane.
Finally, both magnets have a relatively high moment of iner-
tia and are mounted near the cut-out chamber where support
stiffness is low.

The incremental encoder which is mounted on a bracket
that is interconnected with the framework plates shows a tilt-
ing mode around the x-axis at 1655 Hz. The linear scale
which uses the incremental encoder as reference is mounted
on an extruded boss of the shuttle. This extruded boss shows
a tilting mode around the z-axis at 2000Hz. However, due to
the modes in which the shuttle translates or rotates around its
center of mass in combination with the modes of the frame-
work, it is expected that collocation between the VCMs and
incremental encoder is lost in a lower frequency region.

In the case of the capacitive sensor, it is expected that the
translational compliance of the framework along the z-axis
can be accurately monitored up to 835 Hz. Everything after
this frequency is a combination of framework deformation
in other directions and shuttle guide deformations.
3.5. Active stage realisation, verification and characterisa-

tion
This section presents and characterises the realised ac-

tive stage. First, some considerations with fabrication and
assembling of the active stage are explained. Second, the
straightness of the bearing and folded leaf springs guidance
are compared. This straightness is important in order to min-
imize the error made by the capacitive sensor that measures
perpendicular on the shuttle its driving direction. Third, the
resonance frequency in driving direction is identified as well
as the related stiffness over the entire stroke. This identifies
the properties of the designed folded leaf springs and indi-
cates what kind of controller can be used to actuate the shut-
tle. Fourth, the parasitic modes are analysed, which is used
to compare the bearing and folded leaf spring configuration.
For this, the identified path from the force of the VCMs to the
position measured with the incremental encoder is used. Be-
sides that, it is experimentally determined what the influence
is of reaction forces due to the VCMs and shuttle movements
on the measurements of the capacitive sensor. Fifth, the hys-
teresis and achievable position error of the folded leaf spring
configuration is experimentally determined. Hysteresis can
degrade the performance of the system. Therefore, it is use-
ful to investigate this, such that with designing a controller
this knowledge can eventually be incorporated.
3.5.1. Fabrication and assembly

The geometrical tolerances of all parts, except for the
bearing, are around 0.1 mm. Therefore, it is expected that
the folded leaf spring configuration show straightness in the
micrometer range. The folded leaf spring is bend to 90 deg
bend with a tolerance of ±0.1 ◦ (figure 3.12). With simu-
lations, it is assumed that there is no inner and outer radius

Figure 3.12: Realised folded leaf spring and sandwich-
constructed reinforcement.

Figure 3.13: Front view of the folded leaf spring configuration.

present. However, in practice, an inner radius of approxi-
mately 0.05 mm and an outer radius of approximately 0.2
mm is measured. It is assumed that this has minimal ef-
fect on the stiffness properties. Furthermore, the edges of
the core and clamps that are in contact with the folded leaf
springs, have a chamfer/fillet of approximately 0.01mm. As
a result, the clamping pressure is not equally distributed and
an increase in hysteresis is expected.
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Figure 3.14: Isometric view of the folded leaf spring configu-
ration.

Figure 3.13 shows the front-view of the folded leaf
spring configuration. The distance between the clamping
blocks that fixate the folded leaf spring to the triangular
brackets and reinforcement is aligned with gauge blocks. In
the center of the triangular bracket, the dowel hole is used
to align the folded leaf springs with the shuttle. In two rein-
forcement assemblies, holes are made that are used to align
and fixate themagnet and coil to each other (figure 3.13). Af-
ter fixation of the shuttle with the folded leaf springs guide, a
gauge block is used to align the optical encoder scale with the
incremental encoder, which is located underneath the shut-
tle. The distance between the capacitive sensor and mea-
surement block that is located on top of the shuttle (figure
3.14) is set with a feeler gauge. The measurement block it-
self is fixated with two screws. The set screw torque of the
screws is set minimal such that the measurement block does
not show any increase in curvature.
3.5.2. Straightness guidance types

The folded leaf springs and bearing are compared on the
aspect of straightness. In figure 3.15 the measured straight-
ness of both configurations are shown. These measurements
are made with the capacitive sensor that is located above the
shuttle. It can be seen that the straightness of the bearing is
around 3 µmwhich is in agreement with the specifications of
the respective bearing. For the folded leaf springs a straight-
ness around 6.5 µm is measured. It shows, that even with
geometrical tolerances of ±0.1 mm for the flexure construc-
tion almost equal performance is obtained compared to the
bearing with geometrical tolerances of ±0.01 mm.

An observation from this straightness measurement is
that any shuttle movement generates forces to the framework
in both the driving x-direction and also z-direction. More
specifically, any shuttle movement generates a force equal
to the mass and respective acceleration with a component in
the driving x-direction and z-direction. In the case of a vi-
bration isolation system located underneath the active stage,
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Figure 3.15: Measured straightness of the bearing and folded
leaf spring configuration.

it means that also forces other than in the driving direction
need to be countered.

Furthermore in this research, a topic of interest is the in-
ternal deformation that is measured with the capacitive sen-
sor. To guarantee that the internal deformation and not the
straightness of the guidance is measured, this straightness
measurement are used to correct the data.
3.5.3. Dynamics driving direction

In order to verify the stiffness of the folded leaf springs
in the driving direction, a comparison is made between the
simulated stiffness in SPACAR and the fitted stiffness (figure
3.16) obtained from an experiment. For this, the active stage
is rotated 90 degrees and subsequently, weights are added to
the shuttle as shown in figure 3.17. The additional weight
is step-wise increased to (5, 10, 20, 30, 40, 50, 100, 150)
g. The method is repeated a total of 10 times in which the
active stage is flipped after 5 times.

The mass of the shuttle, associated components, and ad-
ditional weights are known and can be related to the shuttle’s
position measured with the incremental encoder. Hence, the
data obtained from the experiment can be used to derive the
stiffness with respect to the shuttle position. Due to gravity,
the folded leaf springs deflect to around 2 mm if the active
stage is rotated. In order to also determine the stiffness at a
smaller deflection, the transfer path from force VCMs to the
shuttle’s position is used (figure 3.18). Herewith the stiffness
around a zero deflection can be derived, with a known mass,
from the resonance frequency. These datasets combined are
used for a cubic fit to derive a relation between the shuttle
displacement and stiffness (figure 3.17). It can be seen that
the measured stiffness is around 180 N∕m lower than the
simulated stiffness. It is assumed that this is primarily due to
misalignment and geometrical tolerances. Furthermore, the
measured stiffness shows corresponding non-linear charac-
teristics with the simulated stiffness.

For control purposes, the model is linearised around the
zero deflection of the folded leaf springs. In doing so, the
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Figure 3.16: Simulated, fitted, and measured stiffness of the
folded leaf spring configuration in the DOF direction.

Figure 3.17: Experimental setup with a 90 degrees rotated
active stage and an additional weight placed on the shuttle.

transfer path is identified between the force of the VCMs
and measurement of the incremental encoder position as
shown in figure 3.18. For this, the VCMs are measured sep-
arately and afterwards corrected such that the transfer path
of both are aligned in the frequency domain. The correc-
tion is needed, because the motor constants of the VCMs are
not equal. After correction, both VCMs control outputs are
merged to create a single transfer path. This transfer is used
to make the parametric fit for control purposes.
3.5.4. Collocation and parasitic modes

The accuracy of shuttle movements is partly dependent
on the guidance and the framework that fixates the guidance,
since parasitic modes in the guide and framework result in
increased susceptibility of vibrations, thus position errors.
Therefore in this section, the parasitic modes of the active
stage are examined. For this, the phase data of the green line
in figure 3.18 and transfer between the VCMs and incremen-
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Figure 3.18: Transfer paths: (blue) corrected transfer of VCM
1, (orange) corrected transfer of VCM 2, (green) merged trans-
fer path and (dashed-red) parametric fit.

tal encoder for both configurations as shown in figure 3.19
are examined in more detail.

Another topic of interest in this section is the colloca-
tion between VCMs and the incremental encoder which is
dependent on the parasitic modes. The collocation partly de-
termines the maximal achievable bandwidth of a controller
and is useful to identify such that this can be accounted for
when designing a controller.

From the figures, it can be seen that both configurations
have a collocated actuator-encoder-pair up to 900 Hz. Here-
after the phase angle is no longer in between 0 ◦ and −180 ◦
and collocation is lost. The loss of collocation is caused by
the flexibilities of the framework and the shuttle with VCM
brackets. This can be assumed because these modes are also
present in the bearing configuration transfer path. In other
words, if the folded leaf springs and sandwich-constructed
reinforcement were causing a loss of collocation, the bear-
ing configuration would not measure these modes.

In the case of the folded leaf spring configuration, para-
sitic modes are present in between 420− 920 Hz. These can
be related to the internal torsional and internal tilting modes
of the sandwich-constructed reinforcement and folded leaf
springs (figure 3.10 and 3.11). The internal modes are lower
than simulations. However, the system response is little in-
fluenced by these modes and it is not expected that these
are performance limiters for accurate shuttle movements. It
is assumed that this mismatch is due to assembly misalign-
ments, geometric tolerances, and sandwich-constructed re-
inforcement weights a fraction higher.
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Figure 3.19: Transfer paths between VCMs and incremental
encoder: (green) folded leaf spring configuration and (red)
bearing configuration.

10
0

10
1

10
2

10
3

10
-3

10
-2

10
-1

Figure 3.20: Transfer path between the incremental encoder
and capacitive sensor.

3.5.5. Coupling shuttle movement and internal deformation
It is observed that shuttle movements and reaction forces

of the VCMs affect the capacitive sensor measurement
through vibrations of the active stage framework. These vi-
brations are a result of parasitic modes in the active stage
framework and shuttle with guidance. It is expected that the
influence of this transfer path is difficult to attenuate with
a vibration isolation system located underneath the active
stage, as the vibration isolation system uses sensors that are
located on the isolation base and not the active stage frame-
work. Figure 3.20 shows that the susceptibility of vibrations
increases significantly around the intentional frame compli-
ance mode (350 Hz). The transfer (coupling) in front of
<100 Hz is mainly due to the misalignment of the shuttle
with respect to the capacitive sensor and straightness of the
shuttle’s guidance.
3.5.6. Hysteresis

The hysteresis of the folded leaf spring configuration is
determined with an open-loop controller in which the VCMs

0 0.002 0.004 0.006

-0.02

-0.01

0

0.01

0.02

Figure 3.21: Measured incremental encoder position error at
the outer stroke (folded leaf springs deflected in outer-state).
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Figure 3.22: Power spectral density of incremental encoder
noise.

are excited with an impulse. The difference between the
initial and final position measure determines the hysteresis.
The result is a hysteresis of approximately 30 µm. It is as-
sumed that this is mainly caused by the clamping blocks and
stacked sandwich-constructed reinforcements. The clamp-
ing pressure is not equally distributed due to geometrical
tolerances, surface irregularities, and chamfer/fillet of the re-
spective components. As a result, the clamping pressure is
not able to compensate for all tangential forces present when
the folded leaf springs are deflected.
3.5.7. Position error

In order to get an indication of the achievable closed-
loop position error for the shuttle, it is required to identify
the noise sources, since it is known that noise degrades the
performance and limits the maximum achievable accuracy
of a system.

For this, the shuttle is actuated with a step to the outer
deflected state. The resulting steady-state error is 0.01 µm
RMS as shown in figure 3.21. The actuator driver and cor-
responding hardware can be identified as the source of this
residual error since this error is only present when the ac-
tuator driver is active. To further validate this, the noise of
the incremental encoder is measured by firmly locking the
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shuttle in its zero position and subsequently measuring the
modulated output. The result is shown in figure 3.22. It can
be seen that the noise of the incremental encoder is approx-
imately an order lower than the measured steady-state error.
Therefore, it can be concluded that the main limitation is the
actuator driver and corresponding hardware. However, note
that the effect of the noise on the tracking error can be partly
suppressed with feedback control.
3.6. Conclusions

A modular active stage with two types of guidance for
a shuttle by means of a roller bearing or folded leaf springs
is designed. Perpendicular to the driving direction of the
shuttle a capacitive sensor is mounted inside the framework
which has intentional frame compliance. This compliance
is realised with two parallel leaf springs that introduce an
internal mode. The active stage is designed such that it is
implementable on a Stewart Gough vibration isolation sys-
tem. Both combined represent a benchmark system that can
be used for exploring control strategies wherein the goal is
to accurately track a reference with the shuttle and minimize
internal deformations with the vibration isolation system.

The active stage guidance allows the shuttle to translate
with a stroke of±5mm. For both types of guidance, straight-
ness around 3 − 6 µm is realised.

The folded leaf spring configuration is optimized for low
stiffness in the DOF and a maximal frequency in which the
first parasitic mode is present. For this, a novel sandwich-
constructed reinforcement is optimally tuned taking into ac-
count both the modes in which the shuttle moves and local
internal modes of the guidance. This resulted in a first par-
asitic mode around 720 Hz and a resonance frequency in
the driving direction of 10.2 Hz. From experiments, a reso-
nance frequency at 9.5Hz is identified, which indicates good
agreement. It is assumed that the offset in stiffness, that re-
lates to the resonance frequency, primarily is caused by as-
sembly misalignments and geometrical tolerances.

Furthermore is identified that collocation for the VCMs
and incremental encoder is guaranteed up to 900 Hz for
both configurations. Although internal local modes of the
folded leaf spring configuration are lower than simulations,
the transfer between VCMs and incremental encoder is little
influenced.

With the realised active stage, the following individual
conclusions can be made:

• Hysteresis is present which is primarily caused by the
construction method of clamping blocks, a stacked re-
inforcement, and too low clamping pressure. How-
ever, with feedback control, it is expected that these
effects can be reduced.

• Actuator driver and associated hardware noise are lim-
iting factors for accurate shuttle movements.

3.7. Recommendations
Hereafter a list of suggestions for further improvement

of the active stage construction and to gain more knowledge
for designing controllers:

• Redesign the folded leaf springs and sandwich
constructed reinforcement with integrated clamping
blocks, and combine the folded leaf spring with the
core into a single part by means of EDM or die sink-
ing. As a consequence, the influence of hysteresis re-
duces.

• The symmetry of the folded leaf springs guidance is
at the cost of an over-constrain. An option is to re-
design the shuttle or one triangular bracket, that fas-
tens the three folded leaf springs to the shuttle, such
that it confines five degrees except for one rotational
degree of freedom around the axial direction (torsion)
of the shuttle.

• The shuttle movement and the reaction forces of actu-
ators cause vibrations in the active stage framework.
It is expected that these vibrations are difficult to at-
tenuate with a vibration isolation system. If this is a
limiting factor a solution is to stiffen the framework
with braces or more rods between the two plates and
a larger outer diameter of the rods.

• Examine with experiments the parasitic modes that
are present at a full deflection of the folded leaf springs
to better understand the guidance characteristics. Fur-
thermore, conduct an experimental modal analysis
such that the dynamics of the shuttle, folded leaf
springs and active stage framework can be linked to
the parasitic modes examined with simulations. This
knowledge can be used to improve the active stage
construction and to design robustly stable controllers.

• The active stage is mostly validated for the folded leaf
springs configuration. Although experiments show
promising results it is recommended to conduct more
experiments with the bearing configuration to com-
pare results and gain more knowledge about the pros
and cons of both types of guidance.

• The measurement block, that is used as a reference
for the capacitive sensor, shows a small curvature due
to the two screws at both short sides. It is therefore
recommended to add another two screws at the long
sides.

• It is shown that a folded leaf spring configuration with
sandwich reinforced construction has a position error
accuracy of 0.01 µm RMS, which is limited by the
noise of the actuator driver. A solution is to select an-
other type of actuator driver or choosing an actuator
with a different motor constant.
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4. Characterisation of a vibration isolation system with an active stage

This chapter gives a description, analysis, and charac-
terisation of the realised active stage mounted on top of a
Stewart Gough vibration isolation system [13]. Both com-
bined represent a benchmark system which is used for the
validation of vibration isolation control strategies.

The functions of the benchmark system are: mimicking
an industrial floor spectrum, active vibration isolation of
internal deformations, straight-line reference tracker, and
measuring internal deformation.

The structure of this chapter is as follows. A description
of the benchmark system is given in section 4.1. In Section
4.2, the transfer paths of importance are identified and
analysed to characterise the benchmark system. Conclu-
sions are given in Section 4.3

4.1. System description
The complete system is shown in figure 4.1 and visu-

alized in a schematic 2D section view, as shown in figure
4.2. A broken-out section view of the bridge is chosen for
proper visualisation. The floor assembly resembles an indus-
trial floor that can be excited using piezoelectric actuators.
It consists of a rigid rectangular floor plate with on top a to-
tal of three bridges that are positioned at equal distances to
each other. With the aid of leaf springs and wire flexures, the
floor plate is suspended to the "fixed world". In total three
piezos with each in series with a leaf spring, can excite the
floor plate in three independent directions of respective zf ,
�yf and �xf . All floor plate vibrations are measured with
six accelerometers and mapped to a global coordinate sys-
tem (red-arrows) with means of a transformation matrix. In
each bridge, two isolator legs are positioned and mirrored
to each other with one end fixed to the bridge and the other
end to the isolated base, creating a Stewart Gough vibration
isolation system. Furthermore, accelerometers measure the
respective vibrations of the floor for control purposes. The
isolated base is suspended from the floor assembly with the
Gough-Stewart representation. The isolated base consists
out of a rigid axisymmetric block. For an exact constrained
design, a total of six judicious isolator legs are fastened be-
tween the floor plate and isolated base. Each isolator leg
consists out of a wire spring and VCM in series. The wire
spring is stiff in the axial direction and compliant in all other
directions. The magnet of the VCM is fixed to the isolated
base and the coil is guided by circular leaf springs. Further-
more, vibrations of the isolated base are measured with a
total of six accelerometers. The accelerometers each are lo-
cated on an isolator leg and are oriented in the direction of
its respective isolator leg. Again all accelerometer signals
are mapped to a global coordinate system (red-arrows) with
means of a transformation matrix. The vibration isolation
system can excite all six independent directions of the iso-
lated base in a three-dimensional space (xi, yi, zi, �xi, �yiand �zi).The active stage framework is built out of two plates that

Figure 4.1: Isometric view and xz-plane of the benchmark
system (without piezos that induce floor vibrations).

are connected to each-other by means of rods. For control
purposes this is considered to be rigid. The active stage
framework is rigidly connected to the isolated base. In be-
tween the two plates a so-called shuttle is located that rep-
resents the body that needs to accurately track a certain ref-
erence. With a total of six folded leaf springs the shuttle
is guided and fastened to the active stage framework. This
enables the shuttle to have a motion of ±5 mm in the xa-direction. On the bottom of the shuttle a linear scale is placed
and on the active stage framework an incremental encoder
to measure the relative position of the shuttle. At both sides
of the shuttle a VCM is positioned to provide a certain force
for achieving the specified motion. Herein the magnet is fas-
tened to the active stage framework. The coil is fastened to
the shuttle with the use of brackets.

At the top of the active stage and in between the two
plates a capacitive sensor is located. The capacitive sen-
sor is oriented such that it is able to measure the distance
to the top side of the shuttle with respect to the sensor it-
self. The capacitive sensor is fastened with two leaf springs
in parallel. These leaf springs are relatively compliant in the
zc-direction and stiff in all other directions. With this, an
intentional frame compliance is created.
4.2. System characterisation

In this section, all transfer paths are identified and anal-
ysed with a 2D conceptual model in the Laplace domain and
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Figure 4.2: Schematic section view of the benchmark system: (a) piezo for floor excitation, (b) accelerometer floor, (c) floor base
frame, (d) floor frame, (e) active vibration isolation system with VCMs and circular leaf springs, (f) wire springs, (g) accelerometer
isolation system, (h) isolated base, (i) active stage framework, (j) active stage with VCMs and guidance by means of folded leaf
springs, (k) shuttle, (l) incremental encoder, (m) intentional frame compliance, (n) capacitive sensor assembly and (o) capacitive
sensor. The global coordinate system is denoted with red-arrows, DOF of the active stage with xa(t) and parasitic deformation
with zc(t).

measurements of the benchmark system in the frequency do-
main. This is useful for the design of control strategies, as it
gives more insight into the influence of each disturbance and
actuator force on measured vibrations and displacements.

The 2Dmodel is a simplified version of reality. It is mod-
elled as a series of rigid bodies with mass, spring, damper
and force components. It gives an insight into the dominant
transfer paths and interaction between the sub-assemblies.
However, it does not include parasitic modes of the frame-
work and other components individually, except for the in-
tentional frame compliance. Comparison of the model with
measurement results should show the higher-order dynam-
ics by parasitic modes and non-ideal dynamics that result in
cross-coupling.

The conceptual overview of the complete system in 2D
is shown in Figure 4.3. It represents the structure and spring,
damper and actuator components in a section view. The sys-
tem is made out of four main sub-assemblies: floor assem-
bly, vibration isolation system, active stage and capacitive
sensor assembly. The floor assembly is considered to be
rheonomic and represent an industrial floor with vibrations.
The isolated base (mi, Iy) is suspended from the floor as-
sembly with springs (kx, kz, k�y) and dampers (cx, cz, c�y).

Those terms function as passive isolators of disturbances.
The terms Fx, Fy andMy are intended for providing forces
and a moment to attenuate vibrations. On top of the isolated
base an active stage is located. The parameters (ma, Iya) rep-resents the shuttle that needs to track a reference. The shut-
tle is guided with the folded leaf springs. In the conceptual
representation it is assumed that the guidance is rigid in all
directions except for the xa-direction. The compliant charac-
teristics are represented by stiffness ka and damping ca. Theterm Fa is intended for providing a force to achieve a speci-
fied stroke of the shuttle. Above the active stage framework
a capacitive sensor assembly (mc , Iyc) is positioned. The
assembly resembles high-sensitive equipment that measures
perpendicular to the top plane of the shuttle with aid of a ca-
pacitive sensor. In order to simulate a finite stiffness of the
framework the sensor assembly is fastened with stiffness kcand damping cc , such that an intentional frame compliance
is present in the rigid body dynamics. The sensor assembly
is considered to be relatively compliant in the zc-directionand stiff in all other directions.

In the proceeding sub-sections, all important transfer
paths are measured and compared with the paths derived
from the 2D model. The transfer paths are experimentally
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Figure 4.3: Conceptual 2D-representation of the active stage
with the vibration isolation system: (a) floor assembly, (b) iso-
lated base, (c) active stage, (d) intentional frame compliance.
All rigid body dynamics parameters are denoted with: force F
or moment M , mass m, inertia I , damping c, stiffness k and
height ℎ.

obtained by exciting the actuators with a Pseudo-Random
Binary Signal (PRBS) signal. The PRBS signal variance for
the active stage VCMs is 5V and 0.4A for the vibration iso-
lation system VCMs. In the case of the piezos the voltage
variance is set to the specified voltage range of the amplifier.
The input-output signals are processed with a time length of
100 s at a sample rate of 6.4 kHz. Further processing is done
with aid of window-function-based Welch’s method [65] in
which the signal is split up into overlapping segments of 2 s.
4.2.1. Primary paths

The isolated base is subject to indirect disturbances of
the rheonomic floor through the primary path called Pi(s).For a 2D representation, this gives three paths character-
ized with passive components. The isolated base in the xi-direction and �i-rotation are dependent on the passive com-
ponents of both the floor assembly and active stage. Due
to the active stage, the transfer is rather complex for the xi-direction as well as �i-rotation. The reason is that a transfer
from the isolated base through the shuttle with guidance dy-
namics on the isolated base exists, which creates a feedback
loop. In the case of the zi-direction these feedback loops arenot present and the transfer path simplifies to

Piz(s) =
Z̈i(s)
Z̈f (s)

=
Ni(s)
D(s)

(

czs + kz
)

, (4.1)

with nominator
Ni(s) =

(

mcs
2 + ccs + kc

)

, (4.2)
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Figure 4.4: Dominant primary paths in the global coordinate
system.

and denominator
D(s) = ((mi + ma)s2 + (cz + cc)s + (kz + kc))

(mcs2 + ccs + kc) − (ccs + kc)2.
(4.3)

Note that the transfer path is expressed in acceleration com-
ponents. The equation (4.1) and associated nominator and
denominator reveals that both the dynamics of the vibra-
tion isolation system and intentional frame compliance with
the capacitive sensor assembly defines the complete transfer
path.

In practice, the floor can only be excited in the direction
zf and rotations �xf , �yf , and coupling is present between
the degrees of freedom. The result is that a total of nine paths
exist in which there are three dominant couplings. These
dominant coupling measurements are shown in figure 4.4.
Compared to equation (4.1) the bounce mode of the isolated
base and respective suspension in the zi can be clearly seen.However, the (anti-)resonance frequency and coupling of the
isolated base to the active stage and intentional frame com-
pliance with capacitive sensor assembly are not identified.
This is mainly due to the identification technique and the
maximum amount of power that can be put into the piezos
which causes fluctuations after frequencies higher than 200
Hz.

In front of the resonance peak of all three transfer paths
both the floor and isolated base move or rotate as two bod-
ies in phase and with equal amplitude. From the (anti-
)resonance frequency peaks it can be seen that all degrees of
freedoms are coupled. After the resonance peak, the func-
tionality of the passive isolators is visible, since the influence
of floor vibrations on the isolated base drastically decreases.
Furthermore, it is observed that the suspension of the vi-
bration isolation system cannot be considered rigid, because
reaction forces of the vibration isolation system VCMs in-
fluence the floor dynamics. Therefore, the assumption of a
rheonomic floor is not completely true.
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4.2.2. Secondary paths
The vibration isolation system is controlled with Fx(s),

Fy(s) and My(s) through the secondary path called Si(s).The zi-direction is used as an example (due to the rather sim-
ple representation of dynamics), and can be written as

Siz(s) =
Z̈i(s)
Fz(s)

=
Ni(s)
D(s)

s2. (4.4)

Equivalent dynamics are involved in this path compared to
the primary path. The difference is that in this situation ac-
tuator force is considered and not the floor vibrations, that
equals Ffz(s) = (czs + kz)Zf (s). It shows that the force ofactuator and disturbance equals when

Fz(s) = (czs + kz)s−2Z̈f (s). (4.5)
In practice, the isolated base can be excited in all degrees

of freedom. It results in a total of 36 paths, that are domi-
nant in six paths. The measured dominant paths are shown
in figure 4.5. The resonance frequency of the first and sec-
ond degree of freedom is related to a coupled quadruple of
shear and bending modes of the isolated base, at 21 Hz and
22 Hz. The third resonance frequency is in the zi-directionand relates to a bounce mode at 23 Hz. The last resonance
frequency at 40 Hz relates to a torsional mode.

The negative slopes after the resonance frequencies are
caused by the voltage-controlled VCMs in which actuator
dynamics introduce another pole. The choice of voltage-
controlled actuators is due advantageous low-noise charac-
teristics [12]. The only drawback is that this actuator pole is
varying slightly over time.

The fluctuations after 600 Hz are a result of parasitic
modes of the VCM guidances and wire springs.

In the case of a controller in local coordinates, it is also
useful to visualize the secondary paths in local coordinates.
These measurements are shown in figure 4.6 and can be in-
terpreted as follows. The location and height of the reso-
nance peak are defined by the electrical properties of the
VCM and guidance stiffness and damping. Besides that,
partly by the mass of the isolated base and associated com-
ponents. It can be seen that each guidance does not have
equal dynamics. This is one of the reasons that the vibra-
tion isolation system in global directions is not completely
decoupled.
4.2.3. Tertiary paths

The active stage exerts forces on the isolated base when a
reference is tracked with the shuttle or when indirectly other
disturbances cause a motion of the shuttle. According to
newton’s law, the force of the active stage on the isolated
base in the xi-direction equals

Factive,stage = maẍa, (4.6)
and for �yi-rotation

Mactive,stage = ℎamaẍa. (4.7)
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Figure 4.5: Dominant secondary paths in the global coordinate
system.
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Figure 4.6: Dominant secondary paths in local coordinate sys-
tems of each isolator leg. With the voltage of the VCM as
input and accelerometer as output.

These forces act through a so-called tertiary path Ti(s) onthe isolated base. The derivation based on the conceptual
design in those coordinates, gives

Tix(s) =
Ẍi(s)
Xa(s)

≈
mas4

(mi + mc)s2 + cxs + kx
,

Ti�y(s) =
Θ̈yi(s)
Xa(s)

≈
ℎamas4

Itots2 + c�ys + k�y
,

Itot = Iy + Iya + Iyc + ℎ2cmc .

(4.8)
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Figure 4.7: Dominant tertiary paths in the global coordinate
system.

Note that the transfer path is expressed in position and accel-
eration components. Moreover, the equations are a simpli-
fied version of the real linear dynamics because translation
and rotation of the isolated base are indirectly coupled to
each other and make the transfer path rather complex. The
explanation for this is given in the primary path section.

It can be derived that the secondary and tertiary path
equals in the xi-direction when

Fx(s) = −mas2Xa(s), (4.9)
and for �yi-rotation, when

My(s) = −ℎamas2Xa(s). (4.10)
This force andmoment are related to the two dominant paths.
However, in practice, a total of six transfer paths exist, which
is mainly caused by coupled dynamics in the vibration isola-
tion system suspension and non-ideal shuttle guidance. The
latter is due to the straightness of the guidance that causes
also forces and moments other than in the xi-direction and
�yi-rotation.The measured six dominant transfer paths are shown in
figure 4.7. It can be seen that xa movement mainly influ-
ences the xi-direction and �yi-rotation of the isolated base.
All other directions and rotations do show a rather uncoupled
system.
4.2.4. Jitter paths

The floor vibrations cause internal deformation in the
active stage framework. These indirect disturbances of the
floor are transmitted through the vibration isolation system
and measured with the capacitive sensor. This capacitive
sensor measures the difference between the zc-displacement
of the capacitive sensor assembly and zi-displacement of the
isolated base. The path that defines the transfer from floor
vibrations to internal deformation is given by the so-called
indirect jitter path,

Tij(s) =
�Zc(s)
Zf (s)

=
Nc(s) −Ni(s)

D(s)
(

czs + kz
)

, (4.11)
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Figure 4.8: Indirect jitter path from floor vibrations zf on the
internal deformation �zc .
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Figure 4.9: Direct jitter path from shuttle displacment xa on
the internal deformation �zc .

with
Nc(s) = (mi + ma)s2 + (cz + cc)s + (kz + kc),

Ni(s) =
(

mcs
2 + ccs + kc

)

.
(4.12)

The transfer is mainly dependent on the dynamics of the
vibration isolation system and capacitive sensor assembly.
From this expression can be stated that vibrations attenuated
on the isolated base reduce the internal deformation. Since
floor vibrations need to be transmitted through the isolated
base before they can cause any internal deformation. The
most dominant transfer path is experimentally identified and
shown in figure 4.8. As expected below the resonance fre-
quency an anti-resonance is present due to the coupling of
the isolated base and capacitive sensor assembly. The reso-
nance frequencies are related to the bounce mode of the vi-
bration isolation system suspension at approximately 23 Hz
and capacitive sensor assembly suspension at approximately
370 Hz.
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Figure 4.10: Primary path of the active stage.

Another cause of internal deformation is due to shuttle
movements. Any shuttle movement causes direct vibrations
in the vibration isolation system and as a result indirect to
the capacitive sensor assembly. Besides that, active stage
movements causes vibrations in the active stage framework
due to the finite stiffness. Hence, also vibrations are trans-
mitted on the capacitive sensor assembly through the active
stage framework vibrations.

The path that defines the transfer from shuttle movement
is given by the so-called direct jitter path and shown in figure
4.9. At 22 Hz the bounce mode and 27 Hz coupled bending-
shear mode of the vibration isolation system can be seen.
Furthermore, from 350 Hz the internal mode of the capaci-
tive sensor assembly causes increased sensitivity to internal
deformations due to shuttle movements.

In the low-frequency region, a non-zero transfer is mea-
sured. For the experimental results, this is corrected such
that only an internal deformation is measured, as it is the
goal to measure internal deformation and not the guidance
characteristics. The non-zero transfer in the low-frequency
region is a result of folded leaf springs that guides the shut-
tle in an arc-like line and the shuttle driving direction not
exactly aligned perpendicular to the capacitive sensor.
4.2.5. Active stage primary paths

The shuttle is subject vibrations of the isolated base that
are transmitted through the primary paths Pa(s) of the activestage. These transfer paths can be written as

Pax(s) =
Xa(s)
Ẍi(s)

=
cas + ka

s2(mas2 + cas + ka)
,

Pa�i(s) =
Xa(s)
Θ̈yi(s)

=
ℎa(cas + ka)

s2(mas2 + cas + ka)
.

(4.13)

Both transfer paths are completely described by the dynam-
ics of the shuttle and its guidance. The susceptibility for vi-
brations of the isolated base decreases significantly after the
resonance frequency of the active stage DOF. In the case of
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Figure 4.11: Secondary paths of the active stage. Visualized
for the case of a passive and active vibration isolation system.

the conceptual design, only vibrations of the isolated base
in the xi-direction and around �yi-axis influences the shut-
tle displacements. However, in practice a total of six trans-
fer paths are present with two dominant paths that also are
derived for the conceptual design. The transfer relating to
vibrations of the isolated base in the xi-direction is shown
in figure 4.10. This transfer path is reconstructed from the
identified secondary path of the active stage as shown in fig-
ure 4.11.
4.2.6. Active stage secondary path

The shuttle tracks a reference with a force Fa(s) gener-ated by a controller. In practice the relative position△Xa(s)is used as control input. This is the difference between the
shuttle xa-displacement and isolated base xi-displacement.
The transfer that defines Fa(s) to△Xa(s) is given by

S△a(s) =
Xa(s) −Xi(s)

Fa(s)
=

△Xa(s)
Fa(s)

≈
w22(s

2 +w23)(s
2 +w2ar)

maw2ar(s2 +w
2
1)(s

2 +w22)(s
2 +w23)

!1 =

√

ka
ma
, !2 =

√

ki
mi + mc

, !3 =

√

k�
Itot

,

!ar =

√

ki
mi + ma

.

(4.14)

In this !1 is the resonance frequency of the shuttle guidancein theDOF direction. The influence of the vibration isolation
system is reflected with the resonance frequencies !2, !3,36



and anti-resonance frequency !ar. These latter terms can
be interpreted as follows; !2 is the suspension frequency in
the xi-direction, !3 in �yi-rotation and !ar is the mode in
which the shuttle and isolated base move in phase with equal
amplitude.

In case of an active vibration isolation system in which
the suspension frequencies are damped properly and ma <<
(mi + mc). The transfer simplifies to

Sa(s) =
Xa(s)
Fa(s)

= 1
mas2 + cas + ka

. (4.15)

Both experimental obtained transfer paths are shown in fig-
ure 4.11.
4.3. Conclusions

Modelling and identification are performed to character-
ize all dominant transfer paths. For this, a linear dynamic
model in combination with experimental data are used. The
experimental results show that the rigid body modelling is
valid up to about 500 Hz.

It is found that the indirect and direct disturbances in-
fluence the vibrations of the isolated base, internal deforma-
tions of the active stage, and dynamics of the shuttle guid-
ance. Furthermore, it can be stated that indirect disturbances
due to the floor vibrations and direct disturbances that are
transmitted by means of the indirect jitter path, can be at-
tenuated with a controller that attenuates the vibrations of
the isolated base. However, the direct disturbances that are
transmitted through the direct jitter path can only be properly
attenuated up to frequencies about 500 Hz because at higher
frequencies the active stage framework cannot be considered
rigid. Hence, the active stage framework can vibrate even if
the vibration of the isolated base are attenuated completely.

For control purposes of the active stage, it is shown that
the active stage path can be simplified if the vibration iso-
lation system suspension modes are actively damped and
certain mass ratios are present. As a result, a rather simple
model-based feedforward controller can be implemented.
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5. Conclusions and recommendations

In this research, a multi-objective control strategy
is designed with feedback and adaptive feedforward
controllers. A theoretical framework is set up for relating
the control designs to the performance objectives that are,
minimizing the tracking error and internal deformation. It
has been derived and verified that the internal deformation
primarily depends on the vibrations of the isolated base
up to frequencies around 500 Hz. The feasibility of the
controllers is demonstrated on a flexure-based active stage
mounted on top of a Stewart Gough vibration isolation
system. The vibration isolation system is adopted from
earlier research and the active stage is designed, realised
and verified in this research. The main conclusions and
recommendations for future research are listed in this
chapter.
5.1. Conclusions
Vibration isolation system controllers

A promising feedforward controller is designed in which
measured floor vibrations and components of the reference
profile are used as control inputs to minimize the internal de-
formation and tracking error. The feedforward controller is
implemented as a self-tuning generalized FIR filter in which
optimal parameters are estimated with a FeLMS algorithm
that includes deviations of the parameters from their nominal
values and optimises for noise characteristics of the sensors
and actuators. The algorithm estimates a total of 66 param-
eters that relate to the primary and tertiary paths of the sys-
tem’s dynamics. The parameters all converge to values that
correspond to the physics derived in the theoretical frame-
work.

In the case of indirect disturbances, it is found that per-
formance limiters are the weak integrators, bandpass of the
noise shaping filter, accuracy of the secondary path estimate,
finite stiffness of the floor, and discrete implementation of
the controller.

A drawback of the proposed feedforward controller is
that it uses components of the reference profile as control
input which slightly differ from moving part states that are
the source of the direct disturbance. More specifically, the
vibration isolation system feedforward assumes that the di-
rect disturbance generated by the moving part is equal to the
jerk and acceleration reference components with the respec-
tive physical parameters. However, in practice, the moving
part states differ from the reference profile components due
to a tracking error.

To further attenuate vibrations of the isolated base caus-
ing internal deformation and that are not cancelled by the
feedforward controller, a high-gain feedback controller is
used with virtual mass, skyhook damping, and skyhook stiff-
ness. For this, the input-output relations of the isolated base
are written in terms of power spectral densities, and subse-
quently, the feedback controller parameters are tuned such

the vibrations of the isolated base are minimal in a frequency
range of 1 − 300 Hz.

Experiments show that with the feedforward and feed-
back controller operational, the internal deformation reduces
with a ratio of five and tracking error with a ratio of three
compared to the passive vibration isolation system.
Active stage controllers

Accurate reference tracking is achieved with PID con-
trol and adaptive feedforward control. The PID control pa-
rameters are set with a technique that only requires choosing
the cross-over frequency of the open-loop. This cross-over
frequency is determined by first writing the input-output
relations of the tracking error in terms of the sensitivity
and complementary sensitivity with the corresponding ref-
erence components, disturbances, and noises. Subsequently,
a cross-over frequency of 200 Hz is chosen such that the
influence of all components on the error is approximately
balanced. The feedforward control parameters are estimated
with a Kalman filter. It is observed with experiments that
the algorithm exhibit stable behavior and all three parame-
ters convergence in around 10 s.

The combined control strategies show a maximum track-
ing error around 1 µm if the moving part is accelerated with
50 m∕s2. After each reference step the moving part settles
in 0.048 s.
5.2. Recommendations
Stability of vibration isolation system feedforward
controller

The floor has a finite stiffness which induces another
transfer path from the vibration isolation system actuators
through the floor assembly on the isolated base. It is ob-
served that this transfer path causes an unstable indirect dis-
turbance feedforward controller. A topic of further research
is to include this effect in the theoretical framework.

Another observation is that the FeLMS algorithm with
the generalized FIR filter and noise shaping filter is not ro-
bustly stable. To improve this, future research should set up a
systematic approach for a robustly stable algorithm with ap-
plications for active vibration isolation systems, which con-
siders the weak integrator parameters, noise shaping filter,
secondary path estimate and finite stiffness of the floor.
Improvements direct disturbance control input

The mismatch in the acceleration and jerk state of the
moving part compared to the reference profile components
used as direct disturbance control input for the feedforward
controller in the vibration isolation system, limits the ef-
fectiveness of the proposed control strategy. For this sev-
eral techniques are available that could lower the mismatch.
First, improve the model-based feedforward controller of the
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active stage with the inclusion of higher-order dynamics and
hysteresis. Second, equip the shuttle with for example an ac-
celeration sensor and use this measurement for both active
stage feedback control and an additional feedback controller
for the vibration isolation system. Third, make use of inter-
nal model control that generates the difference between the
actual and measured states. These differences can both be
used to correct the control inputs of the active stage feedfor-
ward control and direct disturbance feedforward control of
the vibration isolation system.
Improvement feedforward controller active stage

The active stage feedforward controller is designed ac-
cording to a linearised model. This is based on the zero de-
flection configuration of the folded leaf springs. However, it
is known from simulations and experiments that the stiffness
is non-linear. This behaviour can be included in the adaptive
feedforward controller such that tracking error is improved.
Higher-order reference

The chosen reference is a third-order profile with aggres-
sive setpoints. In view of both the active stage and vibration
isolation system, a more suitable solution is to use a higher-
order profile. It lowers the energy content of the tracking
error and the indirect disturbances that causing the isolated
base to vibrate.
Redesign vibration isolation system

The parasitic modes of the vibration isolation system
limit the bandwidth of the feedback and achievable perfor-
mance of the feedforward controller. It is therefore recom-
mended to reinforce the wire springs and optimize the circu-
lar leaf springs for the guidance of the actuators.
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A. Extended results

This appendix provides additional information on the
implemented control strategies and the obtained results of
the paper in Chapter 2.
A.1. Proportional Integral Derivative (PID) control

The active stage feedback controller in is tuned such that
with a parameter uncertainty of 10 % stability is guaranteed.
This results in a gain margin of 10 and phase margin of 10◦
and open-loop shown in figure A.1.

-40

0

40

80

10
1

10
2

10
3

-360

-270

-180

-90

Figure A.1: Open-loop active stage with manually tuned feed-
back controller Cfb,a. Visualized for the case of a passive and
active isolation system.

A.2. Power spectral density minimisation
The vibration isolation system feedback controller is

tuned with minimisation of the local accelerometer power
spectral density. For this, the local secondary paths are iden-
tified. Due to the coupling of all isolator legs, each local sec-
ondary path is identified step-wise with a low-gain feedback
controller on all other isolator legs (figure A.2). In order
to apply a high-gain feedback controller for each secondary
path, notch filters are added to cope for parasitic modes that
causes instability. The notch filters are listed in table A.1 and
are written as

Nf =
s2 + 2�n!ns + !2n
s2 + 2�d!ns + !2n

. (A.1)
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Figure A.2: Identified secondary paths in local-coordinates

Table A.1
Frequencies of the notch filters for the local vibration isolation
system feedback controller. With �n = 1e − 3 and �d = 1e − 1.

Isolator leg Frequencies !n
1 1609Hz
2 895Hz
3 650,976,1261 and 1579Hz
4 941Hz
5 971Hz
6 1262Hz

The stability is examined with the open-loop shown in
figure A.3. It can be seen and it is also observed that the
feedback controller is not robust stable. With a gain mar-
gin around 5 an parameter uncertainty of 5 % results in an
unstable system due to parasitic modes.
A.3. Filtered-error LMS (FeLMS) control

The weights obtained from the parameter Filtered-error
LMS algorithm that relate to the reference jerk and accel-
eration component in local coordinate system are shown in
figure A.4 and A.5. The weights that relates to the floor ac-
celeration, velocity and position can be found in earlier re-
search [43].
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Figure A.3: Open-loop isolation system in local-coordinates
with manually tuned feedback controller Cfb,i.
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Figure A.4: Estimated weights in local coordinate system re-
lated to the reference acceleration component.
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Figure A.5: Estimated weights in local coordinate system re-
lated to the reference jerk component.

A.4. Tracking error
A zoomed-in version of the tracking error with both con-

trol strategies active is shown in figure A.6.
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Figure A.6: Measured incremental encoder position and re-
lated tracking error with both control strategies active.
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A.5. Capacitive sensor measurements
The shuttle and its guidance are not correctly aligned

with the capacitive sensor. The related raw-data of the in-
cremental encoder and capacitive sensor measurements are
shown in figure A.7
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Figure A.7: Measured (A) incremental encoder position △xa
and (B) capacitive sensor position �zc . Visualized for the pas-
sive, feedback Cfb,i and feedback + feedforward Cff,i configu-
ration.
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B. Block diagram manipulation

Figure B.1: Step 1. Write down controllers and paths with
associated signals.

Figure B.2: Step 2. Manipulate the active stage blocks and
rewrite them as individual sources.

Figure B.3: Step 3. Manipulate the vibration isolation system
feedback controller.

Figure B.4: Step 4. Write all disturbances and noises as in-
dividual sources, and replace xr for ar and rewrite the blocks.
Note that ai is a feedback signal which can be simplified to
the return difference.
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C. Modal analysis of the active stage

Figure C.1: Torsional mode around the z-axis at 840 Hz.

Figure C.2: Translational mode along the z-axis at 870 Hz.

Figure C.3: Translational mode along the y-axis at 880 Hz.

Figure C.4: Torsional mode around the x-axis at 1470 Hz.
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Figure C.5: Torsional mode around the y-axis at 1485 Hz.

Figure C.6: Tilting around the y-axis at 835 Hz.

Figure C.7: Torsional mode around the z-axis at 1330 Hz.

Figure C.8: Bending mode in the xy-plane at 1379 Hz.
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Figure C.9: (A) Intentional frame compliance mode along the z-axis at 350 Hz and (B) tilting mode around the x-axis at 1550
Hz.

Figure C.10: Tilting mode in the yz-plane at 1655 Hz visualized by means of a front-view and isometric-view.
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