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Abstract

Vibration isolation is indispensable in many high-precision applications, both in industry

and research. Prominent examples are wafer scanners, atomic force microscopes and large-

scale reflecting telescopes. The stringent requirements cannot be met by purely passive

systems and require active control strategies. Motivated by the high relevance, an active

vibration isolation system with a levitating platform and zero-power gravity compensation

is designed, implemented and evaluated in this thesis.

The levitating platform has six degrees of freedom (DoF), which are actuated by Lorentz

actuators due to their linearity and quasi-zero stiffness. In order to avoid heat dissipation,

which may have a negative effect on sensitive equipment, zero-power gravity compensation

is integrated. This is achieved by using electropermanent magnets (EPM) which, compared

to other approaches, enable the adaption to a variable payload mass while keeping the

operating point of the platform constant.

Particular attention has to be paid to the control design due to the conflicting goals of po-

sition control and vibration suppression. For the positioning of the platform, decentralised

control is used with a suitable decoupling of the six DoFs. The displacement is measured

with six eddy current sensors. Moreover, the platform is equipped with an accelerometer,

which is used to apply acceleration feedback. This increases the effective mass and reduces

the transmission of floor vibrations. To achieve a lower position control bandwidth, which

reduces the transmission of low-frequency disturbances, the negative stiffness of the EPMs

is compensated by a positive virtual stiffness.

The decentralised position control achieves a bandwidth of 60Hz in the out-of-plane DoFs

and 20Hz in the in-plane DoFs with a resolution of less than 100 nm. For vibration isol-

ation, the crossover frequency of the position control in the vertical direction is reduced

to 6Hz, resulting in an attenuation of floor vibrations with −40 dB/decade starting at

around 8Hz. With the additional acceleration feedback, the transmissibility was further

reduced by almost 10 dB. The evaluation of the gravity compensation showed that it can

support a total load of 6.34 kg while reducing the power consumption by 98.9%.
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Kurzreferat

Die Unterdrückung unerwünschter Vibrationen ist bei vielen Präzisionsanwendungen, so-

wohl in der Industrie als auch in der Forschung, unverzichtbar. Prominente Beispiele

hierfür sind Wafer-Scanner, Rasterkraftmikroskope und große Spiegelteleskope. Da die

hohen Anforderungen durch rein passive Systeme nicht erfüllt werden können, sind aktive

Vibrationsisolationssysteme erforderlich. Motiviert durch die hohe Relevanz wurde in der

vorliegenden Arbeit ein solches System mit einer schwebenden Plattform und integrierter

Gravitationskompensation entworfen, implementiert und evaluiert.

Die sechs Freiheitsgrade der schwebenden Plattform werden mittels Lorentz-Aktuatoren

angesteuert. Um eine übermäßige Wärmeentwicklung zu vermeiden, die sich möglicher-

weise negativ auf empfindliche Messgeräte auswirkt, wurde eine leistungslose Gravita-

tionskompensation vorgesehen. Hierzu kommen Elektropermanentmagnete (EPM) zum

Einsatz, die im Vergleich zu anderen Ansätzen eine einfache Anpassung an die Nutzlast

bei gleichbleibendem Arbeitspunkt ermöglichen.

Die Positionierung der Plattform erfolgt mittels einer dezentralen Regelung, was durch

die Entkopplung der sechs Freiheitsgrade möglich ist. Die Auslenkung wird mit sechs

Wirbelstromsensoren gemessen. Darüber hinaus ist die Plattform mit einem Beschleuni-

gungssensor ausgestattet. Dieser ermöglicht es, die effektive Masse der Plattform durch

Rückkopplung der Beschleunigung zu erhöhen und dadurch die Übertragung von Boden-

vibrationen zu reduzieren. Um die Bandbreite der Positionsregelung zu verringern, wurde

die negative Steifigkeit der EPMs durch eine positive virtuelle Steifigkeit kompensiert.

Mit der dezentralen Positionsregelung konnte in den out-of-plane Freiheitsgraden eine

Bandbreite von 60Hz und in den in-plane Freiheitsgraden 20Hz bei einer Auflösung von

unter 100 nm erreicht werden. Für die Vibrationsisolation wurde die Durchtrittsfrequenz

der Positionsregelung in vertikaler Richtung auf 6Hz reduziert, wodurch Bodenvibrationen

ab einer Frequenz von etwa 8Hz mit −40 dB/Dekade gedämpft wurden. Durch die zusätz-

liche Beschleunigungsrückkopplung wurde die Durchlässigkeit um weitere 10 dB verringert.

Die Gravitationskompensation war in der Lage eine Gesamtlast von 6,34 kg zu tragen,

während der Leistungsverbrauch um 98,9% gesenkt wurde.
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Chapter 1

Introduction

Vibrations originate from various sources like human activity, traffic, heavy machinery or

building motion, and are therefore present almost everywhere. Moreover, their intensity is

increasing in areas such as automated production, driven by the demand for higher speeds

and forces. These vibrations not only adversely affect human health and well-being, but

also pose a challenge to production processes and research that necessitate increasingly

precise conditions [1], [2]. Hence, their proper handling is required, to which this thesis is

intended to make a contribution.

1.1 Motivation

The motivation for this thesis results from the indispensability of vibration isolation in

many precision applications, which is illustrated by the examples presented in this sec-

tion. The probably most important application is the mass production of high-performance

semiconductor components, which form the foundation of the information age. They have

found their way into almost every area of life, and their prevalence continues to grow.

The production takes place in wafer scanners, which are regarded to be among the most

sophisticated man-made machines, and requires positioning with sub-nanometre preci-

sion. This process can severely be affected by vibrations, which are not only transmitted

from outside the plant, but also generated within due to the highly dynamic positioning

processes. Therefore, sophisticated vibration isolation strategies are required [3]–[5].

This also applies to areas with less strict requirements on precision, but where powerful

sources of vibration are present, like it is the case in industrial environments. Conduct-

ing precise in-line measurements, which are crucial for optimising both the throughput

and quality of manufacturing processes, is only possible with the appropriate handling of

disturbances [6].
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2 1 Introduction

Another field where vibration isolation plays an indispensable role is research. Without it,

measurements at the atomic level, such as those performed with atomic force microscopes

(AFM), would be impossible [7]. However, vibrations are not only problematic on a small

scale, but also when measurements are done over long distances. Interferometers used

to detect gravitational waves have optical path lengths in the kilometre range. At this

distance, even very small deflections of the mirrors would lead to large errors [8]. This

is also the case with large reflecting telescopes, which are made up of many individual

segments [9].

In all these highly demanding applications, purely passive vibration isolation is not suf-

ficient. As shown in the state of the art, these systems have inherent design constraints

that can only be overcome by means of active approaches. This requires not only the

implementation of appropriate control strategies, but also precision actuators and sensors.

1.2 Thesis Goals

Given the high relevance of vibration isolation in both industry and research, this thesis

aims to design, implement and evaluate an active vibration isolation system suitable for

table-top operation. In order to reduce the transmission of floor vibrations, the system

should have a levitating platform with six degrees of freedom (DoF), on which the sensitive

equipment is placed. Active levitation can cause high heat dissipation due to the continuous

power consumption that is required to carry the payload. However, this must be avoided in

high-precision applications, which usually require a constant temperature [10]. Therefore,

a zero-power gravity compensation is required, which can easily be tuned to the mass of

the payload and allows the operating point of the levitating platform to be kept constant.

The use case, from which the dimensions and requirements of the vibration isolation system

are derived, is a table-top measuring instrument, such as an atomic force microscope

(AFM), with outer dimensions of around 200mm and a weight of 3 kg. The system should

be able to lift the weight of the platform and the additional payload dynamically and

require no significant power in static operation. The intended frequency range for the

suppression of vibrations is 5 to 100Hz, since usually this is the most critical in practical

applications [2]. Above this frequency range, disturbances are attenuated anyway due to

the inertia of the mass.



1.3. Thesis Outline 3

The specific objectives of this thesis are as follows:

• Design and implementation of a compact table-top vibration isolation system with

a levitating 6-DoF platform and tunable zero-power gravity compensation.

• Design and implementation of an integrated control system for the positioning of

the platform in all six DoFs and the suppression of floor vibrations in a frequency

range of 5 to 100Hz.

• Evaluation of the system performance in terms of position control, gravity compens-

ation and vibration isolation.

1.3 Thesis Outline

The first part of the thesis provides an insight into the properties and limitations of

passive vibration isolation. Subsequently, active control strategies for vibration isolation

as well as the required actuators and sensors are presented. Also, two methods for gravity

compensation are discussed, and the research questions of this thesis are derived. Chapter 3

is dedicated to the design of the platform and specifies the requirements for the actuators

and sensors. Moreover, the mathematical model is derived. The following chapter describes

the implementation of the prototype and the selected components. Chapter 5 shows the

identification of the implemented system and the design of the controllers. This is followed

by an evaluation of the performance of the position control, gravity compensation and

vibration suppression. The thesis is concluded with a discussion of the results and an

outlook on possible further research.





Chapter 2

State of the Art

This chapter reviews the state of the art in vibration isolation. First, passive systems and

their main characteristics are discussed. Subsequently, active control strategies for vibra-

tion suppression and the required actuators and sensors are presented. Also, methods for

zero-power gravity compensation are introduced. The chapter concludes with the research

questions of this thesis.

2.1 Passive Vibration Isolation

The purpose of a vibration isolation system is to reduce the impact of mechanical disturb-

ances on sensitive equipment [2]. Unwanted vibrations can be caused by human activity,

car or rail traffic and heavy machinery, for example, and are transmitted from the floor via

the support structure [1]. Direct disturbances may result from acoustic waves or originate

from the payload itself, when it has dynamically moving components [2], [11].

k c

m
x

x0

Fd

Fg

Figure 2.1: Model of a passive 1-DoF vibration isolation system.
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In passive systems, vibration isolation is achieved with springs and dampers, with the

former providing a softer suspension and the latter dissipating the vibration energy [12].

Figure 2.1 shows the model of a simple vibration isolation system with one DoF. The

payload, represented by the rigid body with mass m, is exposed to a direct disturbance

force Fd and vibrations of the ground x0. The latter are transmitted by the support

structure, which consists of a linear spring with stiffness k and a linear viscous damper

with constant c [13]. The equation of motion of this system is given by

mẍ = Fd − c (ẋ− ẋ0)− k (x− x0). (2.1)

Applying the Laplace transformation yields the relation in the frequency domain

L{x} =
1

ms2 + cs+ k� �� �
Compliance C(s)

L{Fd}+ cs+ k

ms2 + cs+ k� �� �
Transmissibility T (s)

L{x0} . (2.2)

The compliance C(s) indicates the displacement with which the payload reacts to the

directly acting disturbance force Fd, while the transmissibility T (s) describes the extent to

which ground vibrations are transmitted to the sensitive equipment. With the undamped

resonance frequency ωr =
�

k
m and the damping ratio ζ = c

2mωr
, the transfer functions

can also be expressed as follows [13]

C(s) = L{x}
L {Fd}

����
x0 =0

=
1

ms2 + cs+ k
=

1
mω2

r

1 + 2ζ s
ωr

+
�

s
ωr

�2 , (2.3)

T (s) =
L{x}
L {x0}

����
Fd =0

=
cs+ k

ms2 + cs+ k
=

1 + 2ζ s
ωr

1 + 2ζ s
ωr

+
�

s
ωr

�2 . (2.4)

The Bode plot of the transmissibility in Figure 2.2 shows that up to the resonance fre-

quency ωr floor vibrations are transmitted without attenuation or are even amplified. The

suppression starts only at
√
2ωr, with an initial decrease in amplitude of −40 dB/decade.

However, due to the damping, this reduces to −20 dB/decade at higher frequencies.

Assuming that the mass m is given, the behaviour of the passive vibration isolation sys-

tem can be adjusted via the stiffness and damping. The left Bode plot in Figure 2.2 shows

that when the stiffness k is reduced (dashed lines), the resonance peak occurs at a lower

frequency, which is beneficial for the suppression of seismic vibrations. However, the amp-

litude response of the compliance is shifted upwards, resulting in a higher sensitivity to

direct disturbances [11], [13].
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The effect of increasing the damping c can be observed in the right Bode plot (dashed

lines). On the one hand, the resonance peak disappears, but on the other hand, the stronger

dynamic coupling leads to an increased transmissibility of floor vibrations at higher fre-

quencies. This illustrates two major trade-offs in the design of passive vibration isolation

systems [13].
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Figure 2.2: Bode plots of the compliance C(s) and transmissibility T (s) for
m = 10 kg, k = 10N/m, ξ = 0.1 (left and right, solid), reduced
stiffness k = 1N/m (left, dotted), and increased damping ratio
ξ = 1 (right, dotted).

Another limitation results from the static deflection ∆x of the support structure due to

the gravitational force Fg = mg

∆x =
Fg

k
=

mg

k
=

g

ω2
r

. (2.5)

At a resonance frequency of 0.5Hz, for example, the static deflection of a linear spring

would be almost one metre. As this would result in design difficulties and problems with

long-term stability, non-linear mounts with a high static and low dynamic stiffness are used

[12], [13]. Very common are pneumatic springs, in which a gas, usually air, is pressurised

to support the static load. The dynamic stiffness depends on the compressibility of the

gas and the dimensions of the mount [12], [14]. Another approach uses a combination of

a spring with positive stiffness, which carries the load, and an unstable mechanism with

negative stiffness, which reduces the overall dynamic stiffness [15].
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Commercial passive vibration isolation systems for table-top operation have a resonance

frequency of around 8Hz, and thus only provide isolation above 10Hz. To achieve a slope

of −40 dB/decade for the transmissibility, the damping ratio is very low. This, however,

results in a distinct resonance peak, at which floor vibrations are amplified [16], [17]. For

comparison, optical tables with pneumatic mounts and a mass of 600 kg have a resonance

frequency as low as 1.4Hz and start suppressing vibrations above 2Hz [18].

2.2 Control Approaches for Active Vibration Isolation

As demonstrated in the previous section, passive vibration isolation systems require a

trade-off between the suppression of direct and indirect disturbances [13]. This can be

remedied by active control, which additionally requires sensors and actuators, but in return

enables the implementation of a vibration isolation that is not possible with purely passive

elements. The key characteristic of the two control strategies introduced below is the use

of inertial sensors, which enable the measurement of the payload’s motion with respect to

an inertial (vibration-free) reference [19].

2.2.1 Feedback

To implement feedback control, the passive vibration isolation system presented earlier

is extended by an inertial sensor placed on the payload and an actuator, as shown in

Figure 2.3a. The controller uses the absolute measurement of the inertial sensor to set the

actuator force according to the following control law [19]

F = −gaẍ− gvẋ− gpx. (2.6)

This results in the compliance and transmissibility functions below

Cfb(s) = 1

(m+ ga)s2 + (c+ gv)s+ (k + gp)
, (2.7)

Tfb(s) = cs+ k

(m+ ga)s2 + (c+ gv)s+ (k + gp)
. (2.8)

from which it can be seen that feeding back acceleration, velocity and displacement changes

the effective mass, damping and stiffness, respectively. The acceleration feedback gain ga

creates a virtual mass that is added to the payload mass m and thus shifts the mass

line downwards, resulting in a better suppression of seismic vibrations [20]. The velocity

and position feedback gv and gp create a virtual spring and damper, which, however,

only appear in the denominator of the transfer functions. The reason for this is that the

feedback is based on the measurement with respect to an inertial reference. Accordingly,

the additional spring and damper in the equivalent mechanical model shown in Figure 2.3b
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are not connected to the vibrating surface, but to a disturbance-free inertial reference [11],

[19]. This is also referred to as skyhook, since one could think of the spring and damper

being attached to the sky1 [22].

k c

m
x

x0

F

F = –gaẍ – gvẋ – gpx

(a) Extended model with actuator, controller and
sensor located on the payload.

k c

m + ga

x

x0

gp gv

"skyhook"

(b) Equivalent mechanical
model.

Figure 2.3: Model of an active 1-DoF vibration isolation system with
feedback control.

Adding a so-called skyhook damper to the vibration isolation allows keeping the damping

of the mechanical support structure low while still attenuating the resonance peak [22].

The additional stiffness improves the isolation from ground vibrations at low frequencies

and reduces the sensitivity to direct disturbances [19], [20]. In a practical application,

an accelerometer can be sufficient, as the velocity and displacement can be determined

by integrating the acceleration. However, to prevent the signal from drifting, a high-pass

filter must be added [20], [23]. Besides, the feedback with high gain can cause an undesired

amplification of sensor noise [24].

In [25] and [26] active vibration isolation platforms with six DoFs were implemented. Both

apply skyhook damping, generated by velocity feedback, to dampen the resonance of the

suspension. The Stewart platform, presented in [25], suppresses vibrations in the range of 5

to 400Hz. In [26], magnetic levitation with a low stiffness is used, resulting in a resonance

frequency of 1.8Hz in the vertical direction.

1In fact, the inertial reference is not located in the sky, but in the inertial sensor. However, due to
the unavoidable connection between the seismic mass and the sensor frame, the measurement is only valid
within a certain frequency range and sufficiently small amplitudes [19], [21].
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2.2.2 Feedforward

In the second control approach, the seismic disturbances are measured directly by mount-

ing the inertial sensor at the base of the vibration isolation system, as shown in Figure 2.4a.

Since there is no feedback from the payload, this method is referred to as feedforward con-

trol [11]. Using the control law

F = −c ẋ0 − k x0, (2.9)

yields the following compliance and transmissibility functions

Cff (s) = 1

ms2 + cs+ k
, (2.10)

Tff (s) = 0. (2.11)

Since the transmissibility Tff (s) is zero, the controller obviously removes the connection

between the payload and the vibration ground, as can also be seen from the equivalent

mechanical model in Figure 2.4b. In contrast to feedback control, no additional stiffness

or damping is generated here, but the existing spring and damper are reconnected to

the skyhook. Ideally, the system is thus completely isolated from seismic disturbances.

However, this is only possible if the transmissibility of the support structure is exactly

known [11], [20]. For a real system, the simple model of a linear spring and damper assumed

here is usually not sufficient. Moreover, the transmissibility can only be identified with

limited accuracy, as sufficient excitation of the system is often difficult to achieve [27].

Therefore, also a combination of feedforward and feedback control is used in practical

applications [24].

k c

m
x

x0

FF = –c ẋ0 – k x0

(a) Extended system with actuator, controller
and sensor located on the ground.

m
x

x0

k c

"skyhook"

(b) Equivalent mechanical
model.

Figure 2.4: Model of an active 1-DoF vibration isolation system with
feedforward control.
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The measurement of the transmissibility and implementation of feedforward control is

demonstrated for example in [11]. The vibration isolation system consists of a payload

with a weight of 289 kg, which is suspended by four pneumatic mounts. The compensation

forces are applied by Lorentz actuators. Using feedforward control, the transmissibility of

floor vibrations was reduced by up to 30Hz within a frequency range of 0.2 to 300Hz.

2.3 Actuators

Actuators can be used to actively counteract unwanted disturbances. In vibration isolation

systems, Lorentz and piezoelectric actuators are commonly applied for this purpose [28]

and are explained in more detail below.

2.3.1 Lorentz Actuator

Due to their linearity and quasi-zero stiffness, Lorentz actuators are an indispensable

component of high-precision positioning and vibration isolation systems [21], [28]. Their

name and actuation principle are based on the Lorentz force, which is given by the following

expression for a conductor carrying the current I in a magnetic field with flux density B⃗

F⃗ = I



C

ds⃗× B⃗, (2.12)

where the path of the conductor is determined by the curve C with the segments ds⃗ orient-

ated in the direction of the current. The equation shows the important linear relationship

between force and current.

A widespread implementation of this actuation principle is the rotationally symmetrical

design shown in Figure 2.5, which is also referred to as voice coil actuator [21], [29]. The

magnetic circuit, consisting of the yoke with a permanent magnet, is usually the stationary

part due to its greater weight, while the current-carrying coil is movable. The maximum

motor constant is achieved, when the coil windings are orthogonal to the direction of the

magnetic flux, as is the case with the voice coil actuator in Figure 2.5. An important prop-

erty is the absence of a mechanical connection between the moving and the stationary part

of the actuator, resulting in a contact- and frictionless force transmission. Furthermore, as

can be seen from Equation 2.12, the force does not depend on the position of the mover,

which is why there is theoretically no stiffness. In reality, however, a certain stiffness may

result from the inhomogeneity of the magnetic field and the supply wires of the coil [21].

In order to avoid the support structure, which transmits floor vibrations, this actuator can

be used to levitate the payload. The positioning can be achieved with quasi-zero stiffness

at an arbitrary operating point within the actuation range [30], [31]. However, the force

required to lift the weight of the payload results in a static power consumption and heat
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dissipation, which may negatively impact sensitive measuring instruments and limit the

positing accuracy [10], [32]. Moreover, the static current reduces the range available for

dynamic actuation.

F

I

B

Coil
windings

Yoke

Permanent
magnet

Figure 2.5: Cross-section of a voice coil actuator [21].

2.3.2 Piezoelectric Actuator

Compared to the previously presented Lorentz actuators, piezoelectric transducers have a

very high stiffness and a relatively limited actuating range. Their operation is based on the

inverse piezoelectric effect exhibited by some natural materials, such as quartz. These react

to an external electric field with an expansion or contraction depending on the direction

of the field. For practical applications, synthetic materials such as lead zirconate titanate

(PZT), which has a higher electromechanical coupling, are commonly used [21], [33]. When

used in positioning systems, usually multiple piezoelectric elements are stacked as shown in

Figure 2.6 to increase the stroke. Moreover, the stack has to be mechanically prestressed,

because it can only produce a pushing force due to its low tensile strength [33].

U

Piezoelectric
element

Negative
electrode

Prestressing
mechanism

Positive
electrode

Figure 2.6: Piezoelectric stack actuator [34].
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The main advantages of piezoelectric actuators are the high achievable force, bandwidth

and positioning accuracy, as well as the ease of miniaturisation. For these reasons, they

are also used for active vibration isolation, but can only suppress disturbances within the

control bandwidth [28], [35] However, since the actuators are usually operated below the

mechanical resonance, there is a gap between the frequency ranges of active and passive

suppression (due to the inertia of the mass), in which vibrations are amplified [28].

2.4 Sensors

The performance of positioning and vibration isolation systems is not only determined by

the actuators, but also by the sensors used to measure the position and acceleration of the

payload [21]. The following section provides a brief overview of common sensor types and

measuring principles.

2.4.1 Inertial Sensors

As demonstrated in Section 2.2, inertial sensors are a key component of active vibration

isolation systems, since they allow the measurement of position, velocity and acceleration

with respect to an inertial reference within a certain frequency range. Their mechanical

structure consists of a so-called seismic mass (also known as proof mass), which acts as

the vibration-free reference and is suspended from the sensor frame. Assuming that the

suspension can be modelled by a spring and damper, the 1-DoF system from Figure 2.1

can be reused as a mechanical model of the sensor. In order to determine the motion of the

object to which the sensor frame is attached, the relative position y = x− x0 of the mass

with respect to the frame is measured [36]. The frequency behaviour can be described by

the following transfer function

L{y}
L {x0} = − ms2

ms2 + cs+ k
. (2.13)

This shows that above the resonance frequency ωr =
�

k
m , where the mass is decoupled

from the frame, the relative distance y is proportional to the absolute position x0 of the

frame [36], [37]. Using L{ẍ0} = s2L{x0}, the transfer function can also be expressed as

follows L{y}
L {ẍ0} = − m

ms2 + cs+ k
. (2.14)

In this case, measuring y below the resonance frequency yields the acceleration of the

frame ẍ0 scaled by the ratio of the mass m and stiffness k [36]. These equations describe

the properties of the sensors presented below.
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Geophone

The voice coil actuator in Figure 2.5 can also serve as a velocity sensor and is then called

a geophone [29]. In this case, either the coil or the permanent magnet acts as the seismic

mass and is connected to the other by a spring and a damper. When there is a relative

motion between the two parts, caused for example by floor vibrations, a voltage is induced

in the coil. This voltage U is related to the relative velocity ẏ by the motor velocity

constant Kv. Together with Equation 2.13, this results in

L{ẏ}
L {ẋ0} =

Kv L{U}
L {ẋ0} = − ms2

ms2 + cs+ k
. (2.15)

Above the resonance frequency ωr, the seismic mass decouples from the sensor frame, and

thus the measured voltage is proportional to the absolute velocity of the frame. Usually,

the resonance frequency lies in the range of 1 to 10Hz and is limited, similarly to passive

vibration isolation systems, by the static deflection of the spring due to gravity [21], [36].

On the upper end, the operating range is limited to a few hundred hertz by higher-order

modes of the spring [36].

Piezoelectric accelerometer

Piezoelectric materials can not only be used as actuators, but also as sensors. An externally

applied mechanical pressure leads to a separation of charges, which can be measured. To

be used as an accelerometer, a seismic mass is attached to the piezoelectric transducer.

Assuming that the electric charge Q on the electrodes of the transducer is proportional to

its deformation, which equals the distance y between the mass and the frame, and using

Equation 2.14, the frequency behaviour is given by

L{y}
L {ẍ0} = − m

ms2 + cs+ k
∼ L{Q}

L {ẍ0} . (2.16)

Therefore, the acceleration ẍ0 of the frame is proportional to the charge Q below the

mechanical resonance frequency. Due to the high stiffness of the piezoelectric material,

it allows the measurement of the acceleration up to frequencies in the range of multiple

kilohertz [21], [36]. Moreover, piezoelectric sensors achieve a very low noise level and are

therefore commonly used in vibration isolation and monitoring systems. However, in order

to measure the electric charge, it has to be converted into a voltage by a charge amplifier,

which limits the sensitivity at very low frequencies [21], [38].
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MEMS accelerometer

Microelectromechanical systems (MEMS) are miniaturised actuators and sensors with di-

mensions in the micrometre range that are implemented on a semiconductor chip. They

are characterised by excellent mechanical and electrical properties. Moreover, the integra-

tion of the necessary electronics on the same chip reduces sensitivity to electromagnetic

disturbances [21], [39].

Proof mass

Frame

Spring

Capacitor
electrodes

Figure 2.7: MEMS accelerometer with one DoF] [40].

Like the piezoelectric accelerometer, MEMS-based sensors also determine the acceleration

from the displacement of a seismic mass. Typically, a comb structure as shown in Fig-

ure 2.7 is used for this purpose, in which the capacitance change between the fixed and

movable electrode is measured. The measurement is limited by the mechanical resonance,

which is usually in the kilohertz range [39], [40]. By arranging three such comb structures

orthogonally, the linear acceleration can be measured in all spatial directions. In a gyro-

scope, a similar measurement principle is used to determine the angular rate of a rotation

around an axis [39]. A sensor that combines three accelerometers and three gyroscopes is

called an inertial measurement unit (IMU) and allows measuring the motion of an object

in all six DoFs [41].

Force-balance accelerometer

Since the measurement principles presented so far are all passive, their bandwidth and

dynamic range are mainly limited by the mechanical structure. They can be extended

by a compensation-based measurement. In the case of the geophone, it is operated as a

voice coil actuator and the acceleration is determined from the current required to keep

the distance between the seismic mass and the sensor frame constant. The distance has

to be measured by an additional displacement sensor [21], [29], [36]. In the same way,

the electrostatic attraction force between the capacitor plates of a MEMS accelerometer

can be used to counteract the acceleration of the seismic mass [39]. Due to the additional

stiffness introduced by the feedback control loop, the bandwidth of the sensor is increased.

In addition, larger amplitudes can be measured without saturation [29], [36].
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2.4.2 Displacement Sensors

Important characteristics of a positioning system, such as bandwidth and precision, are

largely determined by the sensors used. Below, three of the most frequently applied sensor

principles in high-precision positioning systems are presented.

Capacitive sensor

Positioning systems with a small range and high precision usually use capacitive sensors,

because they offer very good linearity, resolution in the nanometre range and a high

bandwidth. The measurement principle is based on the dependence of the capacitance of

two conductive surfaces on their geometric arrangement [42], [43]. Neglecting fringe effects,

the capacitance C of the parallel plate capacitor shown Figure 2.8a is given by

C =
εA

d
, (2.17)

where A denotes the area of the capacitor plates, which are at a distance d from each other,

and ε is the permittivity of the dielectric. As shown in Figure 2.8, there are three possible

arrangements for determining the displacement ∆x from the capacity C. In Figure 2.8b,

one of the capacitor plates is shifted laterally, which changes the overlapping area A, in

Figure 2.8c the dielectric is moved, and in Figure 2.8d the distance between the capacitor

plates d is varied. Since the latter approach offers the greatest sensitivity, it is usually

applied despite the smaller range and nonlinearity [42]. However, by means of differential

measurement, the output voltage can be linearised [21].

d

ε

A

(a) Parallel plate
capacitor.

Δ
x

(b) Laterally moving
plate.

Δ
x

(c) Moving dielectric.

Δx

(d) Axially moving
plate.

Figure 2.8: Arrangements for the displacement measurement with a
capacitive sensor [42].

Because it is impractical to place an electrode on the measurement object, the head of

a capacitive sensor usually contains two electrodes and the conductive target acts as the

third electrode. This results in two capacitances connected in series, each of which depends
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on the distance to the target object [21]. Commercial products offer a resolution of 1 nm

at a measuring range of 50 µm, but are also available for a range of up to 10mm at a

resolution of 200 nm [44].

Eddy-current sensor

The operation of eddy-current sensors is based on Faraday’s law of induction. As shown

in Figure 2.9, its main part is a coil, which is excited by an AC current, which generates a

magnetic field. In the vicinity of a conductive target, the alternating magnetic field induces

a voltage, which causes eddy currents counteracting the magnetic field. This leads to a

change of the AC resistance on the primary side, from which the distance to the target

can be determined [21], [42].

Conductive
target

Excitation
coil

Magnetic
field

Eddy current

Figure 2.9: Cross-section of an eddy current displacement sensor [42].

The head of eddy-current sensors can be shielded or unshielded, with the former having

a greater range but also being more sensitive to nearby magnetic fields and conductors.

Compared to capacitive sensors, they are more sensitive to temperature and have a lower

resolution. However, especially in industrial applications, they offer the advantage of be-

ing insensitive to dust, oil and similar contaminations of the air gap [42]. Commercially

available sensors offer a measuring range of 0.4 to 80mm and a resolution of 20 nm for

smaller ranges [45].

Interferometer

When two coherent light beams are superimposed, constructive or destructive interference

occurs, depending on their spatial phase shift. This effect is used in the Michelson interfer-

ometer shown in Figure 2.10 to determine the displacement of a target. The laser beam is

split into two paths by a beam splitter, one of which leads to the static reference reflector
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and the other to the moving target. After reflection, the two beams recombine again at

the beam splitter and interfere [21], [42]. The intensity I measured by the detector is given

by the following expression [46]

I(∆x) = I0 cos
2

�
2π

λ
∆x

�
, (2.18)

where I0 is the intensity of the incoming light beam, which has the wave length λ, and

∆x is the displacement of the moving target. The intensity pattern has a periodicity of λ
2 ,

enabling a resolution of the displacement measurement below the wavelength of the used

laser light [21], [42].

Reference
reflector

Target
reflector

Beam
splitter

Δx

Laser

Detector

Figure 2.10: Optical paths in a Michelson interferometer [42].

Modern interferometers, however, are based on the heterodyne principle, in which two

laser beams with different frequency and orthogonal polarisation are used. This reduces

the sensitivity to differences in the reference and measurement path. In addition to the

sub-wavelength resolution, interferometers also provide a very long range, which can be

several metres. However, the disadvantages are the relatively high cost and the sensitivity

to environmental influences [42], [43]. A representative model allows the measurement on

a range of 5m with a resolution of 1 pm at a bandwidth of 10MHz [47].

2.5 Gravity Compensation

The transmission of floor vibrations to the sensitive equipment through the support struc-

ture can be reduced if it is suspended without any mechanical connection. Very often this

is achieved by electromagnetic levitation using Lorentz actuators due to their low stiff-

ness [48], [49]. However, for a heavy load, they become quite large and heavy themselves.

Moreover, the heat dissipation due to the constant power consumption may negatively
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impact the thermal stability of the equipment and limit the positioning accuracy [10]. To

avoid these problems, powerless gravity compensation methods are required, of which two

are presented below.

2.5.1 Permanent Magnets

A common approach for achieving zero-power gravity compensation is to use a suitable

arrangement of permanent magnets, of which three simple possibilities are shown in Fig-

ure 2.11. Since, according to Earnshaw’s theorem, stable passive magnetic levitation is not

possible, the floating part has to be stabilised by additional actuators [49], [50].

Repulsion

m

(a) Repulsive.

Attraction

m

(b) Attractive.

Attraction

m

Repulsion

(c) Repulsive and attractive.

Figure 2.11: Three permanent magnet arrangements for gravity
compensation [48].

In Figure 2.11a, the repulsive forces of two opposing permanent magnets is used to levitate

the payload m. In Figure 2.11b, the load is held by the attraction of two magnets that are

magnetised in the same direction. The disadvantage of this option compared to the first

one is that the load falls down if the stabilising actuators fail. Another drawback, common

to both configurations, is that the weight of the load is only accurately compensated at a

certain distance. If the weight or the operating point is changed, the arrangement of the

magnets must be adjusted. In addition, there is a significant stiffness due to the strong

dependence of the force on the distance [48], [51]. The last problem can be countered by

the arrangement in Figure 2.11c, in which both attraction and repulsion are applied. At

the position where the attractive and repulsive forces acting on the mover exactly cancel

each other out, the stiffness vanishes [48], [49]. With this approach, a vibration isolation

system with a resonance frequency of just under 2Hz and a static lifting capacity of around

40N was realised in [49].

2.5.2 Electropermanent Magnets

An alternative to the permanent magnet arrangements, which can provide zero-power

gravity compensation for a variable mass and operating point, is the so-called electroper-

manent magnet (EPM) shown in Figure 2.12. Its magnetic circuit comprises two different
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permanent magnets, one with a very high coercivity and one with a relatively low one. The

latter is wrapped into a coil, which is used to adjust its magnetisation. Usually, NdFeB

and AlNiCo magnets are combined, since they have a similar remanence flux density [52].

If the AlNiCo magnet is magnetised antiparallel to the NdFeB magnet, as depicted in

Figure 2.12a, the magnetic flux closes within the stator (assuming that both magnets have

the same remanence flux density and dimensions) and no reluctance force is exerted on

the mover. By applying a strong current pulse to the magnetising coil, the magnetisation

of the AlNiCo magnet can be adjusted, while the NdFeB magnet is unaffected due to its

much higher coercivity. If the magnetisation of the AlNiCo magnet is reduced, or it is

magnetised parallel to the NdFeB magnet, the flux closes over the air gaps and through

the mover yoke. This creates the following attractive force F at each vertical yoke [53]

F =
B2A

2µ
, (2.19)

where B denotes the flux density in the air gap, A is the cross-section of a single vertical

yoke, and µ ≈ µ0 = 4π 10−7H/m is the magnetic permeability of air. Since there are two

air gaps, the total force is 2F .

Mover
yoke

Stator
yoke

Magnetising
coil

(a) Antiparallel magnetised magnets.

AlNiCo
magnet

NdFeB
magnet

Magnetic
flux

(b) Parallel magnetised magnets.

Figure 2.12: Cross-section of (a) fully turned-off and (b) fully turned-on
electropermanent magnet (EPM) [52].

This method allows the generated force to be adjusted to the mass of the payload and the

desired operating point. However, due to the negative stiffness of the EPM, a flexure or

another actuator is required for stabilisation. In [53] an EPM and a Lorentz actuator are

integrated into one actuator, which can provide a static force between 0 and 25N without

significant energy consumption. When tuning the EPM, the hysteresis of the AlNiCo must

be taken into account, which requires a non-linear control method [54].
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2.6 Research Questions

At the beginning of this chapter, it was shown that there are inevitable trade-offs when

designing a passive vibration isolation system. A particular drawback is that a better

damping of floor vibrations always comes at the expense of a worse suppression of direct

disturbances. There are also limitations in terms of damping and static deflection. Al-

though the presented active control strategies require more effort in terms of actuators

and sensors, they make it possible to overcome these restrictions. A further improvement

in the suppression of floor vibrations is possible with electromagnetic levitation. However,

due to the heat dissipation and high static power consumption, this is only practical in

combination with gravity compensation.

In the introduction, the aim of this thesis was formulated as implementing a levitating

platform with active vibration suppression. Before the active vibration isolation can be

implemented, the following question must be answered first:

Is it feasible to design a levitating platform with six DoFs that can be positioned

without static power consumption at an arbitrary operating point, independent

of the payload?

As mentioned in Section 2.5.1, magnetic levitation requires position control for stabilisa-

tion. However, position control and vibration isolation have conflicting goals, as the former

tries to keep the distance between the platform and the base constant, while for the lat-

ter a weak connection between the two is required. Similarly, the relatively high negative

stiffness also impairs the suppression of floor vibrations. The second research question of

this thesis is therefore:

Can position control, magnetic levitation with zero-power gravity compensation

and active vibration suppression be achieved at the same time?





Chapter 3

Design and Modelling of the

Vibration Isolation System

The first part of this chapter gives an overview of the mechanical structure of the vibration

isolation system and the most important design aspects. Subsequently, the requirements

for the actuators and sensors are explained in detail. In the second part, the dynamic

model of the platform and the transformations of the actuator forces and sensor signals

are derived.

3.1 Concept and Design Considerations

The mechanical construction of the vibration isolation system consists of a static base and a

levitating platform. Since there is no mechanical connection between the two, the platform

has to be stabilised in all of its six degrees of freedom, requiring at least the same number

of actuators. For this purpose, Lorentz actuators are used due to their low stiffness and

approximately linear characteristic. An important design aspect is the air gap between

the mover and the stator of the actuators. On the one hand, a larger distance allows

compensating disturbances with higher amplitudes and lowers the accuracy requirements

for the components and the assembly. On the other hand, however, it reduces the motor

constant of the actuators, which increases the power requirements and energy consumption.

To determine the position and orientation of the platform, at least six displacement sensors

are required. These should measure without contact and have a measuring range that is at

least as large as the travel range of the actuators. Vibrations are measured using compact

and lightweight inertial sensors mounted on the platform and base, enabling both feedback

and feedforward control, as discussed in Section 2.2.

23
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Gravity compensation is achieved using EPMs, which allow the system to adapt to varying

payloads while maintaining a constant operating point. As the load may not be placed

exactly at the centre of the platform, at least three EPMs are required. Taking into account

the limited capacity of the gravity compensation, the weight of the platform should be as

low as possible in order to allow a higher payload. At the same time, however, the platform

has to be rigid enough to prevent the occurrence of structural modes within the control

bandwidth.

Minimum load capacity 3 kg

Minimum platform diameter 200mm

Vibration isolation range 5 to 100Hz

Positioning range (linear) ±0.5mm

Positioning range (rotatory) ±0.3◦

Table 3.1: Target specifications of the vibration isolation system.

To be suitable for table-top operation, the vibration isolation system must have a com-

pact design, which can be achieved by a good integration of the components. The design

must also ensure that they can be manufactured and assembled with reasonable effort.

Moreover, there should be sufficient clearance for the assembly to be able to compensate

for manufacturing tolerances. An overview of the target specifications of the vibration

isolation system is provided in Table 3.1.

3.2 Actuation

In order to achieve a compact design, only the minimum number of six actuators is used,

which are placed on the base as shown in Figure 3.1. The actuators for the in-plane and

out-of-plane DoFs have different designs, but both are based on the Lorentz force due

to its favourable properties. Three of the actuators (denoted by V 1, V 2, V 3) operate

in the vertical direction and are arranged on a circle with an offset of 120◦ between each

other. They actuate the three out-of-plane DoFs (translation along the z-axis, and rotation

around the x- and y-axis). Another three actuators are oriented in the circumferential

direction (labelled as H1, H2, H3) and are responsible for the in-plane DoFs (translation

along the x- and y-axis, and rotation around the z-axis). However, as they are placed

under the platform with a vertical offset from the platform’s centre of gravity, they also

generate a torque around the x- and y-axis. Figure 3.2 shows which components belong

to the mover and which to the stator.
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A 3D model of the vertical actuator is shown in Figure 3.4. It is a slightly modified version

of the actuator designed in [53]. The main difference is that in this case the Lorentz

actuator has only two coils instead of four, because the movers of the three actuators are

rigidly connected to each other via the platform, and therefore independent tilting is not

possible anyway. What is unique about this design is the compact integration of a Lorentz

actuator and an EPM, both generating forces in the vertical direction. The integration is

achieved by using the vertical yoke parts for both magnetic circuits. Since the respective

magnetic fluxes are perpendicular, they do not influence each other.

V1

H3
V2

H1

120°

12
0°

120°

V3 H2

x

y

z

Figure 3.1: Location of the three Lorentz actuators with integrated EPMs
(V 1, V 2, V 3) and the three voice coils (H1, H2, H3).

As can be seen in Figure 3.4d, the magnetic flux for the Lorentz actuator is created by

two Halbach arrays consisting of NdFeB cube magnets. They are arranged in such a way

that they generate a circular magnetic field across the yoke between them. In the two air

gaps are the coils, which are connected to the moving platform via aluminium brackets.

As both the magnetic flux and the current change direction in the lower half, there is a

resulting force that is directed either upwards or downwards, depending on the sign of the

current.

The magnetic circuit of the EPM is depicted in Figure 3.4e and comprises a NdFeB magnet

and an AlNiCo magnet wrapped in a magnetising coil. When the EPM is turned off (the

AlNiCo magnet is magnetised antiparallel to the NdFeB magnet), the magnetic flux closes

only via the stator yoke parts and there is no flux present in the gap to the horizontal yoke.
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In the other case, when the EPM is turned on (the AlNiCo magnet is magnetised parallel

to the NdFeB magnet), the flux of both magnets closes via the air gap and the horizontal

yoke, which is consequently pulled upwards by the reluctance force, and connected to the

platform via aluminium brackets.

Mover

Stator

Figure 3.2: 3D model of the mover and stator.

The actuator was implemented and characterised in [53], according to which the maximum

reluctance force the EPM can achieve for an air gap of 1mm is 17N. Therefore, three of

them can carry a weight of almost 5.2 kg if the load is distributed equally. According to the

CADmodel, the total weight of the platform is about 1.9 kg, leaving 3.3 kg for an additional

payload. If necessary, the load capacity can easily be increased by using a neodymium

magnet with a larger diameter or higher grade. When the gravity compensation is disabled,

the Lorentz actuators must carry the entire weight. For a load of 5.2 kg and a motor

constant of 19.3N/A as specified in [53], each actuator requires a current of approximately

0.9A, which has to be supplied by the power amplifier.

Since the three EPMs can be tuned independently, the load does not necessarily have to be

symmetrically distributed. However, as shown in Figure 3.3, the allowable ratio between

the maximum load m and the weight mmax that a single EPM can lift decreases as the

load’s centre of gravity moves away from the centre of the platform. Moreover, the load’s

centre of gravity must not lie outside the triangle spanned by the three EPMs, because

these can only generate an upward force.

Compared to the vertical actuators, the horizontal ones do not need to lift any weight and

the disturbances mainly affect the platform in the vertical direction. Their main purpose

is therefore to prevent the platform from drifting, which is why they can be significantly

weaker and smaller than the vertical actuators. A simple and compact design that is used

here are the voice coil actuators shown in the 3D model.



3.3. Sensors 27

-1 -0.5 0 0.5 1
x/r

-1

-0.5

0

0.5

1

y/
r

V1

V2

V3

m/mmax = 1.0 m/mmax = 1.5 m/mmax = 2.5

Figure 3.3: Maximum ratio of the total payload weight and load capacity of
a single EPM m/mmax depending on the location of the centre
of gravity. The coordinates x and y are relative to the radial
distance of the actuators.

3.3 Sensors

The vibration isolation system integrates three types of sensors, which measure displace-

ment, acceleration, and flux density. This section discusses the requirements for selection

and implementation.

3.3.1 Displacement

The position and orientation of the levitating platform is measured by six non-contact

displacement sensors, which is sufficient to capture all six DoFs. The measuring range

should be at least the same as the travel range of the actuators, which is 1mm. Although

for vibration isolation a high bandwidth is not required, the sensors should be sufficiently

fast to enable reliable identification of the system dynamics up to a few hundred hertz. If

the platform is used for positioning, the bandwidth and precision are primarily determined

by the bandwidth and resolution of the sensors. The noise level should be low, in order not

to introduce additional disturbances. Moreover, low drift and good linearity are desirable.

To achieve collocation, the sensors are placed as close as possible to the application points

of the actuator forces [21]. Figure 3.5 shows that the sensors measuring in the vertical

direction are attached to the side of the actuators, because there is no space in the centre.
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(a) Assembled actuator.

(b) Stator. (c) Mover.

Bidirectional
force

NdFeB
magnets

Mover
coil

Stator yokeMagnetic flux

Coil
current

(d) Cross-section of the magnetic circuit
of the Lorentz actuator.

AlNiCo
magnet

NdFeB
magnet

Air gap Stator yokeMagnetic fluxMover yoke

Lifting force

Magnetising
coil

(e) Cross-section of the magnetic circuit of the
EPM.

Figure 3.4: 3D model of the Lorentz actuator with integrated EPM [53].
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The horizontal sensors are mounted slightly above the actuator axis due to the attachment

of the actuator coil. In order to protect the sensor heads from damage, additional spacers

are integrated.

Sensor head Target

(a) Vertical.

Sensor head Target

(b) Horizontal.

Figure 3.5: Mounting of the displacement sensors.

3.3.2 Acceleration and Angular Rate

Active vibration isolation requires the measurement of disturbances with respect to an

inertial reference, which is possible with accelerometers and gyroscopes. As described

in Section 2.2, the sensors are placed on the platform for feedback control and on the

base for feedforward control. This vibration isolation system is designed to enable the

implementation of both principles. Moreover, the sensor on the base is used to evaluate

the performance of the vibration isolation.

In order to be able to suppress disturbances in all degrees of freedom, six sensors are

required. The acceleration along the three linear axes is measured with accelerometers.

The rotational motion in the other three degrees of freedom is measured using gyroscopes.

The sensors should have a low noise density and high sensitivity within the targeted

bandwidth of 5 to 100Hz, since this determines the performance of the vibration isolation.

Moreover, a compact size is required for a simple integration into the system. For the same

reason, communication via a digital bus system is preferred, as at least twelve wires would

be required to read all the sensor signals with analogue outputs.

3.3.3 Flux Density

The gravity compensation can be tuned more easily by measuring the flux density in the

air gap of the EPMs, as it determines the reluctance force [54]. For this purpose, each

EPM is equipped with a Hall sensor, which outputs a voltage that is proportional to

the magnetic flux density. This voltage is generated when a current flowing through a
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magnetic field is diverted due to the Lorentz force. The sensitivity of the sensor depends

on the current, the geometry and the material. In order to achieve a constant sensitivity

for the measurement, a stable current source is required [55].

Since the Hall sensors have to be placed in the air gap, they should be as thin as possible,

because a larger air gap increases the reluctance of the magnetic circuit and reduces the

maximum achievable force of the gravity compensation. The sensors also need mechanical

protection against damage, which is achieved using spacers.

In addition, each EPM is provided with a search coil, which is wrapped around one of the

static yoke parts. As this method is based on Faraday’s law, only a time-varying magnetic

field can be measured. Accordingly, the voltage U at the terminals of a coil with N turns

and the cross-section A is calculated as follows

U =
dΦv

dt
= NA

dB

dt
. (3.1)

This assumes a homogeneous flux density B, which can be determined by integrating the

voltage

B =
1

NA



U dt. (3.2)

Since an offset cannot be avoided and would lead to a drift of the signal, a high-pass filter

is applied, resulting in the following transfer function

L{B}(s)
L{U}(s) =

1

sNA

s

1 + s
ωc

=
1

NA

1

1 + s
ωc

. (3.3)

Effectively, the voltage signal only needs to be low-pass filtered to obtain the AC compon-

ent of the flux density.

3.4 Mechanical Design

The mover of the vibration isolation system is designed as a circular disc on which the

movers of the six actuators are mounted. As the weight of the platform must be supported

by the gravity compensation, it should be as light as possible. In addition, when choosing

the material and determining the dimensions, it must be ensured that structural modes,

which are excited by the actuators and may complicate control, only occur sufficiently

above the targeted control bandwidth of 100Hz.

As aluminium allows weight savings of 40 to 50% compared to steel while maintaining

the same rigidity, the commonly used alloy EN AW-6061 is chosen [56]. The dimensions

of the disc are ∅250mm × 5mm. With these properties, an eigenfrequency analysis of

the mover was performed in SolidWorks, the results of which are shown in Figure 3.6.
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According to this, the first eigenmode occurs at 268Hz, which is well above the desired

control bandwidth of 100Hz. For the base, which carries the displacement sensors and the

stators of the actuators, a disc with same dimensions and material is used.

(a) First eigenmode at 268Hz. (b) Second eigenmode at 292Hz.

(c) Third eigenmode at 585Hz. (d) Fourth eigenmode at 634Hz.

(e) Fifth eigenmode at 714Hz. (f) Sixth eigenmode at 1101Hz.

Figure 3.6: Mode shapes of the first six eigenmodes of the levitating
platform obtained by eigenfrequency analysis.

3.5 Model

Below, the mathematical model of the platform is derived. In the first part, the transfer

function matrix is determined from the equation of motion. Subsequently, the transforma-

tions of the actuator forces and position sensor signals into the platform coordinate system

are described.
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3.5.1 Dynamic Model

In the model, the platform is treated as a rigid, free-floating body with six DoFs and a

given mass and moment of inertia. Its position and orientation, measured in a coordinate

system fixed to the base, is specified by the vector x ∈ R6

x =
�
x y z α β γ

	T
, (3.4)

where the angles α, β and γ denote the rotation around the axes x, y and z respectively

(see Figure 3.7). The forces and torques acting on the platform in the corresponding axes

are expressed by the vector u ∈ R6

u =
�
Fx Fy Fz Mα Mβ Mγ

	T
. (3.5)

With the mass and inertia matrix M ∈ R6×6 the equation of motion can be formulated as

follows

M
d2x

dt2
= u. (3.6)

As mentioned above, the stiffness and damping between the platform and the base are

not taken into account in this model due to the magnetic levitation. Applying the Laplace

transformation and rearranging the equation gives

L{x}(s) = 1

s2
M−1L{u}(s) = G(s)L{u}(s). (3.7)

Since the coordinate axes are all perpendicular to each other, the matrix M is diagonal

and contains only the platform mass m and the moments of inertia around the main axes

Jx, Jy and Jz. With M = diag(m,m,m, Jx, Jy, Jz), the previous equation can also be

written as follows

L
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. (3.8)
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This shows that the transfer function matrix G(s) ∈ C6×6 has diagonal form and is there-

fore decoupled. As explained in more detail in Section 5.1.1, this allows the implementation

of decentralised control.

3.5.2 Actuator Force Transformation

The transfer function matrix G(s) is only decoupled if the forces and torques are applied

in the orthogonal axes. However, as can be seen in Figure 3.7, the six actuators are not

aligned with the coordinate axes and can only generate a torque in pairs. Therefore, a

transformation V ∈ R6×6 is required between the actuator forces f ∈ R6 and the resulting

forces and torques u (see Equation 3.5) acting on the platform

u = V f , (3.9)

with

f =
�
FV 1 FV 2 FV 3 FH1 FH2 FH3

	T
.

If the matrix V is invertible, the actuator forces f can be uniquely determined from the

resulting forces and torques u. As a result, an arbitrary translation and rotation can be

generated, meaning that the system is fully actuated.

S

x α





y

z

FH1

FV3

120°
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120°

FH2 FH3

FV2

FV1

Figure 3.7: Schematic of the actuator location and orientation in the
platform coordinate system.

To determine the matrix V , the direction of the actuator forces and the lever they have

with respect to the platform’s centre of gravity are required. Considering the arrangement

of the actuators shown in Figure 3.7, this results in the expressions listed in Table 3.2.

Due to the circular arrangement of the actuators, their position can be described by the

radius, angle and vertical position. Since the platform’s centre of gravity depends on the

payload, the coordinates are referenced to an origin located on the base. This yields the
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following expression for the matrix V

V =

 qV 1 . . . qH3

(PV 1 − Ps)× qV 1 . . . (PH3 − Ps)× qH3



=
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,

(3.10)

where Ps =
�
xs ys zs

	T
denotes the position of the platform’s centre of gravity with

respect to the origin located on the base. For the transformation above, it is assumed that

the load is placed in the centre of the platform, meaning that only the vertical position zs

changes while xs = ys = 0.

As shown in Section 2.3.1, the Lorentz actuators have a linear relationship between the

current and the generated force, which can therefore be expressed as follows

f = KM i, (3.11)

where the diagonal matrix KM = diag (KV 1,KV 2,KV 3,KH1,KH2,KH3) contains the mo-

tor constants of the actuators and i ∈ R6 the respective currents. With the inverted

matrices K−1
M and V −1, the currents can be calculated from the resulting forces and

torques u

i = K−1
M f = K−1

M V −1u. (3.12)

This transformation is used in the position control loop to calculate the reference for the

current controllers from the required forces and torques (see Section 5.1.1).

3.5.3 Position Signal Transformation

For the implementation of the position control, it is necessary to determine the position

and orientation of the platform x from the signals of the displacement sensors. Since these

are not aligned with the coordinate axes and cannot measure the rotation angles directly,

another transformation is required. To derive this transformation, it is assumed that each

sensor measures the displacement of a point Pi located on the target along their respective

sensor axis qi, as shown in Figure 3.8. Consequently, for an arbitrary shift of Pi by the
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Table 3.2: Point of application Pi and direction qi of the actuator forces.

vector pi, it can only determine the distance yi, which is the normal projection of pi onto

qi. The index i ∈ {V 1, V 2, V 3, H1, H2, H3} indicates the actuator to which the respective

displacement sensor is attached.

y i

qi

piP P‘

Sensor head

Moving target

Figure 3.8: Geometric model of the displacement measurement.

If the platform is moved from its centre position x0 ∈ R6 according to the values in x, the

shift of the point Pi to P ′
i can be described by the following affine transformation

P ′
i = S(x)Pi , (3.13)

where Pi, P
′
i ∈ R4 are expressed in homogeneous coordinates and the transformation

matrix S(x) ∈ R4×4 is given by

S(x) =

R(α, β, γ) T (x, y, z)

0 1

. (3.14)
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It is composed of T (x, y, z) ∈ R3 and R(α, β, γ) ∈ R3×3, which describe the translation

and rotation respectively

T (x, y, z) =


x

y

z

, (3.15)
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z-axis

. (3.16)

Using this transformation matrix, the normal projection yi ∈ R measured by a sensor due

to the displacement x can be calculated as follows

yi(x) = qTi pi(x) = qTi (P
′
i (x)− Pi) = qTi (S(x)− E)Pi , (3.17)

where E ∈ R4×4 is the identity matrix. Clearly, this is only an approximation, which

becomes less accurate the larger the displacement is. But since the platform is stabilised at

a constant operating point during normal operation, it can be assumed that the deviations

are small. If the measurement points of the sensors Pi are defined with respect to the origin

located on the base, the location of the platform’s centre of gravity Ps =
�
xs ys zs

	T
has to be subtracted, which results in

yi(x) = qTi (S(x)− E)(Pi − Ps). (3.18)

Next, the six sensor signals are combined in the vector y ∈ R6 and the equation is linearised

at x = 0

y(x) =
�
yV 1(x) . . . yH3(x)

	T
≈ y(0)����

=0

+
∂y(x)

∂x

����
x=0

x = Wx, (3.19)

where

W =


∂yV 1(x)

∂x

...

∂yH3(x)
∂x


x=0

∈ R6×6. (3.20)

The measurement points Pi and the directions qi of each sensor, which are required to

determine the matrix W , are provided in Table 3.3. Due to the circular arrangement of

the sensors, their position can be described by the radius, angle and vertical position.

Assuming again that the load is placed in the centre of the platform (xs = ys = 0),
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Equations 3.18 and 3.19 yield the following expression for the matrix W

W =



0 0 1 rSV sin
�
φS
V

� −rSV cos
�
φS
V

�
0 0 1 rSV cos

�
φS
V + π

6

�
rSV sin

�
φS
V + π

6

�
0 0 1 −rSV sin

�
φS
V + π

3

�
rSV cos

�
φS
V + π

3

�
0 −1 0 zSH − zs 0
√
3
2

1
2 0 −1

2(z
S
H − zs)

√
3
2 (zSH − zs)

−
√
3
2

1
2 0 −1

2(z
S
H − zs) −

√
3
2 (zSH − zs)

. . .

. . .

0

0

0

−rSH cos
�
φS
H

�
− rSH

2

�√
3 cos

�
φS
H + π

6

�
+ sin

�
φS
H + π

6

��
− rSH

2

�√
3 sin

�
φS
H + π

3

�
+ cos

�
φS
H + π

3

��


. (3.21)

By inverting the matrix W , the displacement of the platform x from its centre position

x0 can be determined from the sensor values y

x = W−1y. (3.22)

This allows the position control loop to be closed.

Sensor i Pi qi

V1
�

rSV cosφS
V rSV sinφS

V zSV

	T �
0 0 1

	T
V2

�
−rSV sin

�
φS
V + π

6

�
rSV cos

�
φS
V + π

6

�
zSV

	T �
0 0 1

	T
V3

�
−rSV cos

�
φS
V + π

3

� −rSV sin
�
φS
V + π

3

�
zSV

	T �
0 0 1

	T
H1

�
rSH cosφS

H rSH sinφS
H zSH

	T �
0 −1 0

	T
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Table 3.3: Measurement points Pi and directions qi of the displacement

sensors.





Chapter 4

Implementation of the

Experimental Setup

This chapter provides details on the implementation of the prototype and starts with an

overview of the experimental setup. Subsequently, the actuators, sensors and electronic

components are explained in detail.

4.1 Overview

Figure 4.1 provides an overview of the entire experimental system. In the centre, the vibra-

tion isolation system is shown, of which only the platform is visible from this perspective

(the inside can be seen in Figure 4.2). To the left is the current pulse generator for tun-

ing the EPMs. On the right-hand side, are the analogue power amplifiers, with the heat

sinks and transformer power supplies providing ±24V. Slightly above this is the board for

measuring the flux density in the EPMs. The components were arranged in a way that

the distance for the cabling is minimised. Not visible in the picture are two further power

supply units, which provide 5V, ±15V and 30V, the electronics for the displacement

sensors and the rapid-prototyping system used for data acquisition and control.

4.2 Actuation

The placement of the three vertical actuators, each consisting of a Lorentz actuator and

an EPM, is shown in Figure 4.2. All parts are made of the aluminium alloy EN AW-6061,

except for the yokes, which have to conduct the magnetic flux and are therefore made

of steel S235JR. The total of 72 NdFeB cube magnets (grade N48, 10mm), which are

arranged in a Halbach array and generate the flux for the Lorentz actuator, were glued

into the aluminium holders with a high-strength adhesive (see Figure 4.5). The holders
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Current pulse
generator

Levitating
6-DoF platform

PCB for Hall sensors
and search coils

Current
controllers Power supply

Figure 4.1: Overview of the setup showing the current pulse generator,
vibration isolation system, PCB for the Hall sensors and search
coils, and the current controllers with the power supply.

are mounted on the base and are connected by a cover plate. The air gap between the

magnets and the mover coil is set to 1mm and can be adjusted as required due to the

elongated holes.

The mover of the vertical actuator is depicted in Figure 4.3 and comprises two copper coils,

wound from a 0.4mm thick copper wire, aluminium fastening elements and a steel yoke for

the EPM. The coils have around 400 windings, and the whole mover weighs about 350 g. In

contrast to [53], the windings of the coils were not glued with epoxy resin, but wound onto

a screw-mountable core from a self-bonding enamelled copper wire. After winding, the

coils were heated to around 200 ◦C, whereby the additional thermoplastic coating created

a permanent bond between the windings. As the coils are therefore self-supporting, the

distance to the magnets can be minimised.

The EPMs consist of AlNiCo (grade 500) and NdFeB magnets (grade 42) with the same

dimensions ∅10mm× 30mm, which are placed between the two vertical steel yokes. Each

AlNiCo magnet is wrapped in a magnetising coil with 500 windings.

For the other three Lorentz actuators, voice coils AVM20-10 with the specifications given

in Table 4.1 were selected. These have an outer diameter of 20mm and a length of 31mm

in the centre position. The mover and stator are mounted using aluminium holders as

shown in Figure 4.5b.

Since the resistance and inductance values of the six actuator coils are required to tune

the current controllers, these were measured with an LCR meter (E4980AL, Keysight

Technologies, USA). Table 4.2 lists the median values for the frequency range from 20 to

100Hz. The values for the machine-made voice coil actuators are almost identical, while

there is a variation of over 20% for the hand-made coils of the vertical actuators.
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Figure 4.2: View inside the vibration isolation system showing the vertical
actuators, displacement sensors and the PCB with the
accelerometers.
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Figure 4.3: Mover of the vertical Lorentz actuator.

In addition, an estimate of the motor constant KM is required for the first implementation

of the position control, which can be derived using the following relationship

KM = 8 bNB, (4.1)

where b = 20mm is the width of a single Halbach array (in total there are eight air gaps), B

denotes the flux density in the air gap, and N is the total number of windings (both coils).

For the flux density, an average value of 430mT was measured in the air gap between the

magnets and the yoke using a gaussmeter (GM08, Hirst Magnetic Instruments, United

Kingdom). This results in a motor constant of 27.5N/A. Due to the higher number of

windings, the value is larger than in [53].
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Stroke 10mm

Clearance of coil 0.5mm

Motor constant 2N/A

Continuous force 1.56N

Coil assembly mass 11 g

Core assembly mass 45.1 g

Resistance 3.59Ω

Inductance 0.5mH

Table 4.1: Specifications of the voice coil actuator AVM20-10 [57].

Actuator Resistance Inductance

Ω mH

V1 20.9 22.8

V2 21.6 24.3

V3 23.6 28.0

H1 3.6 0.63

H2 3.6 0.62

H3 3.6 0.63

Table 4.2: Resistance and inductance values of the actuator coils.

4.2.1 Current Controller

For the Lorentz actuators, it is assumed that within the normal operating range the force

is directly proportional to the current. Hence, the force can be regulated using a current

controller, which adjusts the voltage across the coil to maintain the required current. The

equivalent circuit of the actuator coil includes an inductance L and a resistor R connected

in series, which results in the following transfer function from voltage U to current I

G(s) =
I(s)

U(s)
=

1

R+ sL
. (4.2)

This plant can be controlled by the following proportional-integral (PI) controller

C(s) = k
R+ sL

s
. (4.3)

With this choice, the dynamics of the plant are compensated and the open-loop transfer

function L(s) becomes an integrator

L(s) = C(s)G(s) =
k

s
. (4.4)

Obviously, the parameter k corresponds directly to the desired crossover frequency.
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The implemented current controller comprises an analogue PI control circuit that adjusts

the output voltage of a power operational amplifier OPA544 (Texas Instruments, USA) so

that the desired current is maintained. To prevent the operational amplifier from overheat-

ing under a high current load, heat sinks with fans are provided. The controller parameters

are set via resistors and capacitors, the values of which are determined according to the

measured coil values and the desired bandwidth of 10 kHz. The current can be set via an

analogue voltage input and is measured using a shunt resistor. The six current controllers

are powered by two transformer power supply units, which provide ±24V and up to 10A.

4.2.2 Current Pulse Generator

In order to adjust the gravity compensation to the current payload, the magnetic flux of

the EPMs must be modified accordingly, which in turn requires large current pulses in the

magnetising coils. The necessary current is determined by the hysteresis of the AlNiCo

magnet [54]. The most common method of magnetising permanent magnet materials is to

use capacitor discharge magnetisers, as a higher voltage reduces energy consumption and

heat dissipation [58].

H-bridges

Boost
converter

Current
monitors

Connections of the
intermediate capacitors

Figure 4.4: PCB of the current pulse generator (without intermediate
capacitors).

For this thesis, a modified version of the magnetiser implemented in [53] is used. It consists

of a boost converter, which can be supplied by a common DC power supply, and charges

the intermediate capacitors (three electrolytic capacitors with 3.3mF each) up to 350V.

The boost converter is switched by a hysteretic controller based on the set minimum

and maximum boost current. A second hysteretic controller turns the boost converter off

when the desired capacitor voltage is reached, and turns it on again when the voltage

falls below the preset value by a certain threshold. The capacitors are followed by three

full bridges, which allow the AlNiCo magnets in the EPMs to be magnetised in both

directions. To monitor the magnetisation process, each of the three channels is equipped
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with a Hall effect current sensor. All components are integrated on a single PCB (printed

circuit board) as shown in Figure 4.4. The desired capacitor voltage is specified via an

analogue input, otherwise the current pulse generator is controlled via digital signals. The

measured values are provided via analogue outputs.

4.3 Sensors

This section presents the selected sensors for measuring displacement, acceleration and

flux density. The required electronics and the rapid prototyping system, on which the

control is implemented, are also briefly explained.

4.3.1 Displacement

The platform displacement is measured with six eddy-current sensors eddyNCDT 3701-

U1-A-C3 (Micro-Epsilon Messtechnik, Germany). They require an aluminium target with

a size of at least three times the diameter of the sensor head (∅4mm). The mounting and

the aluminium targets can be seen in Figure 4.5. Since the travel range of the platform

is limited by the actuators to 0.5mm, the measuring range of 1mm is sufficient. The

further specifications listed in Table 4.3 also fulfil the requirements. The measured value

can be read out directly via the supplied electronics, which map the measuring range to

an analogue voltage of 0 to 10V.

Measuring range 1mm

Resolution 1.3 nm

Bandwidth 10 kHz

Sensitivity 10V/mm

Table 4.3: Specifications of the eddy-current displacement sensor eddyNCDT
3701-U1-A-C3 [59].

4.3.2 Acceleration and Angular Rate

Due to their compact size, easy integration and good performance, MEMS sensors were

chosen to measure the acceleration and angular rate. Figure 4.6 shows the circuit board

with the sensors, of which one is attached to the platform and one to the base. On the top

side is the 3-axis accelerometer ADXL355 (Analog Devices, USA) and on the bottom side

are the 2-axis gyroscope ADXRS290 (Analog Devices, USA) and the IMU LSM6DSRX

(STMicroelectronics, Switzerland). All three sensors are supplied with 3.3V by a voltage

regulator.
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Figure 4.5: Mounting of the displacement sensors.

The specifications of the sensors are given in Table 4.4. They provide measurement data at

a minimum frequency of 4 kHz and are read out via a common SPI bus, allowing an easy

transfer of all 22 sensor values. To this end, the circuit board was designed so that two of

them can be connected. In this case, the board on the base passes through the signals of

the board on the moving platform. As the measurement is redundant for almost all axes,

there is the possibility of sensor fusion, which may enable an increase in accuracy.

ADXL355 ADXRS290 LSM6DSRX

Type 3-axis
accelerometer

2-axis
gyroscope

IMU

Axis ẍ, ÿ, z̈ α̇, β̇ ẍ, ÿ, z̈ α̇, β̇, γ̇

Noise density 22.5 µg/
√
Hz 4mdps/

√
Hz 60 µg/

√
Hz 5mdps/

√
Hz

Output data rate 4 kHz 4.25 kHz 6.67 kHz

Sensitivity 3.9 µg/LSB
(±2 g)

5mdps/LSB
(±100 dps)

61 µg/LSB
(±2 g)

4.4mdps/LSB
(±125 dps)

Table 4.4: Specifications of the inertial MEMS sensors [60]–[62].

4.3.3 Flux Density

To measure the flux density in the air gap of the EPMs the linear analogue Hall sensor

HE144 (Asensor Technology, Sweden) is used. It has a thickness of only 0.5mm and

therefore still allows a small air gap. For operation, it requires a constant current of 1mA,

for which the sensitivity is 0.2V/T [63]. Additionally, each EPM is equipped with a search

coil consisting of 20 turns of a 0.1mm thick copper wire.
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Accelerometer
ADXL355

Bus
buffer

Voltage
regulator

(a) Top side.

Gyroscope
ADXRS290IMU

LSM6DSRX

(b) Bottom side.

Figure 4.6: PCB with the inertial sensors.

The sensors provide a voltage, which has to be filtered and amplified. For this purpose, the

circuit board shown in Figure 4.7 was designed. Each of the six channels consists of a dif-

ferential and common-mode low-pass filter, followed by an instrumentation amplifier and a

second-order Sallen-Key low-pass filter. Moreover, there is also a temperature-compensated

current source for the Hall sensors.

Instrumentation
amplifier INA129

Current source
LM134

Operational
amplifier OPA4228

Figure 4.7: PCB with the amplifiers and filters for the Hall sensors and the
search coils.

4.4 Data Acquisition and Control

The control of the platform is implemented on the rapid-prototyping system MicroLab-

Box DS1202 (dSPACE, Germany). It provides analogue-to-digital converters (ADC) and

digital-to-analogue converters (DAC) to record the sensor signals and control the external

electronics. Moreover, digital inputs and outputs as well as a serial peripheral interface

(SPI) are available for the communication with the digital sensors. The position control

and active vibration suppression runs on a CPU with a clock frequency of 25 kHz. Due to
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the higher timing requirements, the control of the current pulse generator is implemen-

ted on the included FPGA, which runs at 100MHz. The programming is mainly done in

Matlab/Simulink and partly in C.





Chapter 5

Identification of the Platform

Dynamics and Control Design

The first part of this chapter is concerned with the identification of the dynamic behaviour

of the levitating platform. As it is open-loop unstable, this can only be done in closed-loop

operation. Therefore, a position controller must be implemented beforehand. Subsequently,

the controllers required for vibration suppression are designed. The last section provides

an overview of the overall control concept and the interaction between the individual

controllers.

5.1 Closed-loop Identification

The identification of the platform dynamics poses a challenge, as it can only be done in a

levitating state. However, this requires the implementation of a stable position controller,

for which the frequency behaviour of the platform must already be known. But since this is

not the case, the controller must be designed based only on the model. The details on the

design and the control loop are explained in the following section. Using the implemented

position control, the transfer function matrix is measured, and the coupling between the

six DoFs is examined. Also, the platform travel and the motor constant of the vertical

actuators are determined.

5.1.1 Position Control

Since the platform can be positioned in six DoFs by the six actuators, it is a multi-

input multi-output (MIMO) system. The controller design for such systems must take

into account the coupling between the DoFs, and is therefore more complex than for a

single-input single-output (SISO) system. However, as shown in Sections 3.5.2 and 3.5.3,
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decoupling can be achieved by suitable transformation of the actuator forces and sensor

signals. This means that a SISO controller can be used for each axis, which is also referred

to as decentralised control.

Model of the control loop

The complete position control loop, including the decoupling transformations, is shown in

Figure 5.1. Using decentralised control, the position controller Rp is given by the following

diagonal matrix, with the six SISO controllers on the main diagonal

Rp(s) =



Rp,x 0 . . . . . . . . . 0

0 Rp,y
. . .

...

...
. . . Rp,z

. . .
...

...
. . . Rp,α

. . .
...

...
. . . Rp,β 0

0 . . . . . . . . . 0 Rp,γ


. (5.1)

The controller determines the required resulting forces and torques u (see Equation 3.5)

from the position error e = xp − x, where xp and x denote the reference and measured

position of the platform, respectively. The relationship between u and the actuator forces

f is given by Equation 3.9. Thus, f is determined by applying the inverse transformation

V −1 to u. From the required actuator forces, the corresponding currents i are calculated

by multiplication with the inverse motor constant matrix K−1
M according to Equation 3.12.

At this point, the control loop leaves the digital domain of the rapid-prototyping system

through its DACs. The analogue current controllers and maintain the desired current in

the actuators by another feedback loop with a bandwidth of 10 kHz (see Section 4.2.1). The

transfer function Li comprises the current controller, power amplifier and electrical plant of

the actuator. Since this control loop is significantly faster than the position control loop, its

dynamics are neglected. The actuators convert the currents into forces f̃ according to the

real motor constant matrix K̃M . On the platform, the actuator forces are superposed by

the transformation Ṽ , resulting in the forces and torques ũ. They cause a displacement of

the platform x̃ according to the decoupled transfer function matrix G̃. The displacement

of the platform is measured by the sensors according to the transformation W̃ . Their

output signals y enter the digital domain through the ADCs of the rapid-prototyping

system. The position and orientation of the platform x is calculated by applying the

inverse transformation W−1.
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Figure 5.1: Position control loop, including the decoupling transformations
and the current control loop.

The transformations Ṽ and W̃ are modelled by the matrices V and W according to

Sections 3.5.2 and 3.5.3. These depend on the dimensions of the sensor and actuator

arrangement, and the location of the platform’s centre of gravity. The former are fixed and

provided in Table 5.1 together with the motor constants of the actuators (see Section 4.2).

The position of the centre of gravity, however, depends on the payload placed on the

platform and must therefore be adjusted when the load is changed. Table 5.2 provides

the values for the unloaded case. It also contains the mass and moment of inertia of the

platform without payload. These values determine the transfer function G̃ and its model G

(see Equation 3.8). The accuracy and performance of the position control are determined

by the quality of this model.

rAV 68mm rAH 100mm

zAV 30mm zAH 30mm

KV 1,V 2,V 3 27.5N/A KH1,H2,H3 2N/A

rSV 102.04mm rSH 106.11mm

zSV 59.5mm zSH 45mm

φS
V −0.424 rad φS

H 2.801 rad

Table 5.1: Values of the load-independent model parameters.
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m 1.88 kg Jx 8.10 gm2

xs 0mm Jy 8.08 gm2

ys 0mm Jz 14.53 gm2

zs 35mm

Table 5.2: Values of the load-dependent model parameters for the unloaded
case (without payload).

Implementation and tuning

For the implementation of the six SISO controllers in Equation 5.1, proportional-integral-

derivative (PID) control is used, which is widely applied in positioning systems [21], [64].

The transfer function of a single SISO controller is expressed as follows

R(s) = kp +
ki
s

+
kds

1 + s
ωd

. (5.2)

The coefficients kp, ki, kd and ωd are determined using the α-tuning method [64] and are

given by

kp =
1

α |G(jωc)| , ki = kp
ωc

α2
, kd = kp

α

ωc
, ωd = αωc . (5.3)

Thus, only the crossover frequency ωc, the magnitude of the transfer function G(s) of

the respective axis at that frequency, and the tuning parameter α are required. The first-

order low-pass with the cutoff frequency ωd is added to tame the differentiator at high

frequencies [64].

Since no identification data is available for the initial tuning of the parameters, the model

presented in Section 3.5.1 must be used. In this idealised model, the platform is assumed to

be a free-floating body, which is of course not entirely accurate. Firstly, a certain stiffness

is expected to be observed at low frequencies due to the supply cables of the actuator

coils and secondly, structural modes will appear at higher frequencies. However, prior to

identification, these influences are not known. The only parameters that can be assumed

to be fairly accurate are the platform’s mass and moment of inertia (see Table 5.2). The

controller bandwidth is therefore chosen in the range of the mass line, but must not be

too high in order to avoid problems with structural modes. In addition, the controller

should be robust in order to ensure stability also under parameter deviations. This can be

achieved by choosing a high value for the parameter α [64].
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The identification of the platform’s dynamic behaviour is explained in detail in Sec-

tion 5.1.4. With the obtained data, the controller parameters were retuned, and the process

repeated until a sufficiently accurate identification was achieved. Table 5.3 provides the

final parameter values, which were used for all measurements presented in this chapter,

unless it is stated otherwise.

Axis α fc kp ki kd ωd

Hz N/m N/(m s) N s/m 1/s

x 3 20 5.81 · 103 6.08 · 104 185 283

y 3 20 4.89 · 103 5.12 · 104 155 283

z 3 30 2.16 · 104 4.53 · 105 344 565

Axis α fc kp ki kd ωd

Hz Nm/rad Nm/(rad s) Nms/rad 1/s

α 3 30 83.7 1.75 · 103 1.33 565

β 3 30 84.0 1.76 · 103 1.34 565

γ 3 20 38.6 404 1.23 283

Table 5.3: Parameters of the six SISO PID position controllers used for
identification.

5.1.2 Platform Travel

The positioning range of the platform was determined by moving it to the mechanical

limit on either side of each degree of freedom. The centre position is found by taking the

average of the minimum and maximum values. Table 5.4 shows the maximum travel in

each axis from the centre position.

x ±0.33mm α ±4.5mrad (±0.26◦)

y ±0.41mm β ±4.7mrad (±0.27◦)

z ±0.35mm γ ±4.2mrad (±0.24◦)

Table 5.4: Travel of the platform around its centre position.

The travel range is primarily limited by the air gap of the voice coil actuators, which is

0.5mm. Other limitations include assembly and alignment tolerances, as well as additional

mechanical stops to prevent damage to the actuator coils from collisions.

5.1.3 Motor Constant of Vertical Actuators

As the vertical actuators were manufactured by hand, a relatively large variation in the

motor constants can be expected. In order to obtain the values, which are needed to cor-

rectly calculated the reference signals for the current controllers, the static current required
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to support the weight of the platform without gravity compensation was measured. To

calculate the values listed in Table 5.5, it was assumed that the weight of 1.88 kg is equally

distributed over all three actuators. The variation between the three actuators is around

10%, but the values correspond well with estimation in Section 4.2.

Actuator Motor constant

N/A

V1 27.0

V2 29.0

V3 30.4

Table 5.5: Motor constants of the vertical Lorentz actuators.

5.1.4 Transfer Function Matrix

In the idealised model of Section 3.5.1, it is assumed that the transfer function matrix G(s)

is perfectly decoupled and therefore diagonal. The decoupling is achieved by a transform-

ation which results from the geometry of the platform. In reality, however, the dimensions

will deviate from those in the model due to inaccuracies in manufacturing and assembly.

This means that if, for example, the controller sets a force or torque for one axis, it will not

only affect the intended axis, but possibly all others as well. Consequently, the off-diagonal

elements of the transfer function matrix Ĝ(s), which is given below, are not equal to zero.

L



x

y

z

α

β

γ


(s)

� �� �
L{x}(s)

=



Gxx Gxy . . . . . . . . . Gxγ

Gyx Gyy
. . .

...

...
. . . Gzz

. . .
...

...
. . . Gαα

. . .
...

...
. . . Gββ Gβγ

Gγx . . . . . . . . . Gγβ Gγγ


� �� �

Ĝ(s)

L



Fx

Fy

Fz

Mα

Mβ

Mγ


(s)

� �� �
L{u}(s)

(5.4)

For an open-loop stable system, the entries of this matrix could simply be determined by

applying a force or torque to each axis separately and measuring the frequency responses.

However, the platform can only be identified in closed-loop operation, as it is open-loop

unstable and must be held in the centre position by the controller. With the above identi-

fication method, the measurement results would be distorted by the additional forces and

torques applied by the position controller for stabilisation.
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To account for this, the first step is to do at least as many independent measurements as

there are control variables. In these measurements, the system is excited, for example, by

applying a sinusoidal reference signal to one axis, while the position and force are recorded

for all axes. Next, the signals are Fourier transformed and combined into matrices, resulting

in the following expression for each frequency ωk [65]�
x1(ωk) x2(ωk) . . . xn(ωk)

	
� �� �

X̂(ωk)∈C6×n

= Ĝ(ωk)
�
u1(ωk) u2(ωk) . . . un(ωk)

	
� �� �

Û(ωk)∈C6×n

, (5.5)

where Ĝ(ωk) ∈ C6×6 denotes the identified transfer function matrix, and xi(ωk) ∈ C6×1

and ui(ωk) ∈ C6×1 the discrete Fourier transforms at the frequency ωk of the sampled

position and input signals of the i-th measurement, respectively. If the number of meas-

urements n equals the number of control variables, the matrix Û(ωk) is quadratic and can

be inverted, otherwise the pseudo inverse (denoted by Û †(ωk)) can be used to determine

Ĝ(ωk) for each frequency ωk

Ĝ(ωk) = X̂(ωk)Û
†(ωk). (5.6)

Figure 5.2 shows the 36 magnitude plots of the elements in Ĝ, calculated according to

the equation above using six measurements. The plots on the main diagonal also contain

the magnitude plot of the floating-mass model in Equation 3.8 with the parameters of

Table 5.2. For easier interpretation, the Bode plots of the six main axes are enlarged

in Figure 5.3. The frequency responses resemble the behaviour of a damped spring-mass

system. In the frequency range from 10 to 100Hz (for the out-of-plane DoFs up to 200Hz)

there is very good agreement with the floating-mass model. Since the mounting of the

actuator movers is more compliant in the horizontal direction, the first decoupling modes

can already be observed at around 100Hz in the in-plane DoFs (x, y, γ), while these only

occur above 200Hz in the out-of-plane DoFs (z, α, β). The stiffness, which dominates the

behaviour at low frequencies, is presumably caused by the cables leading to the actuator

coils and acceleration sensors. The cross-coupling that can be observed in the off-diagonal

elements of Figure 5.2 is examined in the following section.

5.1.5 Cross-coupling

For the controller design, the cross-coupling of the axes must be assessed, as SISO con-

trollers are not suitable if the coupling is too strong. However, an evaluation based on the

identified transfer functions shown in Figure 5.2 is only possible separately for the trans-

lational and rotational degrees of freedom. The interpretation of the coupling between

translational and rotational axes is difficult due to the different physical dimensions.
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A measure to assess the cross-coupling between axes with different units is the so-called

relative gain array (RGA). For a non-singular complex square matrix Ĝ, it is defined as

follows [66]

Λ(Ĝ) = Ĝ ◦
�
Ĝ−1

�T
. (5.7)

where ◦ denotes the element-wise (also Hadamard or Schur) product of two matrices. The

advantage of this measure is that it is independent of the scaling and the units of the

inputs and outputs. This matrix can be calculated for every frequency ωk, at which the

transfer function matrix Ĝ(ωk) was identified. For stability, it is usually sufficient if the

RGA is approximately an identity matrix in the range around the crossover frequency. If

this is the case, the transfer function matrix has the form of an upper or lower diagonal

matrix, which means that only one-way coupling is present. In this case, decentralised

control is able to stabilise the system. However, a strong coupling can have a negative

effect on the performance. [66]

Figure 5.4 shows the magnitude plots of the RGA matrix, which was calculated accord-

ing to Equation 5.7 from the transfer function matrix presented in Figure 5.2. Up to a

frequency of about 100Hz, the main diagonal elements are close to 0 dB, and the off-

diagonal elements are at least 10 dB lower. In the range of the mass line (between 10Hz

and 100Hz), the decoupling is particularly good. For this reason, the decentralised control

approach with the six SISO controllers is retained.

5.2 Acceleration Feedback

The aim of position control is to keep the distance between the base, where the position

sensors are mounted, and the platform constant. Consequently, ground vibrations are

transferred to the platform within the control bandwidth. In contrast, vibration isolation

aims to suppress the transmission by decoupling the platform from the base. Hence, the

two pursue opposing goals and must be separated in terms of their bandwidths [24].

With the focus on vibration isolation, the bandwidth of the position control should be

as small as possible. However, as explained in more detail in Section 5.3, it cannot be

made arbitrarily small due to the negative stiffness caused by gravity compensation. This

also limits the vibration isolation, which can only be active above the position control

bandwidth. There is also a limit at higher frequencies due to structural modes and the

dead time of the inertial sensors. Fortunately, this is less of a problem, as high-frequency

disturbances are suppressed anyway by the inertia of the mass.

With feedback and feedforward control, two possible approaches for vibration isolation

were presented in the state of the art. The latter is more challenging to implement, because

it requires precise knowledge of the transmissibility, which can be difficult to measure.

Moreover, as shown in Section 5.3, the EPMs cause a non-linear negative stiffness in
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the vertical direction. Thus, feedback control is implemented, which uses inertial sensors

mounted on the platform to generate a virtual mass, damping and stiffness. The additional

stiffness reduces the transmissibility at low frequencies and can therefore not be used in

this case due to the position control. It is also not necessary to add damping, since there

is almost no resonance peak. Nevertheless, increasing the effective mass helps to suppress

vibrations above the position control bandwidth.

Figure 5.5 shows the extended control loop, with the added acceleration feedback high-

lighted in red. Similar to the position sensors, the inertial sensors are not aligned with the

platform coordinate system and therefore only provide the transformed acceleration signal

ÿa instead of ˜̈x. The transformation W̃a is modelled by the matrix Wa, which is used to

calculate the acceleration of the platform ẍ from the sensor values. Since the reference for

the feedback controller Ra is zero, it tries to suppress the acceleration of the platform by

applying appropriate counterforces and -torques.

Rp

LiG

V-1W-1 KM

V KM

u f i
xp

ep

W

digital

analog

x

y ~~~ x~ u~ ~f~ i~

RaWa
-1

0
eax

Wa
-1

d2

dt2

ya

x

x~

~
~

Figure 5.5: Position control loop extended with acceleration feedback
highlighted in red.

Since ground vibrations primarily act on the isolation system in the vertical direction,

acceleration feedback is only implemented for the z-axis, and consequently only the accel-

eration of the platform in z-direction is considered. Therefore, the acceleration feedback

controller can be reduced to a scalar Ra(s) = Ra,z(s). The transformation of the sensor

signal is Wa = −1, because the accelerometer on the platform is mounted upside-down.

Figure 5.6 shows the simplified control loop of the z-axis, where Gz represents the transfer

function from the controller output Fz to the position of the platform z obtained from the

transformation of the sensor signals.
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Rp,z Gz

zp

zep,z Fz

Ra

0
ea

z d2

dt2

Figure 5.6: Simplified diagram of the position control loop of the z-axis with
acceleration feedback highlighted in red.

When either the position control loop or the acceleration control loop is closed at a time,

the following open-loop transfer functions are obtained1

Lp,z =
L{z}

L {ep,z} =
GzRp,z

1 + s2GzRa
(5.8)

La =
L{z̈}
L {ea} =

s2GzRa

1 +GzRp,z
(5.9)

where Lp,z describes the open loop of the position control with closed acceleration feed-

back and La the reverse case. Gz is the platform’s transfer function in z-direction. If the

two controllers Rp,z and Ra are designed to operate in separate frequency ranges, the

approximations Lp,z ≈ GzRp,z and La ≈ s2GzRa can be used. The separation is achieved

by setting the bandwidth of the position control is sufficiently lower than the frequency at

which the acceleration feedback starts. In this case, the mutual influence of the position

control and the vibration suppression can be neglected. This allows the stability of the two

control loops to be treated separately. For position control, a stable controller has already

been designed in Section 5.1.1, which is therefore taken as given here.

The acceleration feedback controller Ra is designed based on the frequency response of the

platform in z-direction s2Gz. For this purpose, a Bode diagram of the transfer function

from the resulting force in the z-direction to the corresponding acceleration was recorded

using the accelerometer ADXL355. As can be seen in Figure 5.7, the magnitude first

increases with frequency (corresponding to the spring line) and then continues horizontally

(corresponding to the mass line) until structural modes occur at around 300Hz. The phase

decreases from initially 180◦ to 0◦ and is further reduced at higher frequencies due to the

time lag of the sensor.

The first task of the controller Ra is to reduce the amplitude within the bandwidth of

the position control in order to avoid a conflict between them. Furthermore, proportional

gain is required to generate a virtual mass. This may shift the magnitude of the open-loop

1For better readability, the dependence of the Laplace transform on the variable s is omitted in the
following derivations.
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above the 0 dB-line, requiring sufficient phase margin at the crossover in order to ensure

stability. For the same reason, the 0 dB-line must be crossed again, before the phase drops

below −180◦ at higher frequencies. In Figure 5.7, the two crossings of the 0 dB-line are

indicated by the dashed black lines. Moreover, the structural modes must be suppressed by

appropriate filters. The requirement for sufficient phase margin at both crossovers limits

the achievable gain, meaning that a smaller bandwidth allows for a larger virtual mass and

better suppression within that range and vice versa. This trade-off must be considered in

the controller design. Based on these considerations, the entire controller is given by

Ra(s) = gaHhp(s)Hlp(s)Hn(s)Hlead(s)Hlag(s)Hsm(s), (5.10)

where

Hhp(s) =

s
2πf1

1 + s
2πf1

, . . . high-pass filter

Hlp(s) =
1

1 + s
2πf2

, . . . low-pass filter

Hn(s) =
1 + 2ζ31

s
2πf3

+
�

s
2πf3

�2

1 + 2ζ32
s

2πf3
+
�

s
2πf3

�2 , . . . notch filter

Hlead(s) =
2πf42
2πf41

1 +
√
2 s
2πf41

+
�

s
2πf41

�2

1 +
√
2 s
2πf42

+
�

s
2πf42

�2 , . . . lead compensator

Hlag(s) =
1 +

√
2 s
2πf51

+
�

s
2πf51

�2

1 +
√
2 s
2πf52

+
�

s
2πf52

�2 , . . . lag compensator

Hsm(s) =
1 + 2ζ61

s
2πf61

+
�

s
2πf61

�2

1 + 2ζ61
s

2πf62
+
�

s
2πf62

�2 ,
1 + 2ζ63

s
2πf63

+
�

s
2πf63

�2

1 + 2ζ63
s

2πf64
+
�

s
2πf64

�2 . . . .
structural

modes filter

The gain ga determines the virtual mass that is generated by the feedback. Due to the

gravitational acceleration, the sensor signal has a large offset, which is removed by the

first-order high-pass filter Hhp(s). To ensure the separation from position control, the

second-order lead compensatorHlead(s) reduces the amplitude. It is used instead of another

high-pass filter, because there is less phase lift and the plant acts already as a second-order

high-pass anyway. The notch filter Hn(s) removes the small resonance peak and makes the

amplitude response smoother. The second-order lag compensatorHlag(s) is used to achieve

a crossing of the 0 dB-line at higher frequencies without reducing the phase significantly.

The additional first-order low-pass filter Hlp(s) attenuates residual structural modes that
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transfer function (red), and the acceleration feedback controller
Ra with a gain ga = 4.5 kg (yellow).

have not been removed by the compensator Hsm(s). Table 5.6 provides the chosen filter

coefficients, and Figure 5.7 shows both the unfiltered and filtered plant, as well as the

transfer function of the controller Ra.

f1 0.1Hz f41 13Hz f62 298Hz

f2 500Hz f42 20Hz f63 519Hz

f3 4.5Hz f51 250Hz f64 569Hz

ζ31 1.25 f52 125Hz ζ61 0.015

ζ32 0.6 f61 280Hz ζ63 0.02

Table 5.6: Parameters of the acceleration feedback controller in
Equation 5.10.

The effect of position control and vibration suppression on the transmissibility of the active

vibration isolation system can be explained using Equation 2.2. The externally applied

force Fd is in this case the sum of the forces generated by the position and acceleration

controllers Rp,z and Ra. The compliance C, which describes the reaction of the platform

to this force, is given by the transfer function in z-direction Gz. Therefore, the equation

can be written as

L{z} = TzL{z0}+GzRp,z (L{z0} − L{z})� �� �
position
error

+GzRa (0− s2L{z})� �� �
acceleration

error

. (5.11)
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where Tz is the passive transmissibility in z-direction. Rewriting this equation, gives the

transmissibility with active control

L{z}
L {z0} =

Tz
Gz

+Rp,z

1
Gz

+Rp,z + s2Ra
. (5.12)

Assuming Gz =
1

ms2+cs+k
and Tz = cs+k

ms2+cs+k
yields

L{z}
L {z0} =

cs+ k +Rp,z

(m+Ra)� �� �
effective mass

s2 + cs+ k +Rpz� �� �
effective stiffness

. (5.13)

This expression shows that the position controller Rp,z extends the transmission of floor

vibrations to its bandwidth by increasing the effective stiffness. In contrast, the acceleration

feedback Ra adds a virtual mass, which reduces the transmissibility. The generation of

additional virtual mass can be seen in the Bode plots in Figure 5.8. They show the transfer

of the plant seen by the position controller with different values of the acceleration feedback

gain ga. This factor corresponds to an additional mass in kg and shifts the mass line

downwards within the control bandwidth.
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Figure 5.8: Bode plots of the plant in the z-direction seen by the position
controller, showing the generation of an additional virtual mass
by the acceleration feedback for different values of the gain ga.
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5.3 Gravity Compensation

The compensation of the weight of the platform and the payload is achieved by tuning the

reluctance force of the EPMs. Since this force decreases when the air gap becomes larger,

the EPMs have a negative stiffness. As a result, the overall stiffness of the platform may

become negative in the vertical direction, when the flux density of the EPMs is increased

in order to carry a heavier payload.

Figure 5.9 shows the Bode plot of the transfer function in z-direction from force to position

without gravity compensation and when the weight of the platform is compensated by the

EPMs. The first difference is that the phase in the compensated case already starts at

−180◦. The reason is that in this case the stiffness is negative and hence there is no

resonance [21]. In addition, the absolute value of the stiffness is larger, which is why the

spring line is shifted downwards.
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Figure 5.9: Bode plots of the plant in the z-direction seen by the position
controller without gravity compensation (blue) and when the
weight of the platform is compensated (red).

The transition from the descending mass line to the flat spring line represents a lower

limit for the bandwidth of the PID position control. This is because, on the one hand,

an integrator is required to achieve a crossing of the 0 dB-line in the flat region of the

amplitude response and, on the other hand, a differentiator is needed in order to generate

the phase margin necessary for stability. However, both cannot be achieved at the same

time. This also limits the bandwidth of the vibration isolation, which must be higher than

that of the position control.
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To reduce the bandwidth of the position control and thus be able to extend the vibration

isolation to lower frequencies, a further control loop is added, as shown in Figure 5.10.

Like the acceleration feedback controller, the additional controller Rs is only active in the

z-axis. Its purpose is to generate a positive stiffness at the operating point set by zs in

order to compensate the negative stiffness and shift the spring line upwards. This extends

the mass line towards lower frequencies.

Rp,z Gz

zp

zs

zep,z Fz

Rs
es

Figure 5.10: Simplified diagram of the position control loop of the z-axis
with stiffness compensation highlighted in blue.

If both the position controller Rp,z and the stiffness compensator Rs are active, the fol-

lowing expression is obtained for the closed control loop of the platform’s z-coordinate2

L{z} =
GzRp,z

1 +GzRp,z +GzRs
L{zp}+ GzRs

1 +GzRp,z +GzRs
L{zs}

=

GzRp,z

1 +GzRs

1 +
GzRp,z

1 +GzRs� �� �
Lp,z

1 + Lp

L{zp}+
GzRs

1 +GzRp,z

1 +
GzRs

1 +GzRp,z� �� �
Ls

1 + Ls

L{zs} , (5.14)

where zp and zs denote the reference signals of the respective controllers. Lp,z and Ls are

the open-loop transfer functions of the position and stiffness control loops when only one

of them is closed at a time, and given by

Lp,z =
Gz

1 +GzRs
Rp,z, (5.15)

Ls =
Gz

1 +GzRp,z
Rs. (5.16)

2For better readability, the dependence of the Laplace transform on the variable s is omitted in the
following derivations.
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Using a simple proportional controller Rs = ks > 0 and assuming a damped mass-spring

system for the plant Gz yields the following expression for Lp,z

Lp,z =
Gz

1 +GzRs
Rp,z =

1
1
Gz

+Rs
Rp,z =

1

ms2 + cs+ k + ks� �� �
effective stiffness

Rp. (5.17)

This shows that the independent position feedback with the positive proportional gain ks

increases the effective stiffness of the plant seen by the position controller Rp,z. The two

control loops are stable as long as ks is not chosen so large that it changes the crossover

of the position control loop. The value for ks should be as close as possible to the absolute

value of the negative stiffness.
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Figure 5.11: Bode plots of the plant in the z-direction seen by the position
controller for different values of the virtual stiffness ks with
compensation of the platform weight.

To verify the statements above, the plant was again identified in close-loop operation, with

both controllers active for different values of ks. The resulting Bode plots of the plant in

z-direction seen by the position controller are shown in Figure 5.11. As expected, the

effective stiffness increases for larger values of ks, but stays negative for ks ≤ 10N/mm. If

the negative stiffness is overcompensated, as in the case of ks = 12.5N/mm, the behaviour

changes to that of a mass-spring system with positive stiffness, which is characterised by

a resonance peak and a corresponding phase shift. A good compensation is obtained for

ks = 11.5N/mm, where the mass line starts at already at about 2Hz. Besides that, a phase

lift can be observed between 5 and 10Hz, because the damping becomes more pronounced

when the stiffness decreases.
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5.4 Summary of the Control Concept

In this chapter, three different controllers were designed for the z-axis, which is the most

relevant with regard to ground vibrations. The resulting control structure is depicted in

Figure 5.12. Firstly, a position controller Rp,z is required to keep the levitating platform in

its operating position. This is also necessary for the other DoFs (see Section 5.1.1). Since

the displacement sensors are mounted to the base, the position control tries to keep the

distance between the base and the platform constant for a static reference. Thereby, the

controller also transmits seismic vibrations within its bandwidth.

The purpose of the controller Ra is to suppress any motion of the platform with respect

to an inertial reference, which is achieved by feeding back the acceleration z̈, as explained

in Section 5.2. This improves the decoupling between the platform and base by adding

a virtual mass. However, this is in conflict with the position control, which is why both

controllers can only be active in separated frequency ranges. Consequently, the bandwidth

of the position control sets a lower limit for the bandwidth of the acceleration feedback. The

separation is achieved by a high-pass filter that suppresses the acceleration feedback below

its cut-off frequency. This also means that both controllers can be designed independently

of each other.

Rp,z Gz

zp

zs

zep,z Fz

Ra

0
ea

z d2

dt2

Rs
es

Figure 5.12: Simplified diagram of the control structure of the z-axis with
position control, acceleration feedback (red) and stiffness
compensation (blue).

In order to enable vibration suppression for low frequencies, the bandwidth of the position

control should be set as low as possible. However, as discussed in Section 5.3, this is limited

by the negative stiffness of the EPMs. For this reason, the controller Rs was introduced to

compensate for the negative stiffness at the operating point of the platform. Accordingly, a

careful design of all three controllers is required to achieve the desired vibration suppression

behaviour.



Chapter 6

Evaluation of the System

Performance

This chapter presents the evaluation of the three main functions of the implemented vibra-

tion isolation system: position control, gravity compensation and vibration suppression.

6.1 High-bandwidth Position Control

Even though for vibration isolation a low bandwidth of the position control is preferred,

a faster controller was implemented to evaluate the performance of the decentralised con-

trol. The parameters of the six SISO PID controllers, which were used for the following

measurements, were determined with the α-tuning method and are given in Table 6.1.

With α = 3, a good compromise between performance and robustness is achieved [64].

The crossover frequency fc is limited by structural modes, but could be increased using

suitable filters.

Figure 6.1 shows the complementary sensitivity and sensitivity functions of the six main

axes without any additional filters. As can be seen, the intended bandwidth given Table 6.1

is achieved, but due to the decreasing phase there is a slight increase of the magnitude be-

fore the crossover. Moreover, the limiting structural modes are visible, which can be filtered

to achieve a higher bandwidth using for example notch filters. The sensitivity functions

show good suppression of disturbances acting on the position measurement within the

bandwidth.

The maximum achievable resolution of the positioning is determined by the noise of the

displacement sensors. Through the feedback, the noise is amplified, resulting in a trade-

off between bandwidth and resolution. Table 6.3 specifies the RMS value of the noise

which is present in the position signal of each axis. Comparing these values with the

RMS noise of the individual sensors given in Table 6.2, shows that they are in the same

69
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Axis α fc kp ki kd ωd

Hz N/m N/(m s) N s/m 1/s

x 3 20 2.39 · 104 5.01 · 105 380 565

y 3 20 2.00 · 104 4.19 · 105 318 565

z 3 60 8.82 · 104 3.69 · 106 702 1.13 · 103
Axis α fc kp ki kd ωd

Hz Nm/rad Nm/(rad s) Nms/rad 1/s

α 3 60 336 1.41 · 104 2.67 1.13 · 103
β 3 60 345 1.44 · 104 2.74 1.13 · 103
γ 3 30 151 3.16 · 103 2.40 565

Table 6.1: Parameters of the six SISO PID position controllers used for
evaluation.

range, or even below. In particular, for the rotational degrees of freedom, the noise levels

are significantly lower than those of the sensors. The reason for this is that the individual

position coordinates of the platform are calculated as a weighted average of multiple sensor

values. For example, the z-coordinate is the equally weighted average of the values of the

three vertically mounted sensors V1, V2 and V3. Under the assumption of uncorrelated

sources, this ideally reduces the noise by a factor of 1/
√
3. In addition, for the rotational

degrees of freedom, the angle is essentially determined by dividing the linear displacement

by the distance of the sensors from the axis of rotation. The larger this lever arm, the

better the signal-to-noise ratio (SNR).

A comparison of the measured sensor noise values given in Table 6.2 with the value specified

by the manufacturer in Table 4.3 shows that the former are almost 100 times larger. The

deviation can be explained in part by the fact, that the value specified in the data sheet

refers to a bandwidth of 1 kHz, while for the measurement no other filter was used apart

from the built-in 10 kHz low-pass filter. Other possible sources of noise might be the

connecting cables to the rapid prototyping system and the DACs.

Sensor RMS noise Sensor RMS noise

nm nm

V1 97.7 H1 99.9

V2 99.8 H2 128.9

V3 87.6 H3 67.1

Table 6.2: RMS noise of the displacement sensors.

The resolution of the position control can also be observed in Figure 6.2. For this meas-

urement, each axis had to follow a step function with a step height of 0.5 µm in the linear

and 0.5mdeg in the rotational coordinates.
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Axis RMS noise Axis RMS noise

nm nrad µdeg

x 98.4 α 948 54.3

y 87.0 β 658 37.7

z 76.6 γ 657 37.6

Table 6.3: RMS noise of the six main axes with high-bandwidth position
control (parameters given in Table 6.1).

6.2 Gravity Compensation

Without gravity compensation, the entire weight of the platform must be supported by the

Lorentz actuators. Under a heavy payload, this leads to a high power consumption and heat

dissipation, which may not only adversely affect measurements, but also cause damage if

the thermal limit of the coils is exceeded. Moreover, if the temperature becomes too high,

the permanent magnets are weakened or even lose their magnetisation completely. To

avoid this, the EPMs are tuned to minimise the static power consumption of the Lorentz

actuators.

Table 6.4 shows the effect of the gravity compensation for two load cases. In the first

one, only the weight of the platform, which is 1.88 kg, is lifted and in the second case,

an additional load of 4.46 kg is added, resulting in a total payload of 6.34 kg. The table

provides the DC current of each Lorentz actuator and the total power consumption, which

was calculated by multiplying the squared current with the coil resistance (see Table 4.2).

The measurement results show that the currents are significantly lower in the compensated

case. However, they are not exactly zero because, on the one hand, the EPMs were tuned

manually until a satisfactory result was achieved and, on the other hand, mutual forces

occur between the six actuators due to the limited accuracy of the decoupling transforma-

tion. For the negative current values, there is a slight over-compensation, meaning that the

Lorentz actuators have to push the mover away from the EPM. Nevertheless, the power

consumption could be reduced in both cases by more than 96%.

Total
load

EPM
tuning

DC current Total
power

Power
savingV1 V2 V3

kg mA mA mA W %

1.88
off 225 218 221 3.24

on 23 −49 −42 0.10 96.8

6.34
off 820 773 808 42.36

on 103 101 43 0.48 98.9

Table 6.4: DC value of the current and total power consumption of the
Lorentz actuators for two load cases with and without gravity
compensation.
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To confirm the results, the total lifting force Fa generated by the EPMs and Lorentz actu-

ators is calculated according to the following equation and compared with the gravitational

force of the payload.

Fa =
3�

i=1

2
B2

V iA

2µ� �� �
EPMs

+
3�

i=1

KV iIV i� �� �
Lorentz
actuators

(6.1)

The reluctance force of the EPMs depends on the squared flux density BV i, the cross-

section A = 20mm × 20mm of the vertical yoke (in total there are two per EPM) and

the magnetic permeability of air µ ≈ µ0 = 4π 10−7H/m. The flux density values were

measured with the integrated Hall sensors and are given in Table 6.5. The force of the

Lorentz actuators is calculated by multiplying the motor constant KV i (see Table 5.5) by

the corresponding current IV i (see Table 6.4).

Table 6.6 provides the values of the total actuator force Fa and the gravitational force

Fg = mg, where m is the payload mass and g = 9.81m/s2 the gravitational acceleration,

for both load cases. The comparison shows that the calculated lifting force is always slightly

higher than the force actually required to carry the load. The maximum deviation is just

under 12% and most likely a result of inaccuracies in the measurement of the current and

the flux density, which is also not homogeneous across the air gap.

Total
load

Flux density
V1 V2 V3

kg mT mT mT

1.88 149 155 159

6.34 257 245 255

Table 6.5: Flux density in the air gap of the tuned EPMs for two load cases.

Total
load

EPM
tuning

Fg Fa Deviation

kg N N %

1.88
off

18.4
19.1 3.7

on 20.6 11.8

6.34
off

62.2
69.1 11.1

on 67.8 9.0

Table 6.6: Comparison of the gravitational force Fg and the computed
lifting force of the actuators Fa.
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6.3 Vibration Isolation

The performance in terms of vibration isolation is evaluated by determining the trans-

missibility of disturbances from the base to the levitating platform. For this purpose, the

frame on which the vibration isolation system is mounted was excited manually while the

acceleration sensors measured the motion of the base and the platform. By taking the ratio

of the Fourier-transformed time signals, the transmissibility T is obtained as a function

of the discrete frequencies ωk

T (ωk) =
F{z̈p [n]}(ωk)

F{z̈b [n]}(ωk)
(6.2)

where z̈p [n] and z̈b [n] denote the discrete acceleration signals measured on the platform

and the base respectively. In a final step, the transfer function was smoothed by applying

a moving median filter. The measurements were performed for two load cases and different

gain values of the acceleration feedback controller.

In the first case, only the platform’s weight of 1.88 kg was lifted without gravity compens-

ation. The position controllers of each axis were tuned with a crossover frequency of 6Hz

and α = 3. For the vibration suppression, the acceleration feedback controller according

to Equation 5.10 was used with the parameters given in Table 5.6. Figure 6.3 shows the

magnitude of the transmissibility without active vibration isolation (ga = 0) as well as for

a proportional gain ga = 2kg and ga = 4kg.
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Figure 6.3: Transmissibility of floor vibrations for different values of the
acceleration feedback gain ga without gravity compensation and
no additional payload. The dotted lines indicated the fitted mass
lines.
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For frequencies up to 8Hz, the transmissibility is close to 0 dB, meaning that no attenu-

ation of disturbances is taking place. This is because the position controller tries to keep

the distance between the base and the platform constant within its bandwidth and thus

transmits the vibrations from the base to the platform. Above this frequency, the trans-

missibility decreases by approximately 40 dB/decade in all three cases due to the inertia of

the platform mass and the acceleration feedback. As discussed in Section 5.2, the feedback

gain ga corresponds to an additional virtual mass, which pushes the mass line downwards

within a certain frequency range, leading to a better attenuation of disturbances. This shift

is indicated in Figure 6.3 by the dotted lines, which represent the fitted mass lines. The

dashed black line shows the crossover frequency of the position controller in the z-direction.

The shift of the mass line, which corresponds to the additional vibration suppression that

is achieved, can be expressed by the ratio v of the real mass m (platform and payload) to

the sum of the real and virtual mass, which is generated by the feedback controller and

equal to the gain ga.

v =
m

m+ ga
(6.3)

The values given in Table 6.8 show a good agreement between the theoretical and measured

results. For a gain ga = 2kg, the amplitude of the transmitted disturbances is additionally

reduced by half above 10Hz compared to the case without active vibration isolation. With

ga = 4kg the reduction amounts to a factor close to three. The value of the gain is

limited by the phase margin required for the stability of the acceleration feedback and the

structural modes occurring at higher frequencies.

For the second load case, an additional payload of 4.46 kg was placed on the platform,

resulting in a total load of 6.34 kg. Since the Lorentz actuators cannot carry the weight

permanently, the gravity compensation was tuned accordingly. Due to the changed mass,

moment of inertia and stiffness, the position controllers had to be redesigned. As already

explained in Section 5.3, the negative stiffness generated by the EPMs sets a lower limit to

the bandwidth of the position control in the z-direction. From the blue Bode plot (ks = 0)

in Figure 6.4, it can be seen that the amplitude response of the plant’s transfer function

flattens out below 20Hz and that the phase shift is −180◦. Since it is not possible to achieve
a crossover and the phase margin required for stability at the same time in this frequency

range, the bandwidth of the PID controller can only be set above. Consequently, vibration

isolation can only begin at even higher frequencies due to the necessary separation from the

position control. This would severely limit the ability to suppress vibrations, which is why

the negative stiffness is compensated by another control loop, as shown in Section 5.3. The

other Bode plots in Figure 6.4 demonstrate that the stiffness can be increased as required.

With ks = 35N/mm the overall stiffness even becomes positive, resulting in a resonance
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peak and phase shift which corresponds to an ordinary mass-spring system. A suitable

compensation is achieved with ks = 32.7N/mm, by which the mass line is extended down

to 1 to 2Hz.
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Figure 6.4: Bode plots of the transfer function in the z-direction seen by the
position controller for different values of the virtual stiffness ks
when the gravity compensation is tuned to carry 6.34 kg.

Placing an additional payload on the platform, not only changes the total mass, but also

the moments of inertia and the location of the centre of gravity. This must be taken

into account both for the tuning of the controllers and for the matrices V and W from

Sections 3.5.2 and 3.5.3, which are required for the decoupling of the DoFs. The changed

parameters for the second load case are given in Table 6.7.

m 6.34 kg Jx 24.91 gm2

xs 0mm Jy 24.88 gm2

ys 0mm Jz 42.63 gm2

zs 71mm

Table 6.7: Load-dependent model parameter values with additional payload

The implemented stiffness compensation allows the position controller of the z-axis to be

tuned as before with a crossover frequency of 6Hz and α = 3. However, the slow controller

is not suitable to move the platform to the operating point, because the negative stiffness

has a non-linear dependence on the position of the platform, and is only compensated cor-

rectly at the operating point. For the same reason, the crossover frequency is not reduced



78 6 Evaluation of the System Performance

further, as the controller might get unstable if the excitations are too large. Therefore, all

position controllers are tuned with a crossover frequency of 12Hz and α = 3. This faster

position control is used to move the platform into its operating point. Subsequently, the

stiffness compensation is set to ks = 32.7N/mm, and finally the crossover frequency of

the controller for the z-axis is reduced to 6Hz. For robustness, the other controllers are

not changed.
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Figure 6.5: Bode plots of the plant in the z-direction seen by the
acceleration feedback controller Ra (blue), the open-loop
transfer function (red), and the acceleration feedback controller
Ra with a gain ga = 15 kg (yellow).

The acceleration feedback controller is designed similarly to Section 5.2 and shown in

Figure 6.5. At low frequencies, a lead compensator reduces the gain in order to achieve a

separation from the position control, and at higher frequencies the modes are attenuated by

a low-pass filter and additional notch filters. In addition to the Bode plot of the controller,

Figure 6.5 also shows the unfiltered and filtered transfer function of the plant measured

with the acceleration sensor. With a gain ga = 15 kg, the open-loop transfer function has

two crossings of the 0 dB-line, which are indicated by the black dashed lines.

As before, the transmissibility was determined with this controller for different values of

the feedback gain ga. The results in Figure 6.6 show again that the acceleration feedback

results in a downward shift of the mass line. A major difference, however, is that the

measured transmissibility is significantly below 0 dB for low frequencies. This is not a

consequence of the vibration isolation, but is due to the fact that no sufficient excitation

was possible in this frequency range and the measurement is therefore not accurate. The

shift of the mass line caused by the additional virtual mass is again indicated by the fitted



6.3. Vibration Isolation 79

1 10 102

Frequency in Hz

-30

-20

-10

0
M

ag
ni

tu
de

 in
 d

B

ga = 0 kg

ga = 5 kg

ga = 10 kg

ga = 15 kg

Figure 6.6: Transmissibility of floor vibrations for different values of the
acceleration feedback gain ga with gravity compensation and a
total load of 6.34 kg. The dotted lines indicated the fitted mass
lines.

dotted lines, which verify the expected behaviour. The dashed black line indicates the

crossover frequency of the position controller in z-direction. The numerical values given

in Table 6.8 and the Bode plots in Figure 6.6 show that a similar vibration suppression

was achieved as in the previous load case. This is because the same bandwidth was chosen

for the position controller of the z-axis, and the mass ratios are also similar. A higher

gain than ga = 15 kg could not be achieved due to structural modes. Nevertheless, the

transmissibility is reduced by almost 10 dB compared to the case without acceleration

feedback.

Total
load m

Feedback
gain ga

Theoretical
mass ratio v

Fitted
mass ratio

kg kg dB dB

1.88

0 1 0 1 0

2 0.48 −6.3 0.50 −6.0

4 0.32 −9.9 0.36 −8.9

6.34

0 1 0 1 0

5 0.56 −5.1 0.57 −4.8

10 0.39 −8.2 0.40 −8.1

15 0.30 −10.5 0.33 −9.7

Table 6.8: Shift of the mass line by active vibration isolation for two load
cases and different values of the acceleration feedback gain ga.





Chapter 7

Conclusion and Outlook

In this thesis, the design, assembly and control of a vibration isolation system with a

levitating 6-DoF platform and zero-power gravity compensation was demonstrated. The

first part of this chapter presents the main conclusions and answers the research questions

posed in Section 2.6. In the second part, an outlook is given on possible further research

topics and improvements of the prototype.

7.1 Conclusion

Based on the requirements stated in Section 1.2, an experimental setup was implemented.

The main component is the vibration isolation system, consisting of a base and a levitating

platform with six DoFs. For the actuation of the out-of-plane DoFs (z, α, β) and the

gravity compensation, three Lorentz actuators with integrated EPMs were built based

on the design of [53]. These enable both dynamic motion and compensation of a static

force. For the tuning of the three EPMs, a current pulse generator is used. Furthermore,

the vibration isolation system is equipped with sensors to measure the position of the

platform, the flux density in the EPMs, and the acceleration, which is required for the

suppression of disturbances.

The control of the vibration isolation system was implemented on a rapid prototyping sys-

tem. This includes position control, readout of the acceleration sensors via SPI, control of

the current pulse generator by the FPGA, acceleration feedback control and stiffness com-

pensation. Due to the levitation, the identification of the platform dynamics was only pos-

sible in closed-loop operation. This required a reliable model, based on which the position

control was designed. Following the identification, the controllers required for vibration

isolation were implemented (see Sections 5.2 and 5.3). The results of the measurements

and performance evaluations carried out on the prototype are presented in Chapter 6.

Based on this, the research questions posed in Section 2.6 are answered below.

81
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First research question

Is it feasible to design a levitating platform with six DoFs that can be positioned

without static power consumption at an arbitrary operating point, independent

of the payload?

As explained in Chapter 3, the positioning of a platform with six DoFs requires at least

six actuators and displacement sensors. The separate actuation and measurement of each

individual DoF independently of the others would lead to a rather complex design. Thus,

there is usually a coupling between the DoFs. In order to implement decentralised control,

which only requires six independent SISO controllers, it is necessary to decouple the axes.

This is achieved by a transformation of the actuator forces and sensor signals, as shown in

Sections 3.5.2 and 3.5.3. This approach allows robust position control of the out-of-plane

DoFs with a bandwidth of around 60Hz and a resolution of 77 nm (see Section 6.1).

In Section 6.2, the gravity compensation was evaluated for two load cases: First, only

for the weight of the platform (1.88 kg) was compensated. Then an additional payload of

4.46 kg was placed on the platform, resulting in a total load of 6.34 kg. In both cases, the

platform was positioned at the same operating point. By tuning the EPMs, the power

consumption could be reduced by about 97%. The remaining energy consumption is a

result of the manual tuning and the mutual forces of the actuators due to inaccuracies of

the assembly. Therefore, the answer to the above question is that it is possible to achieve

at least an almost zero-power gravity compensation at an arbitrary operating point.

Second research question

Can position control, magnetic levitation with zero-power gravity compensation

and active vibration suppression be achieved at the same time?

A key aspect that had to be taken into account when designing the control in Chapter 5

is the influence of position control on vibration suppression. On the one hand, it is needed

to keep the levitating platform at its operating point, but on the other hand, it trans-

mits ground vibrations within its bandwidth. Moreover, the acceleration feedback used

to improve the suppression of disturbances can only be active above the position control

bandwidth, which should therefore be chosen as low as possible. This, however, is limited

by the negative stiffness created by the EPMs, which necessitates the compensation by a

virtual positive stiffness (see Section 5.3).

By compensating the negative stiffness, it was possible to set the bandwidth of the position

control in the z-direction to 6Hz. This resulted in a transmissibility with a cutoff frequency

of about 8Hz and a slope of −40 dB/decade (see Section 6.3). The performance of the

vibration isolation was evaluated for two load cases. By applying acceleration feedback

above the position control bandwidth, it was possible to more than triple the effective mass.
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This resulted in a downwards shift of the mass line, and thus improved the suppression

of vibrations by a factor of three. These results show that it is possible to integrate

position control, gravity compensation and active vibration suppression with proposed

control design.

7.2 Outlook

The experimental setup allows the implementation of more complex control strategies. In

this thesis, the accelerometers mounted on the base were only used to evaluate the trans-

missibility, but they also enable the use of feedforward control. With this approach, floor

vibrations are measured directly and are then compensated by the actuators (see Sec-

tion 2.2.2). Potentially, this could further improve the vibration suppression but requires

the accurate knowledge of the transmissibility [11].

Another improvement concerns the tuning of the EPMs, which could be done automat-

ically, when a payload is added to or removed from the platform. This requires a more

sophisticated position control, as it must adapt to the unknown mass of the payload, and

also be able to suppress the impacts that occur during the tuning of the EPMs. Moreover,

in static operation the bandwidth should be as low as possible in order not to transmit

floor vibrations.

Currently, the reduction of the position control bandwidth is limited by the robustness of

the stiffness compensation. The negative stiffness of the EPMs depends non-linearly on the

position of the platform and on the magnetisation state of the EPMs, which is adjusted

to the weight of the payload. Therefore, an adaptive stiffness compensation would have to

take both into account. This could be achieved by using the measurement of the platform

position and the flux density in the air gaps of the EPMs in combination with a suitable

model.
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