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Abstract 

Vibration is recognised as one of the most significant disturbances to the operation of 

mechanical systems. Many traditional vibration isolator designs suffer from the trade-

off between load capacity and isolation performance. Furthermore, in providing 

sufficient stiffness in the vertical direction to meet payload weight requirements, 

isolators are generally overly stiff in the remaining five degrees of freedom (DOF). In 

order to address the limitations of traditional isolator designs, this thesis details the 

development of a 6-DOF active vibration isolation approach. The proposed solution is 

based on a magnetic levitation system, which provides quasi-zero stiffness payload 

support in the vertical direction, and inherent zero stiffness in the other five DOFs. 

The introduced maglev isolator also allows the static force and moment inputs from 

the payload to be adaptive-passively balanced using permanent magnets. 

In this thesis, the theoretical background of the proposed maglev vibration isolation 

method is presented, which demonstrates the ability of the maglev system to achieve 

the intended vertical payload support and stiffness in the six degrees of freedom. 

Numerical models for calculating the forces and torques in the proposed maglev 

system are derived, and the analysis of the cross-coupling effects between the 

orthogonal DOFs of the isolator is also presented based on the developed system 

models. A mechanism is introduced by which the cross-coupling effects can be 

exploited to achieve load balancing for static inputs using permanent magnet forces 

alone. 

Following the development of the theoretical model, the mechanical design of the 

maglev isolator is presented. The designs of the various control systems that are 

necessary to enable the operation of the maglev isolator are explained. The presented 

control algorithms achieve three functions: stabilisation of the inherently unstable 

maglev system, adaptive-passive support of the payload using the cross-coupling 

effects introduced previously, and autonomous magnet position tuning for online 

system performance optimisation. 
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Following the discussion of the controller design, a 6-DOF skyhook damping system 

is presented. The active damping system creates an artificial damping effect in the 

isolation system to reduce the vibration transmissibility around the resonance 

frequency of the system. The vibration transmissibilities of the developed maglev 

isolator were measured in 6-DOF, and results are presented for various combinations 

of controller settings and damping gains. Through comparisons between the measured 

performance of the physical system and the predicted performance from theory, the 

developed maglev vibration isolator demonstrated its practical ability to achieve high 

performance vibration isolation in six degrees of freedom. 
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Chapter  1 

1 Introduction 

1.1 Introduction and research significance 

Vibration is recognised as one of the most significant disturbances to the operation of 

mechanical systems. In the manufacturing and tooling industry, external vibration 

decreases the productivity and the end product quality. In automotive and aerospace 

environments, vibration can also influence the accuracy of measurement systems, and 

adversely affect experiments. 

In laboratories and many high-tech manufacturing applications, passive isolation 

solutions are often applied to attenuate ground-borne vibrations due to the simplicity, 

low cost and robustness of the passive systems. For example, common solutions 

include installing rubber mounting pads between the machine and floor (Harris, 1996; 

Nakra, 1998), or adding passive spring/dampers to the mechanical structure (Soong 

and Dargush, 1997). 

In most conventional passive isolator designs, where mechanical couplings with linear 

stiffness are used to support the payload weight, a trade-off is unavoidable when 

determining the required stiffness of the mechanical support. Load capacity and 

effective vibration isolation are the two most important aspects in the design of a 

vibration isolator. To support the payload, the isolator uses forces generated by 
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deflection in the resilient supporting structure. Therefore, large stiffness is required 

for supporting the payload weight to avoid excessive structural deflection. Conversely, 

to improve the vibration isolation performance, a low stiffness coupling is desirable in 

order to reduce the vibration transmissibility and resonance frequency of the isolation 

system (Neild and Wagg, 2010). Therefore, the contradiction in the design criteria is 

unavoidable. 

Another problem in most of the conventional vibration isolator designs is that they do 

not perform equally well in all directions. These isolation systems are often only 

effective in a single degree of freedom (DOF), such as the spring-damper based 

designs, which can only attenuate vibrations in the direction along the spring and 

damper. However, the energy of structural vibrations is normally contained in more 

than one degree of freedom. In practice, it often spans the 6-DOF space. The cross 

coupling between each DOF significantly limits the performance of the single DOF 

designs since it allows the vibration energy to propagate into the primary isolation 

direction through structural coupling. For advanced applications, such as in 

semiconductor manufacturing and gravitational wave monitoring (LIGO Scientific 

Collaboration, 2012) where stringent multi-DOF vibration attenuation becomes 

necessary, the single DOF designs are not able to provide sufficient vibration isolation. 

A common approach to enhance vibration isolation is through active vibration control 

techniques, which can substantially improve the isolation performance over what can 

be achieved by passive solutions, especially in the low frequency region. Active 

vibration control is most effective for vibrations characterised below 200Hz due to 

limitations posed by system hardware. For vibration isolation above 200Hz, the 

performance of passive systems is generally acceptable (Howard, 1999). Therefore, 

active vibration control techniques are generally combined with passive systems to 

create a hybrid isolation system achieving high performance, and delivering fail-safe 

vibration isolation. 

Among the methods of active vibration control, magnetic levitation (maglev) has 

attracted significant research attention over the last decade as an approach to realise 



1.1 Introduction and research significance 

3 

 

active vibration control. Electromagnets used in maglev systems are able to exert 

forces in a non-contact and controllable fashion. They often provide larger actuation 

bandwidth than mechanical actuators (such as hydraulic actuators) since no motion of 

mass objects is required for generating actuation forces. Therefore electromagnetic 

actuators are favourable in improving the performance of active vibration control 

systems. Permanent magnets are commonly seen in maglev systems as well. The 

nonlinear force-displacement relationship between magnets, although typically an 

undesirable characteristic, can be used to create supporting structures with desired 

nonlinear stiffness behaviour, and the stiffness non-linearity can be utilised to benefit 

vibration isolation applications. Several researchers have applied these inherent 

advantages of maglev to develop vibration isolation systems. A number of maglev 

based experimental isolators were built and tested in the last decade (Mizuno et al., 

2007; Carrella et al., 2008; Robertson et al., 2009; Frizenschaf et al., 2011; Janssen et 

al., 2013). However, only limited performance improvements were shown in multi-

DOF vibration isolation. 

Roberson et al. (2006) proposed a single DOF vibration isolator design using 

magnetic levitation, which provides the inspiration for the research in this thesis. The 

single DOF vibration isolation system is able to provide quasi-zero (near zero) 

levitation stiffness in the vertical direction while supporting the payload weight with 

static magnetic forces at the same time. The research presented in this thesis extends 

the previously proposed maglev design. Through uniquely developed mechanical and 

control algorithms, the maglev design has the potential to realise zero stiffness in all 

the other five DOF, which makes it a perfect candidate for developing a high 

performance multi-DOF vibration isolator. 

This research is focused on how to develop a maglev based vibration isolation 

solution which effectively attenuates external vibration in all six DOFs. This thesis 

demonstrates the development of a unique maglev based vibration isolator, which 

realises quasi-zero/zero stiffness (quasi-zero stiffness in the vertical direction and zero 

stiffness in the remaining five directions) levitation in all the directions, and is able to 

support heavy payload with static magnetic forces. This feature enables the proposed 
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vibration isolation system to eliminate the design trade-off between payload support 

and vibration isolation, which is often unavoidable in the traditional isolator designs 

incorporating linear stiffness elements. The research presented in this thesis also 

investigates the method to apply active vibration control to the proposed maglev 

isolator. A 6-DOF skyhook damping system is developed to further improve the 

vibration isolation performance of the combined system. This unique maglev solution 

has been demonstrated to have the potential to outperform most of the conventional 

mechanical isolator designs.  

 

1.2 Research aims and achievements 

The aim of this research is to develop a maglev based vibration isolation system that 

attenuates external vibration in all six DOFs and is thus able to address the 

disadvantages identified in conventional isolator designs. To achieve this aim, the 

research can be divided into the following objectives. 

● Identify the limitations of current vibration isolator designs. 

 

● Investigate current techniques for improving vibration isolation performance 

in both active and passive vibration control areas. 

● Develop new design concepts for realising maglev vibration isolation to 

address the identified problems that exist in the current isolator designs. 

● Mathematically model the proposed designs to theoretically examine the 

feasibility and performance of the proposed maglev isolator. 

● Develop a physical maglev vibration isolator based on the proposed design for 

experimental examination. 

● Develop unique active control algorithms to enable system operation and 

optimise system performance. 
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● Develop active vibration control approach for the proposed maglev isolation 

system to further improve the vibration isolation performance. 

● Experimentally examine the performance of the proposed methods and 

designs and experimentally verify the advantages of the new maglev vibration 

isolator design. 

In order to achieve these objectives, new work generated from this research are: 

● Proposition of a novel maglev based vibration isolator design to realise 6-DOF 

vibration isolation. 

● Theoretical demonstration of the ability of the design to create quasi-zero/zero 

stiffness levitation in all six DOFs. 

● Development of a physical maglev vibration isolator for experimental 

validation of the proposed designs. 

● Development and implementation of a low noise 6-DOF maglev stabilisation 

system to ensure the stability of the levitation. 

● Development and implementation of novel control algorithms to realise 

adaptive-passive payload support and autonomous system tuning. 

● Development and implementation of a 6-DOF skyhook damping system to 

apply active vibration control for further performance improvements in 

vibration isolation. 

● Development of a 6-DOF vibration excitation platform for testing purposes to 

obtain vibration transmissibility measurements of the developed maglev 

vibration isolator. 

● Experimental validation of the performance of the proposed 6-DOF maglev 

vibration isolation solution. 
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1.3 Structure of the thesis 

This thesis begins by presenting a literature review of vibration isolation in Chapter 2. 

Common methods of passive vibration isolation are presented firstly, which include 

discussions on both linear and non-linear vibration isolation approaches. Quasi-zero 

stiffness concept is also introduced as an effective method to concurrently realise low 

stiffness vibration isolation and payload weight support. Following the discussions on 

passive vibration isolation, common methods of active vibration isolation are 

reviewed. Attenuation of tonal and broadband vibration is discussed, and advantages 

and disadvantages are summarised for active vibration isolation using displacement, 

velocity or acceleration feedback. In this chapter, magnetic levitation is introduced as 

a method to achieve vibration isolation. A number of examples are presented to 

demonstrate previous developments on maglev vibration isolation, which includes 

discussions on the quasi-zero stiffness maglev system proposed by Robertson et al. 

that forms the fundamentals of the research presented in this thesis. The identified 

research gaps and the significance of this research are concluded at the end of this 

chapter. 

The theoretical background of this research is presented in Chapter 3. A kinematic 

model of the proposed maglev system is demonstrated, followed by the discussions on 

the calculation methods used to analytically determine the magnet forces and torques 

in the maglev system. A simplified method for calculating the magnetic forces and 

torques is proposed, which improves the calculation speed by allowing the estimation 

of the 3D forces and torques using a 1D approach. Polynomial regression is used next 

to obtain a numerical model of the proposed maglev system, which further reduces 

the calculation time by two orders of magnitude. Using the derived system models, 

levitation stiffness of the maglev system is calculated in all six DOFs. It is shown that 

the maglev system is able to provide quasi-zero stiffness levitation in the vertical 

direction while supporting the payload weight with a static magnetic force, and the 

levitation stiffness in the remaining five DOFs are zero. Cross-coupling effects 

between each pair of orthogonal DOFs are presented based on the system models 
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derived previously, and a method is proposed to utilise the identified cross-coupling 

effects to realise adaptive-passive payload support in multi-DOFs. 

Chapter 4 presents a mechanical design to physically realise the proposed maglev 

vibration isolation method for experimental validation of the proposed theories. The 

design includes a 6-DOF levitation position sensing system, a 6-DOF solenoid 

actuation system, magnet position control units and the isolator frame structure for 

integrating all the sub-systems. Both CAD models of the design and photographs of 

the manufacture isolator are presented. 

Chapter 5 demonstrates the control system designs proposed to enable the operation 

of the maglev isolator, as well as to realise all the intended functionalities discussed in 

Chapter 3. A maglev stability control system is presented firstly, which uses the 6-

DOF position sensing and actuation systems to maintain a stable levitation position 

during the operation of the maglev isolator. Controller designs for realising adaptive-

passive payload support in multi-DOFs are discussed next. The adaptive-passive 

payload support controllers enable the system to autonomously adjust the separations 

between the magnets and change the levitation position of the payload to actively 

balance the static force and torque inputs from the payload. An additional control 

system is also proposed at the end of the chapter, which automates the tuning process 

of the maglev system to maintain the quasi-zero stiffness characteristic in the vertical 

direction. 

The performance of both the mechanical and control systems are assessed in Chapter 

6 to identify the practical difficulties in realising the proposed maglev vibration 

isolation method. The characteristics of each system component are examined and 

discussed individually, and the experimental results are presented to demonstrate the 

effectiveness of the adaptive passive payload support and maglev auto-tuning systems. 

The results of 3D laser vibrometer scans are shown as well to identify the structural 

vibration modes of the proposed mechanical system of the isolator. 

The design of a 6-DOF skyhook damping system is presented in Chapter 7. The 

skyhook damping system aims to attenuate vibration transmissibility of the maglev 
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isolator close to the system resonance frequencies in multiple DOFs. The design of a 

geophone array is presented, which monitors the inertial velocity of the levitated 

payload in 6-DOFs. A hybrid filtering method is proposed to extend the usable linear 

bandwidth of the geophones from 10Hz to 1Hz, so that the skyhook damping system 

can be more effective at low frequencies.  

The vibration transmissibilities of the maglev system are presented in Chapter 8. This 

chapter starts by introducing the design of a 6-DOF vibration excitation platform, 

which is purposely built to excite the maglev isolator in 1-DOF at a time for all six 

DOFs. The measured vibration transmissibilities are presented next for various 

skyhook damping coefficients. These experimental results are compared with the 

theoretical transmissibilities derived by assuming zero inherent levitation stiffness in 

all six DOFs. By comparing the experimental and theoretical zero stiffness results, the 

isolator is proved to be able to realise quasi-zero/zero inherent levitation stiffness in 

all the six DOFs. It is also discussed that the overall system stiffness exhibited in the 

transmissibility measurements is mainly induced by the control system for 

maintaining the stability of the levitation. The experimental results for cross-coupled 

transmissibilities are shown at the end of this chapter, which validates the theoretical 

cross-coupling behaviours predicted in Chapter 3. 

Finally, Chapter 9 provides a summary of this thesis, and concludes the results and 

findings of this research. Potential future works are also suggested as continuations of 

work presented in this thesis.  
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1.4 Publications arising from this thesis 

The journal and conference publications arising from the research are as follows: 

Journal publications 

● Zhu, T., Cazzolato, B., Robertson, W., Zander, A., 2013. Vibration isolation 

using six degree-of-freedom quasi-zero stiffness magnetic levitation with 

adaptive-passive payload support and autonomous levitation optimisation. 

Mechanical Systems and Signal Processing, Manuscript under review. 

● Zhu, T., Cazzolato, B., Robertson, W., Zander, A., 2013. Vibration isolation 

using six degree-of-freedom quasi-zero stiffness magnetic levitation. Journal 

of Sound and Vibration, Manuscript under review. 

Conference publications 

● Zhu, T., Cazzolato, B., Robertson, W., Zander, A., 2011. The development of 

a 6 degree of freedom quasi-zero stiffness Maglev vibration isolator with 

adaptive-passive load support. In: Proceedings of the 15th International 

Conference on Mechatronics Technology, Melbourne. 
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Chapter  2 

2 Literature Review 

2.1 Introduction 

Vibration isolation has been an active research area for over a hundred years. A great 

number of designs and approaches have been proposed in this period, and the 

performance of vibration isolation systems have been dramatically improved over 

time. Prior to 1980, research in vibration isolation was mainly focused on passive 

approaches. With the developments made in computer sciences, digital control of 

mechanical systems was realised, which offers great flexibility in controller designs. 

As more complicated controller algorithms were able to be realised using digital 

control techniques, active vibration control became a very active research field since 

1980.  

In the past couple of decades, numerous studies and developments have been reported 

in the field of vibration isolation, which include both active and passive approaches 

based on linear or nonlinear systems. This literature review provides a brief summary 

of the recent advances made in vibration isolation, and identifies the current research 

gaps for further improving the performance of vibration isolation systems. The 

following topics have been identified in this literature review and form separate 

sections. 
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Passive vibration isolation 

This section reviews the developments made towards vibration isolation using passive 

means. Common methods for isolating both ground-borne vibration and onboard 

machine vibration are summarised. Comparisons between the linear and nonlinear 

solutions are also discussed. 

Active vibration isolation 

This section covers the common approaches to attenuate vibration using active control 

methods. The discussion contains two categories of active vibration isolation, control 

of tonal excitations and control of broadband excitations. Three general classes of 

mechanical design of the active control system are analysed, as well as a comparison 

between active vibration attenuation using displacement, velocity and acceleration 

feedback control. 

Maglev for vibration isolation 

In this section, magnetic levitation is introduced together with its applications and 

engineering designs. Stability problems of passive magnetic levitation are 

demonstrated, as well as methods commonly used for stabilising magnetic levitation 

systems. The potential of magnetic levitation in the field of vibration isolation is 

discussed, and several examples of previously developed maglev based vibration 

isolators are presented. 

Research gaps and significance 

The identified research gaps are presented in this section. The discussion includes 

descriptions of the potential improvements that can be made based on the current 

approaches, as well as methods proposed to address the identified problems in the 

research area. 

 



2.2 Passive vibration isolation 

13 

 

2.2 Passive vibration isolation 

Passive vibration isolation refers to vibration isolation using passive methods, such as 

installing rubber pads and mechanical springs between structure interfaces (Fahy and 

Walker, 1998). There are a great number of passive vibration isolators that are used 

extensively in engineering applications. The aspects common to these isolator designs 

are that they all employ a resilient structure to support the payload, and a damping 

component to absorb the residual vibration energy on the payload. The system 

characteristics of these passive designs are such that they are generally un-adjustable 

unless the system components are replaced. 

2.2.1 Common passive isolators 

The most commonly used structure among the passive isolator designs is the spring-

damper assembly, which includes a mechanical spring to support and stabilise the 

payload, and a damping mechanism of some sort, either in the form of a dedicated 

element or inherent in the material itself, to absorb the vibration energy. This type of 

isolator design is widely used in industry since it has been thoroughly studied and 

system components are widely available at relatively low cost (Rivin, 2003). A 

common example of the spring-damper design is the suspension systems used in 

vehicles to isolate the vehicle from road roughness. They can also be found in some 

modern washing machines to isolate drum vibration during the spinning cycle.  

Elastomeric pads can be used as isolators. Common resilient materials used in 

manufacturing of isolation pads are cork, felt, fibreglass, and metal mesh (Vér and 

Beranek, 2006). Such pads are normally very convenient and inexpensive as they can 

be easily cut into sizes required to fit various applications. The physical 

characteristics of the elastomeric pads can be controlled by selecting the pad 

dimensions. The area of the pad is chosen according to the weight of the load to be 

supported, and the thickness is chosen to provide the desired stiffness.  

Another type of vibration isolation system that has found considerable use in 

vibration sensitive applications is the pneumatic isolator (or sometimes referred to as 
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the air spring isolator). These isolators obtain their resilience from the pressure of 

compressed of air in a confined volume. Air springs can be designed to have 

relatively small effective stiffness, while still being able to support a heavy payload. 

This enables air spring designs to deliver improved vibration isolation performance 

compared to mechanical spring systems since smaller isolator stiffness results in 

lower system natural frequency, and hence, lower vibration transmissibility. Practical 

air springs typically can provide fundamental resonance frequencies that may be as 

low as approximately 1 Hz (Vér and Beranek, 2006). 

Pendulum vibration isolators are less commonly seen in traditional engineering 

applications. This type of isolator is primarily used in places where horizontal 

vibration isolation is more critical. The pendulum type isolators are normally able to 

provide ultra-low system natural frequency in the horizontal direction, and the system 

characteristics are controllable by designing the pendulum dimensions (Stephens et al., 

1990). Some of the designs also combine springs in the vertical direction to enable the 

isolator to attenuate vertical and horizontal vibrations simultaneously. 

2.2.2 Vibration transmissibility and isolator resonance 

The vibration isolation performance of an isolation system is often quantified by the 

vibration transmissibility of the isolator. It is the function characterising the 

transmissibility in the frequency domain, and is sometimes referred to as the isolator 

transfer function in some contexts. In general, vibration transmissibility is the ratio 

between the input and output of a vibration isolation system. It can be categorised into 

two types, force transmissibility and motion transmissibility. For example, in the case 

of an isolator for attenuating ground vibration, the force transmissibility is described 

as the fraction of the base excitation force transmitted to the payload, and the motion 

transmissibility is defined as the ratio between the motion intensity of the ground 

vibration and the payload vibration. Clarence (2005) has demonstrated that both the 

force and motion transmissibilities are equivalent due to the reciprocity characteristics 

in linear systems and it is sufficient to consider only one of them. In the research 

presented in this thesis, due to the relative simplicity of measuring payload motions, 
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the performance of the proposed maglev isolator was characterised using motion 

transmissibilities. The definition of motion intensity is normally in three forms: 

displacement, velocity and acceleration. Hence, motion vibration transmissibility can 

be sub-classified into these three forms. Since the three physical quantities are the 

different orders of the same system dynamics, the transmissibilities calculated for 

these three types of motion intensity have the same magnitude.  

Figure 2.1(a) shows a typical single DOF linear mass-spring-damper system, and its 

transmissibility is shown in Figure 2.1(a), where m=1kg, 0=100N/m and =4N/(ms-1) 
are the payload mass, spring stiffness and the damping coefficient used to generate 

the transmissibility plot, respectively. In this scenario, the transmissibility (,) of the 
mass-spring-damper is defined as the ratio between the payload displacement, 1, and 
the base displacement, y. It is calculated as (Harris, 1996):  

, = 12 = 3 1 + (267/78)�
(1 − 7�/78�)� + (267/78)�						, (2.1) 
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(a): System schematic, m=1kg, 0=100N/m, =4N/(ms-1). 
Figure 2.1: Transmissibility of a linear mass-spring-damper system. 
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where 7  represents the base excitation frequency and 78 = $�; < =>  is the natural 
frequency of the isolation system. � ,   and 0  are the payload mass (in kg), the 
damping coefficient (in 	N/ms��) and the spring stiffness (in N/m) respectively, and 
6 = ?�√=> represents the damping ratio of the isolator. 
The evaluation of the vibration isolation performance normally includes (but is not 

limited to) assessing the three key aspects of the transmissibility curve, resonance 

frequency, 0 dB cross over and peak response. The resonance frequency represents 

the frequency at which the maximum displacement (the peak response) of the payload 

occurs. The peak response of the payload is generally larger than the base excitation 

amplitude of the system with only relative damping (demonstrated in Section 3.2.2), 

and is hence adverse the advise to isolating the external vibration. Therefore, in 

general, the design of the isolator should be made (normally by adding damping) such 

that the peak response of the isolator is acceptable for its target application. The 0dB 

cross over frequency, equals to √278, is the marginal frequency where the payload 
and base have the same motion amplitudes. The isolation system starts to attenuate 

vibration beyond this frequency and the attenuation increases at certain rates 

depending on the characteristics of the isolator. The value of the 0 dB cross over 

frequency is directly related to the resonance frequency. An increase in the resonance 

frequency will result in an increase in the 0dB crossover frequency, and vice versa. 

Since vibration attenuation is only achieved beyond the 0 dB cross over frequency, it 

is generally desirable to have low isolator resonance frequency (and thus 0 dB cross 

over frequency) so that vibration attenuation is achieved from as low a frequency as 

possible. Section 3.2.2 will further discuss the practical method used in this research 

to achieve low system resonance frequency. 

2.2.3 Linear and nonlinear passive isolation 

Passive vibration isolators normally use a resilient structure to support the payload. 

According to the elastic behaviour of the supporting structure, passive vibration 

isolators can be categorised into linear and nonlinear types. 
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2.2.3.1 Linear vibration isolation 

The structural stiffness of a linear vibration isolator remains constant regardless of 

either isolator static deflection (caused by the payload weight) or dynamic deflection 

(caused by the dynamic load exerted from external disturbances). A typical example 

is the coil spring isolator, where the spring force is a linear function of the spring 

deformation. In these isolators, the payload sensitivity to external disturbance is fixed, 

and is dependent on the stiffness of the supporting structure. A complete review of 

linear vibration isolation can be found in numerous undergraduate texts, for example, 

“Passive Vibration Isolation” (Rivin, 2003), which contains both theories and 

extensive examples of the applications of linear vibration isolators. Therefore, this 

content is not repeated here. 

2.2.3.2 Nonlinear vibration isolation 

Nonlinear vibration isolation theories have witnessed significant developments due to 

pressing demands for high performance vibration isolation. The stiffness and/or 

damping of the resilient structures used in these designs behave in a nonlinear fashion 

so that, by combining multiple non-linear supporting structures, the overall stiffness 

of the isolator can be more flexibly tuned to suit different applications (Ibrahim, 

2008). Some common applications of nonlinear vibration isolators include: isolation 

of diesel engines in marine vessels; isolation of space craft; isolation of vehicle 

passengers from road disturbances; isolation of vibration generated by hand-held tools; 

and isolation of buildings, bridges, storage tanks and oil pipelines from destructive 

impacts from earthquakes. 

In theory, nonlinear isolator designs are normally capable of achieving lower 

vibration transmissibility and resonance frequency than their linear counterparts. This 

is because in nonlinear designs a high stiffness supporting structure is not always 

necessary to support the payload weight. Many researchers have conducted studies to 

develop various isolator designs using nonlinear approaches (Ibrahim, 2008). Early 

theoretical work includes that presented by Den Hartog (1931), who developed an 

exact solution for analysing symmetric systems with both coulomb and viscous 
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damping when subjected to a known harmonic forcing function. Dange and Gore 

(1978) investigated the magnitude of stiffness nonlinearity required in designing 

nonlinear vibration isolators with reference to the system resonance frequencies and 

vibration transmissibility, which were predicted under assistance of an analogue 

computer. With significantly improved computation power, Jiang et al. (2002) 

conducted a similar analysis using the finite element method.  

Research was also conducted towards physical realisation of theoretical designs of 

nonlinear vibration isolation systems. A passive nonlinear mechanical isolator 

consisting of discrete mass, stiffness and damping elements was considered by 

Nayfeh et al. (1997) and Yu et al. (2006). Their method was able to greatly reduce the 

system resonance response and the level of transmitted vibration through the uniquely 

designed nonlinear stiffness behaviour. Winterflood et al. (2002) proposed a single 

DOF isolator which utilised the nonlinearity from Euler springs. In their design, the 

Euler spring buckling mode was used to construct a mechanical isolator that achieved 

a fundamental resonance frequency of less than 2 Hz. Azadi et al. (2011) also 

proposed and experimentally analysed the performance of a variable stiffness mount 

(VSM). In their design, the nonlinear resilient structure was constructed using a series 

of linear strings. The nonlinearity of the resultant system was controlled by 

prestressing the linear strings. 

It is common to use mechanical linkages (such as coil springs and elastic strings) to 

create supporting structures with nonlinear stiffness. However, field forces (such as 

magnetic and gravitational forces) are becoming an increasingly popular method to 

introduce nonlinear system stiffness (Section 2.4).  

2.2.4 Quasi-zero stiffness vibration isolation 

As discussed previously, low payload supporting stiffness is favoured for vibration 

isolation purposes. Since the 1980s, the work in nonlinear vibration isolation has 

resulted in development of several designs that can achieve quasi-zero payload 

supporting stiffness (Alabuzhev et al., 1989; Platus, 1991; Carrella et al., 2008; Shaw, 

et al., 2013; Yoshikazu et al., 2013). Carrella et al. (2007) demonstrated and analysed 



2.2 Passive vibration isolation 

19 

 

a very simple design for achieving quasi-zero stiffness using three linear springs, 

shown in Figure 2.2. By selecting the spring stiffness ( 0A , 0B ) and geometric 
parameters (CA, ℎA, a, EA), point P can have a vertical supporting force equal to 7 
with zero vertical stiffness at that point. This can also be observed in the presented 

force-displacement characteristic plot, shown in Figure 2.3. At the equilibrium point 

(xG), the vertical stiffness (slope of the curve) at point P is zero. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A similar isolator design was presented by Krishna and Shrinivasa (2009), which has 

also achieved near zero spring rate also by combining three uniquely located linear 

Figure 2.2: Schematic representation of the simplest system which can exhibit quasi-zero stiffness. 
(Carrella, 2007) 

 

Figure 2.3: Typical force-displacement characteristic of the isolator shown in Figure 2.2, (Carrella, 
2007). 
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coil springs. Figure 2.4 shows a schematic of their proposed design. In their system, 

the non-linear payload support structure is formed by two lateral springs and one 

vertical spring, having stiffness of kH and k� respectively. The vertical spring is used 
to support the static weight of the payload, and the orientation of the lateral springs 

are tuned together with the length of the vertical spring so that, at a specific point, the 

lateral spring stiffness cancels the stiffness of the vertical payload support spring. 

Therefore, this system is able to achieve quasi-zero vertical stiffness while supporting 

the payload with a static spring force. 

 

 

 

 

 

Instead of creating quasi-zero stiffness using only linear stiffness elements, nonlinear 

structures, such as Euler buckled beams, may be applied to the design of quasi-zero 

stiffness isolators. Liu et al. (2013) proposed a quasi-zero stiffness isolator design 

(shown in Figure 2.5), which used Euler buckled beams to form the lateral supporting 

members with negative stiffness. By tuning the design parameters, the vertical support 

stiffness to the payload (m) is quasi-zero at the equilibrium point.  

The research presented in this thesis uses a novel design of magnetic levitation system 

to realise quasi-zero stiffness payload support in the vertical direction. In addition, the 

6-DOF maglev isolator design offers zero-stiffness payload support in all the other 

five DOFs. The maglev isolator employs active control systems to both stablise the 

levitation as well as provide disturbance rejection. An overview of active control 

strategies relevant to vibration isolation are covered in Section 2.3. The previous work 

 

Figure 2.4: Geometry of the proposed near-zero-spring-rate device (Krishna & Shrinivasa, 2009) 
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on magnetic levitation and its relevant applications in the vibration isolation field will 

be reviewed in Section 2.4. 

 

 

 

 

 

 

2.3 Active vibration control 

Active vibration control refers to methods of attenuating vibration using actuators to 

drive the system based on a control law and estimates or measurements of the inputs 

to the system and its response to these inputs. It is able to substantially improve the 

isolation performance over that achieved with passive systems. In general, an active 

vibration control system contains three subsystems in addition to a passive isolator, 

which are: a vibration monitoring component to measure the vibration condition in 

real-time, a control system to execute the algorithms for attenuating vibration, and an 

actuation system, commanded by the control system, to carry out the required 

physical actions. Depending on the mechanical layout, hardware performance and 

controller algorithms, active vibration control systems can be configured to treat 

different types of vibration.  

2.3.1 Active vibration control system configurations 

The common physical configuration of active vibration control systems may be 

categorised into three classes: the inertial type, the parallel type, and the series type 

(Howard, 1999), which are shown in Figure 2.6.  

Figure 2.5: Schematic of the quasi-zero stiffness isolator with Euler buckled beams (Liu et al., 
2013) 

 



Chapter 2 Literature Review 

22 

 

 

 

 

 

 

 

 

The inertial type (Tanaka & Kikushima, 1988; Zimmerman & Cudney, 1989; Benassi 

& Elliott, 2004) and the series type (Ross et al., 1989; Sutcliffe et al., 1989; Hoque et 

al., 2006; Mizuno et al., 2007) systems use an actuator and an inertial mass to 

generate a reaction force to counteract the vibration within the structure of the 

machine. These two types of systems generally have poor performance at low 

frequencies since the actuator is attached to the inertial mass, where large force at low 

frequencies will result in excessive inertial mass displacement. The inertial type 

systems support the weight of the inertial mass and machine with mechanical springs, 

while the series type requires the actuator system to carry the weight of the machine, 

which significantly increases the stress on the actuators. However, the series type 

active vibration control systems are two stage designs (mechanical passive stage and 

active control stage), which provides fail-safe protection should the active stage 

malfunction. 

The parallel type design (Jenkins, 1989; Howard & Hansen, 1997; Preumont et al., 

2007) has the actuator connected in parallel to the mechanical supporting spring. This 

method is used in the research presented in this thesis to achieve active vibration 

control on the proposed maglev isolator. This is because the parallel configuration is 

capable of generating much larger control forces than the inertial and series type 

designs since the actuator is directly connected to a fixed structure. Hence, active 

Figure 2.6: General configurations of active vibration control systems. 
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vibration control can be more effectively applied at low frequencies with this 

arrangement.  

2.3.2 Tonal and broadband active vibration control 

According to the frequency characteristic of the disturbance, vibration can be 

categorised into tonal or broadband excitations. Active vibration control for each of 

these two types of vibration generally takes different approaches.  

2.3.2.1 Active control of tonal disturbance 

Tonal disturbance refers to vibrations with a discrete power spectrum concentrated at 

one or more frequency points. These disturbances are often a result of cyclic inputs, 

which are commonly seen in rotating machines. The characteristic frequency of the 

disturbance is directly related to the operation speed of the rotating machines.  

Early studies of active tonal vibration control were concentrated on using feedback 

control techniques (Olson, 1956; Conover, 1956; Balas & Canavin, 1977; Balas, 

1978). These methods involve obtaining an error criterion from the measured 

vibration level, and using it to generate a proportional signal for controlling the 

actuators that counteract the primary vibration. By adjusting the amplitude and phase 

of this proportional control signal, the active vibration control system is able to 

minimise the residual vibration (Howard, 1999). However, in certain circumstances, 

such as with small error signals, the controller gain must be relatively large for the 

active vibration control to be effective. This may lead to instabilities in the control 

system due to dynamics of the controller hardware. For this reason, feed-forward 

systems are preferred for active tonal vibration control since the technique itself is 

inherently stable.  

In the early 1990s, feed-forward techniques were effectively applied to actively    

attenuate harmonic disturbances (Jenkins et al., 1990; Sommerfeldt & Tichy, 1990), 

such as vibrations resulting from unbalanced rotating machinery. This is mainly due 

to the ease of obtaining a reference signal for the feed-forward technique. For 
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example, the characteristic frequency of the vibration caused by rotating machinery is 

related to the operating speed of the machine, and a reference signal can be obtained 

from a tachometer. 

2.3.2.2 Active control of broadband disturbance 

It is simpler to apply active vibration control to tonal disturbances than to broadband 

excitations. This is because the reference signal needed for tonal vibration control can 

normally be predicted from knowledge of the surrounding environment or the 

operation of the machine itself (Fuller et al., 1996). However, the reference signal 

used in active control of broadband excitation cannot be predicted and has to be 

acquired in real-time using various sensors. The dynamics of the sensing and 

actuation systems can significantly limit the effectiveness of the active vibration 

control, which poses great challenges to the designs for attenuating broadband 

vibration. 

Active control of broadband vibration is currently a very active research field. 

Feedback control (Benassi et al., 2004; Preumont et al., 2007; Ahmed Abu and 

Preumont, 2011) and feed-forward control (Yasuda et al., 1996; Anderson & How, 

1997; Jia et al., 2010) have both been investigated for reducing the system vibration 

transmissibility in various applications. In the research presented in this thesis, one of 

the main aims is also to incorporate 6-DOF active vibration cancellation in the 

proposed maglev isolator.  

2.3.3 Relative and inertial space measurements 

It should also be noted that the choice of active vibration control approach and the 

performance of each method significantly depend on whether the feedback signal is 

measured in the relative frame or the inertial frame. The relative frame measurements 

often refer to measurements obtained by comparing the target states (acceleration, 

velocity or displacement) to that of a fixed point. For example, laser displacement 

sensors measure object distance by calculating the separation between the target and 

the sensor itself. The inertial frame measurements (also called absolute measurements) 
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are obtained by quantifying target states in the inertial space, and are not the relative 

values to any known spatial point. For example, accelerometers and geophones 

measure the absolute acceleration and velocity of an object respectively. In general, 

active vibration control techniques effectively create a virtual linkage between the 

control target and the measurement frame of the feedback signal. Take Figure 2.6(b) 

as an example of an active vibration control system. In this case, if the machine states 

are measured relative to the ground, for ground vibration isolation, the active 

vibration control system will aim to weaken the connection between the machine and 

the ground so that the machine is less sensitive to ground motion. However, if the 

machine states are instead obtained in the inertial space, the active control system will 

need to strengthen the connection to the inertial frame since the inertial frame is 

considered to be absolutely stationary, and by firmly attaching the machine to the 

inertial frame, it is insensitive to ground motion.  

2.3.4 Displacement, velocity and acceleration feedback 

As mentioned previously, an active vibration control system uses actuators to 

counteract vibration according to the feedback vibration signal. The command signal 

to the actuation system is normally defined as the product (multiplication) of the 

vibration signal and the transfer function of the controller algorithm at each frequency. 

The vibration signal measured by the motion sensor can be the displacement, the 

acceleration or the velocity of the vibrating object. As a result, different control effort 

and controller algorithm designs are needed for each type of the feedback signal, and 

each method has distinct advantages and limitations.  

Displacement feedback is considered to be a method of changing the static or 

dynamic stiffness of the system. In displacement feedback controllers, the actuation 

force often has a direct relationship to the displacement of the object. Hence, the 

control algorithms can be designed specifically to realise designed system stiffness 

behaviour so that the system frequency response is controllable (Hodges, 1989; 

Benassi & Elliott, 2004; Preumont, 2002). In the research presented in this thesis, one 

of the aims is to reduce the system natural frequency to the lowest possible value. In 



Chapter 2 Literature Review 

26 

 

ordinary vibration isolation systems with finite stiffness, this is achievable by 

introducing an actively controlled structure that generates a negative stiffness to 

reduce the stiffness of the supporting structure. However, in the proposed maglev 

isolator design, the stiffness of the supporting structure is quasi-zero in all the DOFs 

(Section 3.6). Further reduction of stiffness will lead to negative overall stiffness, 

which causes system instability. Therefore, the displacement feedback method is not 

suitable for the proposed quasi-zero stiffness maglev isolator design. 

Acceleration feedback control is another method of modifying the system frequency 

response. It alters the equivalent dynamic mass of the controlled object since the 

command actuation force is directly related to the magnitude of the acceleration of the 

object (Fuller & Elliott, 1996; Preumont et al., 2001; Abu Hanieh & Preumont, 2010). 

In practice, there are often difficulties in realising direct acceleration feedback control 

due to controller stability problems. These are caused by signal phase distortions 

resulting from the high-pass and low-pass filters embedded in the system electronics, 

such as sensors, actuators and amplifiers (Brennan et al., 2007). In the literature, some 

designs claimed to have used acceleration feedback (Futami et al., 1983; Kwak et al., 

2002; Zhu et al., 2005) for active vibration control. However, the dynamic order of 

the acceleration feedback was altered before feeding back to the control algorithms. 

For a long period of time, velocity feedback control has been recognised as a simple 

and robust method for active vibration control (Dorf, 1967; Balas, 1979; Li & Goodall, 

1999; Ahmadian et al., 2004; Tao & Mak, 2006; Lang et al., 2009). It has been 

successfully applied to achieve active vibration control for dedicated equipment 

(Serrand & Elliott, 2000; Elliott et al., 2001; Kim et al., 2001). The velocity feedback 

strategy is unconditionally stable when the sensors and actuators are collocated (Goh 

& Caughey, 1985), which allows larger control gains to be applied so that the peak 

vibration level (system response at resonance) can be substantially reduced. However, 

care should be taken when designing the controller so that the dynamics of the 

actuator and velocity transducer do not lead to system instabilities (Goh & Caughey, 

1985). The research presented in this thesis applies velocity feedback control to 

achieve active vibration cancellation. A 6-DOF skyhook damping system is proposed 
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in Chapter 7 for reducing the peak response of the proposed maglev vibration isolator. 

Section 3.2.2 will introduce the fundamental theories of skyhook damping, as well as 

a performance comparison between relative damping and inertial damping (skyhook 

damping). 

2.4 Maglev for vibration isolation 

Magnetic levitation technologies are used in a broad range of applications. It is a 

commonly known as the technology commonly associated with high speed 

transportation, for example, the maglev train, which employs magnetic levitation 

forces to replace the conventional supporting wheels as a method of reducing 

frictional drag (Wang et al., 2005). In industry applications, magnetic levitation is 

often found in the form of maglev bearings used to reduce the rotational drag of 

machine shafts (Hirani & Samanta, 2007; Sun & Feng, 2011). Maglev systems in the 

aforementioned applications are designed to maintain a constant levitation gap 

(Hasirci et al., 2011; Zhou et al., 2011), which normally induces high levitation 

stiffness. It can also be used to create low stiffness couplings to serve vibration 

isolation applications since the nonlinear force-displacement relationship between 

magnets can often be used to design a magnetic payload support of favourable 

stiffness behaviour. This section reviews the areas related to applications of maglev in 

vibration isolation. 

2.4.1 Stability of magnetic levitation 

As a result of Earnshaw’s theorem (Earnshaw, 1842), passive magnetic levitation 

using only passive static magnetic fields is inherently unstable. Therefore, a 

stabilisation method has to be used to enable the stable operation of a maglev system.  

2.4.1.1 Earnshaw’s theorem of instability 

Earnshaw’s theorem (Earnshaw, 1842) stated that it is not possible to maintain a 

stable stationary equilibrium configuration solely by static, macroscopic and 

paramagnetic fields since the forces acting on any paramagnetic object in any 
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combination of gravitational, electrostatic and magneto-static fields will make the 

object’s position unstable along at least one axis. This theory can be understood in a 

simpler way as: stable magnetic levitation is not achievable with only static magnetic 

fields and magnets with stationary dipole directions. A summary of the mathematical 

proof of Earnshaw’s theorem is shown in Appendix A.1. 

2.4.1.2 Passive maglev stabilisation 

Earnshaw’s theorem shows that the position of a stationary dipole in a static magnetic 

field is inherently unstable. However, the dipole can still be stabilised using a passive 

and alternating magnetic field. Spin stabilised magnetic levitation is a maglev system 

which is stabilised by a fast rotating magnetic field (Simon et al., 1997). An example 

of a simple spin stabilised magnetic levitation system is shown in Figure 2.7. The 

magnetic top is levitated via a repulsive force from the ring-shaped permanent magnet 

underneath. The rotational instabilities are controlled by the gyroscope effect from 

spinning at a specific speed. Levitron has applied this levitation theory on developing 

a toy called: The amazing anti-gravity top (Levitron, 2012). No engineering 

applications of the spin stabilised maglev have been reported as yet. Due to the 

spinning motion required for stabilisation, this technique is not considered suitable for 

application in a maglev isolator. 

Diamagnetic levitation is another form of passive magnetic levitation has another 

form as diamagnetic levitation. This type of maglev uses the repulsion of a 

diamagnetic material (materials with relative permeability less than one) to magnetic 

fields to achieve levitation. Previous work has demonstrated a number of examples of 

maglev using diamagnetism (Ikezoe et al., 1998; Berry, 1997; Chetouani et al., 2006) 

which includes the demonstration of a prototype maglev train built using super 

conductors. Simon and Geim (2000) demonstrated the theories behind diamagnetic 

levitation in “Diamagnetic levitation: Flying frogs and floating magnets”. Due to the 

low payload capacity and stabilisation issues related to diamagnetic levitation, it is not 

considered suitable for application to this research.  
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2.4.1.3 Active maglev stabilisation 

In modern maglev systems, almost all designs use a servomechanism type 

stabilisation system to maintain the position of the levitated object. In general, this 

technique uses sensors to monitor the position of the levitation, and uses actuators 

(commonly the electromagnetic type) to control the position of the levitated object to 

be at the desired point.  

Figure 2.8 shows a schematic of the servomechanism type stabilisation system. In the 

control algorithm, the levitation position error is calculated between the sensor 

measured position and the command position. The error signal is then sent to a 

controller which commands the actuators to maintain the floating object at a desired 

location. In this research, a servomechanism system is used to stabilise the proposed 

quasi-zero stiffness maglev, with the aim of developing a suitable control algorithm to 

realise high performance 6-DOF levitation control for isolating vibrations. 

Previous researchers have investigated a number of designs for stabilising maglev 

systems (Choi et al., 2003; Gentili & Marconi, 2003; Wang et al., 2005; Khamesee & 

Shameli, 2005; Verma et al., 2005; Yang et al., 2009; Zhang & Menq, 2007; Janssen 

et al., 2012). System noise has also been addressed in some low noise control 

approaches for maglev based isolation systems. Some recent works includes a K-filter 

based design proposed by Yang et al. (2009), which aims to achieve accurate maglev 

 

Figure 2.7: Schematic of spin stabilised magnetic levitation (Simon et al., 1997). 
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positioning for applications where noisy position sensors are used. A back-stepping 

based controller design was reported by Wai and Lee (2008), who have investigated 

three types of back-stepping control approaches designed for maglev rail systems. A 

classic PID control approach was proposed by Su et al. (2004), in which the levitation 

stiffness and damping are directly controlled through the proportional and derivative 

gains of the PID controller. A tracking differentiator was also embedded in the 

differentiation loop to suppress noise. However, in order to realise accurate 

positioning, the designs discussed above all induced high levitation stiffness, which is 

counter to the criterion necessary for vibration isolation, and therefore, cannot be 

applied to the proposed maglev vibration isolator in this research.  

 

 

 

 

 

 

2.4.2 Maglev isolators 

Magnetic levitation has attracted a large amount of research attention for a substantial 

period of time. However, studies and developments related to maglev applied to 

vibration isolation have been mainly concentrated in the last decade. This is partially 

due to the recent improvements in the computational power and affordability of the 

controller hardware which enables flexible and high performance digital control to be 

applied to the maglev systems. This section reviews a few recent examples of 

developments in the maglev vibration isolation field. Other researchers have also 

made substantial contribution to the literature, including Nagaya and Ishikawa (1995), 

Choi et al. (2003), Ding, et al. (2010), Janssen et al. (2013). 
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Figure 2.8: Schematic of servomechanism levitation stabilisation system. 
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2.4.2.1 Single DOF Quasi-zero stiffness vibration isolator 

Robertson et al. (2006) developed a single-DOF quasi-zero stiffness active vibration 

isolator, a photograph of which is shown in Figure 2.9. Using four uniquely located 

permanent magnets, the design is able to create a levitation system whose stiffness 

approaches zero at the equilibrium point (where the gaps between the top and bottom 

pair of magnets are equal). The maglev system is passively stabilised through a 

mechanical coupling hinge in all the DOFs except the vertical direction. At the 

equilibrium position, the maglev is marginally stable vertically. Active stabilisation 

using back-stepping techniques was also applied to regulate the vertical position of 

the levitation.  

 

 

 

 

 

 

 

 

The design of the quasi-zero stiffness maglev concept was compared to a simple 

repelling maglev in terms of vibration transmissibility to demonstrate the advantages 

of the quasi-zero stiffness design. Robertson et al. (2009) further analysed the quasi-

zero stiffness maglev design. Figure 2.10 is a schematic of the maglev spring with 

quasi-zero stiffness at h=0 to isolate displacement x from disturbance vibration y. In 

the figure, large arrows indicate the direction of polarisation of the magnets. Cubic 

magnets are used for the analysis with side length a, distance 2ad between the centres 

of the fixed magnets, and displacement of the floating magnet from the zero stiffness 

Figure 2.9: Photograph of the single DOF quasi-zero stiffness vibration isolator (Robertson et al., 
2006). 
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position of ah. The theoretical transmissibilities of the quasi-zero stiffness maglev 

spring design are shown in Figure 2.11, which shows the normalised force 7	(I, ℎ)vs. 
displacement h curves of the quasi-zero stiffness magnetic system for a range of 

normalised gap d. Single points correspond to the exact solution; solid lines 

correspond to the approximation given by Eq. (15) in the paper. The force vs. 

displacement curves clearly show that the system achieved localised zero stiffness at 

h=0, which is termed ‘quasi-zero stiffness’. It was shown in the research presented in 

this thesis that this unique quasi-zero stiffness maglev design has the potential to 

realise quasi-zero stiffness in all six DOFs, and forms the fundamental concept for 

this research project. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.10: Schematic of a maglev spring with quasi-zero stiffness at h=0 (Robertson et al., 2009). 

Figure 2.11: Theoretical transmissibilities of the maglev spring (Robertson et al., 2009). 
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2.4.2.2 Maglev vibration isolator with infinite stiffness 

A single DOF vibration isolation table was developed by Mizuno et al. (2007) using 

magnetic levitation for isolating onboard payload vibration. A schematic of the 

mechanical system and an outline of the maglev components are shown in Figure 2.12. 

In this design, the system aims to actively attenuate the onboard vibrations and reject 

step disturbances from payload changes. A so called zero compliance control 

algorithm was applied, using a PD controller, to create a negative stiffness component 

(Mizuno et al., 2003) so that the overall system stiffness is infinitely large. This can 

be explained mathematically by the following. According to Figure 2.12(b), the 

overall system stiffness can be written as 

0 = 0$0�0$ + 0� + 0J 			, (2.2) 

where k1 is the spring stiffness supporting the maglev component, k2 is the effective 

stiffness of the maglev component, and kd is the spring stiffness supporting the table 

top (��). The controller in this system aims to realise a negative stiffness using the 
maglev component such that k2 = −k1. Therefore, the overall stiffness k approaches 

infinity.  

 

 

 

 

 

 

 
Figure 2.12: Schematic of the single DOF vibration isolation table (Mizuno et al. 2007). 

k2 

(a): Schematic of the mechanical system (b): Highlight of the maglev components 
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The zero compliance theory aims to create a linkage between the table top and the 

ground with infinite stiffness, so that the onboard disturbances will not result in table 

top displacement. Therefore, the structure has no compliance to external forces, and 

the position of the table top can be stabilised. Figure 2.13 shows the measured 

frequency response of the physical system. During the test, the table top was excited 

using an electromagnet with a harmonic force output. The frequency response was 

calculated using the force input as the input signal, and the table top/middle mass 

displacements as the output signal. From Figure 2.13, the isolation table demonstrated 

the ability to actively reduce the on board disturbances.  

 

 

 

 

 

 

 

 

 

 

The zero compliance design theory was not only used in single DOF systems, but was 

also applied to build a multi-DOF maglev isolator. A 3-DOF isolation table was 

designed and built by Hoque et al. (2006) based on the zero compliance theory. 

Figure 2.14 and Figure 2.15 shows a photograph and schematics of the developed 

system respectively. In this 3-DOF system, three of the zero-compliance magnetic 

 

Figure 2.13: Frequency response of the vibration isolation table to direct disturbance (Mizuno et al. 
2007). 
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control units (Figure 2.15) were applied to realise active direct disturbance rejection 

in the vertical, pitch and roll directions. 

 

 

.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In this multi-DOF system, the infinite stiffness control was carried out using both 

localised and centralised approaches. The localised method commands the three 

actuators individually through three SISO (Single Input Single Output) controllers, 

whereas the centralised control method (mode control) sends commands to all the 

actuators using a three channel MIMO (Multiple Input Multiple Output) controller. In 

both control modes, the isolation system showed the ability of attenuating onboard 

 

Figure 2.15: Schematics of the 3-DOF zero compliance vibration isolator system components 
(Hoque et al., 2006). 

 

Figure 2.14: A photograph of the 3-DOF zero compliance vibration isolator (Hoque et al., 2006). 
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disturbances in the three DOFs. However, the results also indicated that s no ground 

vibration isolation was achieved at low frequencies. 

Based on the zero compliance design theory, Mizuno et al. (2006) also investigated a 

6-DOF system built with six of the negative stiffness magnetic actuators. A 

photograph of the developed isolation table is shown in Figure 2.16. In the 6-DOF 

design, multiple actuators and zero-compliance maglev components (shown in Figure 

2.17, subsystems 1 to 4 and actuators a to f) were used to realise the zero compliance 

control in all the six DOFs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.16: A photograph of the 6-DOF zero compliance vibration isolation table (Mizuno et al., 
2006). 

 

 

Figure 2.17: Schematic of the 6-DOF zero compliance vibration isolation system components 
(Mizuno et al., 2006). 
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The zero compliance design theory aims to attenuate the onboard vibration generated 

by the payload by introducing an infinite stiffness ground coupling effect, which 

contradicts the interests of isolating the payload from ground-borne vibrations. The 

rigid linkage created by the negative stiffness control assists all ground vibration to 

propagate through to the payload without any attenuation, and even magnifies the 

vibration around resonance frequencies. Therefore, this method is not considered 

suitable for applications in this research. 

2.4.2.3 HSLDS vibration isolator 

The HSLDS (High Static Low Dynamic Stiffness) isolator design (Zhou & Liu, 2010) 

is a passive method that uses a static electromagnetic field to augment the magnetic 

field from permanent magnets. The resultant magnetic field is controlled by altering 

the characteristics of the electromagnetic field. Figure 2.18 shows the structure of the 

HSLDS isolator, and Figure 2.19 is the experimentally measured force-displacement 

relationship between the mass (permanent magnet) and the electromagnets. 

From Figure 2.18, it can be seen that the flat beam used to support the permanent 

magnet has a higher stiffness in the vertical direction and a lower stiffness 

horizontally. Therefore, the device is able to support a heavy payload while isolating 

horizontal disturbances with a low stiffness. When electric current is supplied to the 

coils of the electromagnets, the resultant force-displacement relationship is changed 

accordingly. Figure 2.19 shows several curves corresponding to to different values of 

current magnitudes. The slope of these force-displacement curves represents the 

stiffness of the magnetic coupling. It can be seen that with certain electric current, the 

stiffness is almost zero for a small range of displacement values (marked by the black 

dots on Figure 2.19), which indicate that this design is able to achieve a near-zero 

stiffness for isolating horizontal vibrations. One disadvantage of this design is that it 

has continuous power consumption in order to generate the static electromagnetic 

field. Furthermore, it only offers isolation in a single DOF. 
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Figure 2.18: Structure of the HSLDS isolator (Zhou & Liu, 2010). 

 

Figure 2.19: Interacting forces between the mass and the EM for varying currents through the 
electromagnets (Zhou & Liu, 2010). 
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2.4.2.4 Nonlinear vibration isolator with quasi-zero stiffness 

As introduced in Section 2.2.4, multiple supporting elements can be combined to 

create structures with quasi-zero stiffness. Xu et al. (2013) proposed and analysed a 

nonlinear magnetic vibration isolator with quasi-zero stiffness characteristic. Figure 

2.20 shows a system schematic and CAD model of their nonlinear magnetic vibration 

isolator. 

 

 

 

 

 

 

 

In Figure 2.20(a), C, ℎ, K, EL and � represent the geometric parameters of the system 
as labeled. 0 is the vertical spring stiffness, 7* is the spring compression force from 
the payload weight, and x is the vertical payload displacement from the equilibrium 

point (A) where the vertical spring force equals the payload weight. The system 

design uses a compressed (by M) vertical coil spring to support the weight of the 
payload, and two sets of permanent magnet pairs on both sides of the spring to create 

negative stiffness. The negative stiffness created by the magnet pairs counteracts the 

positive stiffness of the vertical spring through the oblique connecting rod, and the 

whole system is tuned by adjusting the distance between the magnets (�) to realise 
quasi-zero stiffness. Figure 2.21 shows the theoretical vertical stiffness of the isolator 

for various magnet separations, where � and �NOH are the magnetic separation and the 
separation required to realise quasi-zero vertical stiffness. The figure clearly shows 

that the stiffness of the isolator is zero in the vertical direction at 1 = 0  when � = ��	
. 

Figure 2.20: Nonlinear vibration isolator with quasi-zero stiffness characteristic (Xu et al., 2013). 

 
 

(a) Schematic representation of the QZS system 
in the initial position before loading a mass. 1-
Fixed magnet, 2-free sliding magnet, 3-
connecting rod, 4-coil spring, and 5-linear 

guide. 

(b): Prototype model of the proposed isolation 
system. 
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Xu et al. (2013) successfully demonstrated the quasi-zero stiffness characteristic of 

the proposed isolator system in a single-DOF. However, this design used guide rails 

and linear bearings for mechanical constraint purposes. The stiction between moving 

components can significantly degrade the system performance with low acceleration 

excitations. In addition, the accurate tuning required to achieve the quasi-zero vertical 

stiffness may be difficult in practice since the isolator stiffness may not be easily 

observable. 

2.5 Research gaps and significance 

The aim of this research is to develop a novel approach for ground-borne vibration 

isolation, which has the potential to substantially improve the isolation performance 

over the previous passive and active isolator designs. To achieve this aim, firstly, the 

literature of vibration control was investigated to identify the factors that limit the 

performance of the previous isolator designs. Novel design concepts were then 

proposed to address the identified disadvantages. The following subsections 

summarise some of the main gaps associated with the existing vibration control 

techniques. 

Figure 2.21: Stiffness of the system when � < ��	
, � = ��	
 and � > ��	
 (Xu et al., 2013). 
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2.5.1 6-DOF ultra low stiffness payload support 

A few methods have been reported to be able to achieve low stiffness payload support 

(Winterflood et al., 2002; Zhou & Liu, 2010; Janssen et al., 2013; Xu et al., 2013). 

However, these methods are only capable of realising low stiffness support in one 

DOF, which limits the vibration isolation performance in practical applications since 

vibrations are normally contained in more than one direction.  

Robertson et al. (2006 & 2009) proposed and analysed a maglev vibration isolator 

which uses a maglev system to create a vertical spring that has quasi-zero stiffness at 

the equilibrium point. In the research presented in this thesis, it was discovered that 

the quasi-zero stiffness maglev arrangement has the potential to provide quasi-

zero/zero (quasi-zero stiffness in the vertical direction and zero stiffness in all the 

other directions) stiffness in all six DOFs (Section 3.6), and is thus investigated in this 

research as a method to achieve high performance vibration isolation. 

2.5.2 Non-contact payload support 

The maglev vibration isolation approach presented in this thesis utilises a non-contact 

payload supporting mechanism. It completely eliminates friction and cogging that are 

inevitable in conventional supporting components such as spring-dampers and linear 

guides. Furthermore, parasitic modes in the spring elements observed at higher 

frequencies are also avoided. Non-contact vibration isolation is particularly beneficial 

for high-precision measurements such as scanning tunnelling microscopy and atomic 

force microscopy where vibration level of less than 1gal (0.01m/s
2
) is obstacle. G. 

Binnig, a Nobel laureate, was the first person who succeeded in visualising a shape an 

atom. After encountering a series of hardships for isolating ground vibration, his final 

success was at the feat of introducing a non-contact levitation exploiting 

superconductivity for isolating ground vibration. 
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2.5.3 Inherent design trade-off between payload capacity and 

vibration attenuation 

As mentioned previously that an inherent trade-off exists in isolator designs where 

payload is supported using a resilient structure. The trade-off between payload 

support and vibration isolation significantly limits the performance of conventional 

designs since the mechanical support of the payload is often stiffened in order to carry 

the required payload weight with allowable isolator deflection. 

In order to achieve improved vibration isolation performance over the conventional 

designs, in this research a novel 6-DOF nonlinear maglev system is proposed as a 

method of isolating ground-borne vibration. It enables quasi-zero stiffness payload 

support in all six DOFs while also providing a static levitation force to support the 

payload. The work of this project also includes the development of an adaptive-

passive payload support system (Section 3.7), which monitors the payload inputs 

(weight and torques) in real-time and adapts to the payload changes by adjusting the 

mechanical layout of the isolation system. This unique control algorithm allows the 

isolation system to avoid the design trade-off between load capacity and isolation 

performance, through which, the system performance (both vibratory and electrical) 

can be improved substantially. 

2.5.4 Autonomous maglev system tuning 

There have been a great number of vibration isolator designs proposed for improving 

various aspects of system performance. In some designs (Yi & Song, 1999; 

Winterflood et al., 2002; Zhou & Liu, 2010; Azadi et al., 2011; Xu et al., 2013), the 

mechanical structure needs to be modified to optimise the system performance when 

there is a change to the system physical parameters, such as changes in payload 

weight, or changes in disturbance frequency or amplitude. Previously, the required 

modifications could only be carried out by either replacing system components (for 

example, by replacing the mechanical spring to change the structural stiffness), or 

manually changing the system mechanical properties using preinstalled adjusting 

mechanisms (such as creating initial internal stress using a built-in pretensioner). 
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These methods all result in operation down time and, sometimes, performance 

degradation due to inaccuracies inherent to the manual processes. To the author’s best 

knowledge, no auto-tuning algorithms have been applied to any maglev vibration 

isolators to optimise the system performance. 

To address this gap, part of the aim of this research is to develop an auto-tuning 

algorithm (Section 5.4) that monitors the system performance parameters in real-time, 

and adjusts the physical layout of the system autonomously to maintain the optimised 

performance. 

2.5.5 6-DOF fully active skyhook damping 

As mentioned in Section 2.3.4, velocity feedback approaches have been recognised as 

effective and robust methods for active vibration control. They have been previously 

studied for many applications (Alleyne, 1995; Yoshimura et al., 1997; Li & Goodall, 

1999; Liu et al., 2005; Liu et al., 2008) including active/semi-active suspensions and 

machine vibration isolation, where artificial damping forces were used to reduce the 

amplitude of the system peak response.  

Magnetic levitation is a non-contact payload support method with very limited 

inherent damping. Therefore, to improve the performance of maglev systems as 

vibration isolation devices, artificial damping is often required to control the peak 

response of the maglev. Skyhook damping is a method to produce damping effect in 

the inertial space since the damping force is applied according to the motion of the 

object relative to the inertial frame. It offers several advantages over traditional active 

damping systems where the target motion is measured relative to a fixed object 

(demonstrated in Section 3.2.2). However, the literature contains limited studies on 

the application of skyhook damping in a multi-DOF maglev system. This research 

investigates the method to develop a 6-DOF skyhook damping system, which allows 

artificial damping forces to be applied in a 6-DOF inertial frame. The development of 

a 6-DOF skyhook damping system is expected to reduce the vibration transmissibility 

of the maglev isolator close to the system resonance frequencies.   
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Chapter  3 

3 Background Theory and Methods 

3.1 Introduction 

In this research, a quasi-zero stiffness magnetic levitation system is proposed, which 

forms the fundamentals of a novel maglev vibration isolation system. It is not only 

able to provide quasi-zero/zero stiffness magnetic coupling in all six DOFs, but can 

also generate supporting forces/torques to passively balance the static disturbances in 

all six directions. 

This chapter explains the theoretical background of the magnetic levitation system, as 

well as the methods used to realise the designs. It starts with modelling of the maglev, 

which includes a kinematic model to demonstrate the arrangement maglev, and a 

dynamic model to analyse the system response to external forces and torques. 

Following the system modelling, current methodologies on calculating multi-

dimensional magnetic forces are reviewed in Section 3.4, which also includes an 

explanation of the 1D approximation method proposed in this research to model the 

3D system and increase calculation speed for real-time control and simulation 

purposes. Section 3.5 introduces the polynomial regression method used to derive a 
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numerical model for calculating the forces and torques, which further reduce the 

calculation time by one order of magnitude. After introducing the calculation method, 

Section 3.6 demonstrates how the quasi-zero stiffness levitation is established in the 

6-DOF space. The cross coupling effects between the translational and rotational 

DOFs are explained as well. Examples of theoretical applications of the cross 

forces/torques for balancing the external disturbances adaptive-passively are also 

shown in Section 3.7.   

 

3.2 Significance of stiffness and damping 

The two most important system parameters of a vibration isolation system are the 

stiffness and the damping ratio of the supporting structure. The amplitudes of these 

two parameters predominately define the performance of the vibration isolation 

system. Therefore, discussions are presented in this section to demonstrate how the 

vibration isolation performance can be improved by the proposed quasi-zero/zero 

stiffness maglev isolator. 

3.2.1 Vibration transmissibility and isolator compliance 

It was demonstrated in Section 2.2.2 that vibration isolation systems are only effective 

to disturbances with frequencies above the 0dB crossover frequency. To optimise the 

performance of a vibration isolator, in terms of minimising its vibration 

transmissibility, the system natural frequency is normally preferred to be as low as 

possible without compromising the other performance criteria (such as the allowable 

isolator compliance). The precise analytical relationship between the isolator stiffness 

and natural frequency is dependent on the stiffness behaviour of the supporting 

structure. For single DOF systems with linear stiffness, the relationship is simply: 

78 = $�; < =>, where 78, 0 and � are the natural frequency, stiffness and payload mass 
of the isolation system. However, for a non-linear vibration isolator, the relation 

between the system stiffness and natural frequency is determined by the unique 

nonlinearity of the individual system, as well as being related to the amplitude of the 



3.2 Significance of stiffness and damping 

47 

 

disturbance. The behaviour of such nonlinear vibration isolators is typically analysed 

using specialised nonlinear analysis software. Therefore, for simplicity, linear 

examples are used here to demonstrate the significance of the isolator stiffness. 

Figure 3.1 is a schematic of a single-DOF spring-damper vibration isolator subject to 

ground excitation. The dynamics of this single DOF isolator are described as 

�1P + (1Q − 2Q ) + 0(1 − 2) = 0   , (3.1) 

where �,  and 0 are the payload mass (in kg), the damping coefficient (in 	N/ms��) 
and the spring stiffness (in N/m) respectively. 

 

 

 

 

Figure 3.2 is a plot generated using Equation (3.1) with various supporting stiffness. 

As discussed previously, vibration isolators are only effective for rejecting 

disturbances at frequencies above the 0dB crossover frequency. From Figure 3.2, for 7 > 78, the vibration transmissibility at each individual frequency increases with the 
increasing system stiffness. The increase in system stiffness also causes an increase in 

the peak response of the isolator since the stiffness increase effectively reduces the 

system damping ratio. Therefore, to reduce the amount of vibration transmitted to the 

payload, the stiffness of the isolator is preferred to be as low as possible. 

  

 

Payload (m) Payload 

Figure 3.1: Schematic of a single-DOF linear spring-damper isolator subject to ground excitation. 
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When the payload is supported by a resilient structure with linear stiffness, such as a 

mechanical spring with linear stiffness, k, the static deflection, d, resulting from the 

dead weight of the payload, w, is I = R/0. Therefore, in order to reduce the static 
deformation, which is often necessary due to operational requirements or spatial 

restrictions in the design, a larger stiffness is preferred. This is contrary to the 

requirements for reducing the vibration transmissibility. Therefore, the design of a 

traditional vibration isolator can only optimise one performance factor by sacrificing 

the performance of the other. 

In the 6-DOF maglev vibration isolator design proposed in this thesis (Section 4.2), 

instead of generating the payload supporting force from the deformation of an elastic 

structure or mechanical springs, two pairs of rare earth magnets are used to provide 

the static supporting force. Through the proposed control systems (Section 5.3), the 

separating distances between the magnets are actively adjusted according to the real-

time payload condition so that the static magnetic supporting forces balance the 

payload weight. Therefore, in the proposed 6-DOF maglev isolator design, it is not 

necessary to undesirably stiffen the supporting structure to avoid excessive static 
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Figure 3.2: Vibration transmissibility plot using Equation (2.1) with different supporting stiffness,  = 1	N/ms��; � = 1	kg. 
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deflection of the isolator. Section 3.6 will also demonstrate how the nonlinear 

magnetic forces are used to generate quasi-zero stiffness levitation in the vertical 

direction. 

3.2.2 Relative damping and inertial space damping 

Damping is an effective approach for dissipating vibration energy and reducing the 

amplitude of oscillations. It exists in almost all vibration isolation devices. Damping 

can be introduced by three ways: passive damping, such as through a mechanical 

dashpot; active damping, such as by a servo damper with speed sensor and force 

actuator; and semi-active damping, such as using a mechanical viscous damper with 

an actively controlled flow rate valve to adjust the magnitude of the damping force. In 

general, the purpose of these mechanisms is to exert a damping force ((J)	on the 
target object to oppose its motion. There are four common types of damping system 

models, which are Coulomb damping, viscous damping, aerodynamic damping and 

structural damping. The relationship between the damping force ((J) and the motion 
of the object (1	and	1Q ) for these four types of damping models are 

(J = −V=W (Coulomb damping) (3.2) 

(J =	−B1Q  (Viscous damping) (3.3) 

(J =	−X1Q� (Aerodynamic damping) (3.4) 

(J =	−ℎ1 (Structural damping) (3.5) 

where x and 1Q  are the displacement and velocity of the object; 	V=  and W  are the 
kinetic friction coefficient and normal contact force between the object surfaces 

respectively; and B , X  and ℎ  represent the damping coefficient for the viscous 
damping, the aerodynamic damping and the structural damping, respectively. In 

engineering applications, especially for vibration attenuation purposes, viscous 
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damping is the preferred damping model due to the linear relationship it has between 

the damping force and the velocity of the object. It is also the chosen damping model 

in this research for realising the 6-DOF skyhook damping, which will be described in 

Chapter 7.  

It was briefly discussed in Section 2.3.3 that the motion of an object can be expressed 

in both relative and inertial space. In damping systems, the choice of reference space 

significantly affects the performance of the damping system, especially for 

disturbance frequencies above the 0dB crossover frequency. Figure 3.3 shows 

examples of both relative space damping and inertial space damping (also known as 

skyhook damping). In Figure 3.3(a), the damper is attached between the base and the 

payload. Therefore, the damping force on the payload is dependent on the relative 

velocity between the payload and the fixed base. However, in Figure 3.3(b), the 

damping effect exists between the fixed inertial frame and the payload, and the 

magnitude of the damping force is calculated based on the absolute velocity (the 

velocity relative to a fixed inertial space) of the payload.  

 

 

 

 

 

 

Under base excitation, the dynamics of the systems described by Figure 3.3(a) 

(relative damping) and Figure 3.3 (b) (inertial damping) can be written as 

�1P + (1Q − 2Q ) + (1 − 2)0 = 0 , and (3.6) 
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Figure 3.3: Comparison between relative damping and inertial space damping. 
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�1P + 1Q + (1 − 2)0 = 0 (3.7) 

respectively. The displacement transmissibility of these systems under base excitation 

can be calculated by (Meirovitch, 1986)  

,Y = 12 = 3 1 + Z26(7/78)1 − (7/78)� + Z26(7/78) (3.8) 

,[ = 12 = 3 11 − (7/78)� + Z26(7/78) (3.9) 

respectively, where 0 is the spring stiffness, � is the payload mass, 6 is the relative 
damping ratio defined as 6 = ?�√=>, and 7 and 78 are the disturbance frequency and 
system natural frequency respectively. The subscripts r  and i  represent relative 
damping and inertial damping, respectively. 

Figure 3.4 and Figure 3.5 show the frequency response of the payload relative to a 

base excitation under relative damping and inertial space damping respectively. In 

terms of vibration transmissibility, the inertial space damping has clear advantages 

over the relative damping method.  
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Figure 3.4: Displacement transmissibility of a linear vibration isolator with relative damping. 
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In Figure 3.4, the relative damping method has shown its effectiveness in attenuating 

the peak response when the system is driven at the natural frequency (7/78 = 1). 
However, beyond the 0dB cross over frequency at √278  (refer to Figure 2.1), the 
relative damping mechanism starts to adversely affect the isolation performance as 

shown in Figure 3.4, where the vibration transmissibility increases with increasing 

damping ratio. This can also be explained by considering the physical behaviour of 

the damper. In relative damping, the damping force is directly proportional to the 

relative speed of the payload to the base. Under base excitation, the damping effect 

resists the relative motion between the base and the payload. Therefore, relative 

damping attenuates the payload vibration when the transmissibility is greater than one, 

and increases the payload vibration when the transmissibility is smaller than one. The 

extreme scenario for relative damping is when 6 → ∞ , which results in a rigid 
connection between the payload and the base, achieving no vibration isolation. This 

often results in a trade-off in designing the damping coefficient for a relatively 

damped system as higher amplitude attenuation at the system natural frequency 

ultimately leads to transmissibility increase at higher frequencies.   

The trade-off in the selection of the damping ratio mentioned above does not exist for 

inertial space damping systems. Figure 3.5 shows that the inertial space damping has 

the ability to achieve significant reduction of the system peak response without 
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Figure 3.5: Displacement transmissibility of a linear vibration isolator with inertial space damping. 
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affecting the vibration isolation performance at higher frequencies. It is also 

demonstrated that the inertial space damping is able to attenuate the transmissibility to 

below 0 dB at frequencies lower than the system natural frequency. The effectiveness 

of the inertial space damping can be explained by taking the same extreme scenario 

where 6 → ∞. In this case, there exists a rigid connection between the payload and the 
fixed inertial space. Therefore, the payload remains stationary constantly, thus 

achieving full vibration isolation, i.e., the vibration transmissibility equals zero. 

However, practically constraints often restrict the maximum damping effect 

achievable from an inertial space damping system. The operation of inertial space 

damping relies on the accurate measurement of the absolute payload velocity in the 

inertial space. Fundamentals of physics suggest that it is impossible to practically 

measure the vibration velocity of the payload in the inertial space. Current methods of 

estimating the inertial space velocity often have poor performance at low frequencies 

due to the inherent dynamics of the measuring equipment. In addition, generation of 

damping forces in proportion to the payload absolute velocity often requires active 

feedback control systems. The phase shifts typically inherent to low frequency 

velocity measurements can destabilise the controller when the artificial damping 

coefficient is high. Therefore, the practical performance of inertial space damping is 

significantly limited by the performance of the velocity measuring sensors. 

In this research, a 6-DOF inertial space damping system (referred to as skyhook 

damping) is proposed to actively attenuate the vibration of the floater assembly. 

Chapter 7 will demonstrate the underlying theory and the designs of the 6-DOF 

skyhook damping system, as well as a method developed to improve the low 

frequency performance of the geophones that are used as the absolute payload 

velocity sensors. 
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3.3 Modelling the maglev system 

In order to analyse and demonstrate the proposed magnetic levitation concept, both 

kinematic and dynamic models of the maglev isolation system are presented in this 

section. The kinematic model explains the physical formation of the maglev, and the 

dynamic model describes the maglev response to external forces.  

3.3.1 Kinematic model of the maglev 

The structure of the proposed 6-DOF quasi-zero stiffness maglev is shown in Figure 

3.6. It contains four rare earth magnets, two fixed (Magnets 1 and 4), and two floating 

(Magnets 2 and 3). The floating magnets are held together with a linkage bar to form 

a rigid assembly, which is named the “Floater”. The floater assembly is coupled with 

the fixed magnets by magnetic forces only. It is able to move freely in all six DOFs. 

Therefore, when connected to the payload, the floater carries the payload and also acts 

as a vibration isolator. 

 

 

 

 

 

 

 

 

In Figure 3.6, the directions of the magnetisation are indicated using both letters and 

colours, with N (blue) and S (red) representing the north and south poles of the 
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Figure 3.6: Schematic of the magnetic levitation system 
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magnets respectively. The magnets are located such that the top pair (Magnet 1 and 2) 

has an attractive force between each other, and the bottom pair (Magnet 3 and 4) has a 

repulsive force. The benefits of this maglev arrangement will be demonstrated in the 

subsequent sections in this chapter.  

The forces between the top and bottom pairs of magnets are indicated as F12 and F34 

respectively, which are the vector representations of the forces in the translational 

directions, written as F12 = [F12X, F12Y, F12Z]
T
 and F43 = [F43X, F43Y, F43Z]

T
. The 

method used for calculating these forces is introduced in Section 3.4. 

In this thesis, the 6-DOF geometric space used to define the dimensions and the 

physical parameters is a Cartesian coordinate system as shown in Figure 3.6. The 

individual directions in the space are named according to the Right Hand Rule, with 

the translational directions denoted as X, Y and Z, and the rotational DOFs as α, β and 

γ. The rotational directions may also be referred to as the pitch, roll and yaw 

directions respectively in some parts of the thesis.  

3.3.2 Dynamic model of the maglev system 

In order to mathematically simulate the performance of the maglev isolation system, a 

dynamic model of the maglev was built using state space modelling. The differential 

equations governing the motion of the floater in the six DOFs are 

`
�1P = (* + 7* = 0�2P = (+ + 7+ = 0�aP = () + 7) = 0b**cP = ,* + d* = 0b++eP = ,+ + d+ = 0b))fP = ,) + d) = 0gh

i
hj
 (3.10) 

where m is the floater mass, 1, 2, a,	c, e, f	are the floater displacements within each 
DOF, and b[[ is the floater moment of inertia around the ith axis. ([ and ,[ represent the 
magnetic forces and torques generated between the permanent magnets. In the maglev 

design shown in Figure 3.6, the fixed magnets are attached to the ground and support 

the floater assembly. Hence, under ground excitation, the disturbances to the maglev 
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system are considered to result in relative displacements between the fixed magnets 

and the floating magnets, which subsequently cause force variations between the 

magnets. Therefore, the ground disturbances to the maglev system are included in the ([  and ,[  terms. Section 3.4 will demonstrate the calculation methods used to 
determine the magnetic forces and torques generated between the magnets. In 

Equation (3.10), 7[ and d[ are the external forces and torques generated by the active 
control systems, which are used for maglev stabilisation and active vibration 

attenuation purposes. Chapter 5 will demonstrate the detailed controller designs. 

In a state space dynamic model, a stiffness term is generally included to describe the 

dynamic forces contributed by the system stiffness. In the 6-DOF maglev isolator 

model, the stiffness of the maglev system is nonlinear and quasi-zero around the 

nominal operating point in the vertical direction (when the centre of the floater is at 

the midpoint between the two fixed magnets, also explained in Section 3.6). Therefore, 

in the dynamic model of the 6-DOF maglev system, it is convenient to consider the 

floater to be a floating mass under no external constraint, and then treat the magnetic 

forces and torques (([ and ,[) as the external force inputs to the floater so that the non-
linear force-displacement relationship of the maglev system is handled by an 

additional non-linear model outside the linear state-space model of the floater, which 

is explained in Section 3.4. The block diagram shown in Figure 3.7 illustrates the 

integration of the non-linear force calculation and the linear state-space model of the 

floater. The mathematical expressions are shown in Equations (3.11) and Equation 

(3.12). The proposed 6-DOF maglev vibration isolator design allows the floater to be 

levitated without any physical contact to the supporting structure. Therefore, the 

passive damping forces on the floater can only arise from two possible sources, the air 

resistance due to the relative motion between the floater and the surrounding air, and 

eddy current drag due to the relative motion between the magnets and the adjacent 

metallic supporting structure. The design of the maglev vibration isolator 

(demonstrated in Section 4.2) was made with considerations for minimising the eddy 

current drag (by keeping sufficient separations between the magnets and the metallic 

components), and the aerodynamic drag on the floater is expected to be extremely 
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small due to the low motion speed of the floater. Therefore, the total passive damping 

force on the floater is considered to be negligible, and the associated damping terms 

in the system dynamic model were ignored. 
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3.4 Calculation of magnetic forces and torques 

Analytical methods for calculating magnetic forces and torques have been previously 

investigated by a number of researchers (Akoun & Yonnet, 1984; Nagaraj, 1988; 

Furlani, 1993; Trimboli et al., 1994; Carrella et al., 2008; Ravaud et al., 2009; 

Ravaud et al., 2010; Janssen et al., 2010; Robertson et al., 2010). The proposed 

methods provide analytical solutions to calculate forces between both electric and 

permanent magnets of many shapes. This section describes the method used in this 

research for modelling the forces between magnets, as well as the modifications used 

to apply existing techniques to the system under consideration in this project.  

3.4.1 3D to 1D calculation simplification 

A key component of this research is the use of numerical simulations to model the 

dynamics of the proposed design. The feedback and feed-forward controls (Chapter 5) 

used to achieve stabilisation and disturbance rejection are necessary parts of the 

simulation. The desired analysis range for the transmissibility is 0-50Hz. To 

successfully model the controllers, an order of magnitude higher bandwidth is 

required in the simulation, i.e., 0-500Hz. Therefore, to avoid aliasing and stability 

issues in the continuous to discrete transformations necessary for simulation of the 

digital control, a sample rate of 1kHz is required. Calculation of the magnetic forces 

in the 3D space is generally very complicated. For the simulation undertaken here, 

two seconds of Matlab run time is typically required to obtain an estimation of the 

magnetic forces for one set of pose coordinates. This means that the 1kHz sampling 

rate used in the simulation will lead to approximately 2000 seconds of computer run 

time to obtain a 1 second record of simulated data, which is time consuming and 

impractical for research purposes. Therefore, to reduce the calculation time, in this 

research the 3D forces are approximated using a simplified single DOF method. 

In the 3D calculations, all the forces in the X, Y and Z directions have to be modelled 

and calculated individually. However, with 1D approximations, the necessary 

modelling is reduced to only the coaxial force between the two magnets. Forces in 
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each DOF can then be obtained simply through the geometric relationships between 

the three directions. Figure 3.8 shows a schematic of this approximation in the YZ 

plane, where I+  and I)  are the magnet separations in the Y and Z direction 
respectively. Two cases with equivalent relative positions of the magnet centres are 

shown to demonstrate the differences between the 3D and 1D calculation. In Figure 

3.8(a), all the forces { = [(*, (+, ()]  are calculated explicitly using the method 
described by Akoun and Yonnet (1984). This method was programmed in Matlab by 

Robertson (2010) to perform the calculation. This method is relatively 

computationally expensive, and the calculation of forces is needed in all three 

directions. In contrast, the simplified 1D case (Figure 3.8(b)) only requires the coaxial 

(where the centre lines of the magnets are aligned) force ((X) to be calculated using a 
considerably more simplified method proposed by Robertson (2009). In order to 

obtain forces in the three directions (X, Y, Z), the coaxial force is then projected onto 

the three axes of the coordinate system using the geometric transformation described 

in Equation (3.13). The combination of the coaxial force calculation and the 

geometric transformation is a significantly simpler method compared to the full 3D 

force calculation. 

(* = (XI*
<I*� + I+� + I)�

(+ = (XI+
<I*� + I+� + I)�

() = (XI)
<I*� + I+� + I)�

 (3.13) 
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A comparison between the force calculations using both the 3D and the 1D methods 

is shown in Figure 3.9 for the example case shown in Figure 3.8. Table 3.1 shows the 

geometric and magnetic parameters used in the force calculation. 

 

 

 

 

 

 

 

 

 

 

Table 3.1: Physical parameters used in the 3D and 1D force calculations 

Parameter Value 

Magnet length 40mm 

Magnet width 40mm 

Magnet height  20mm 

Magnetisation 1.48T 

Vertical distance between 
magnet centres (I)) 100mm  

Horizontal distance between 
magnet centres (I+) -10mm to 10mm 

 

The 1D approximation to the 3D forces was found to be reasonably accurate with 

small non-coaxial displacements (within about 10% of the coaxial displacement). For 

example, as shown in Figure 3.9, the 1D approximation is reasonably accurate 

when 	|I+| ≤ 0.1I) . For the 100mm magnet vertical separation, the horizontal 

Figure 3.9: Comparison between the 3D method and the 1D approximation for calculating FY. 
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displacement range shown in the figure is −100mm ≤ I+ ≤ 100mm . The error 
(difference between the 1D and the 3D method) between the 1D and 3D methods 

remains within 0.17N throughout the -10mm to 10mm displacement range. Despite 

the small errors in the 1D approximation method, the magnetic force displacement 

relationship predicted by the 1D method fits the 3D results relatively well. It is not a 

primary focus in this research to accurately model the magnetic forces, and the 1D 

approximation provides a significant calculation time reduction. Therefore, the small 

calculation error introduced by the 1D approximation method is considered to be an 

acceptable compromise with computational speed in this research for investigating the 

stiffness behaviour of the proposed maglev system (shown in Section 3.6).  

The above calculations and comparisons were based on cubic shaped magnets rather 

than cylindrical magnets used in the system model (Figure 3.6). This is due to the fact 

that, to the author’s best knowledge, there was no practical approach available for 

calculating the 3D forces between cylindrical magnets when this analysis was carried 

out. A method of force calculation between cylindrical magnets was only available for 

estimating the coaxial forces, which is another reason why the 3D to 1D 

transformation is necessary for the modelling and simulation components of this 

research. It is considered reasonable to assume that both cubic and cylindrical 

magnets have similar force-displacement behaviours in the scenarios analysed here. 

Therefore, the 1D approximation method is also considered suitable for cylindrical 

magnets. 

3.4.2 1-D calculation of forces between cylindrical magnets 

The design of the proposed maglev vibration isolator (Section 4.2) uses cylindrical 

magnets to achieve the levitation. Therefore, the modelling and simulation of the 

proposed maglev vibration isolator was based on cylindrical magnets. Ravaud et al. 

(2010) proposed a method for estimating forces between coaxial cylindrical magnets. 

The method was simplified by Robertson et al. (2011) to improve its usability. The 

simplified equation for calculating the coaxial force between two cylindrical magnets 

is (Robertson et al., 2011) 
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(x = b$b�2VL � � K$K�K&7′x[−1]���%
��&

�
��$ 		, (3.14) 

where the intermediate expression is 

7′x = �5K%) − 1K� �5K%) + �K$�K&� − 1�Π � K%1 − K� |K%�		, (3.15) 

in which the new parameters are 

K$ = a� − a� 
K� = [�$ − ��]K$� + 1 

K&� = [�$ + ��]� + K$� 
K% = 4�$��K&� , 0 < K% ≤ 1		. 

(3.16) 

In Equations (3.14), (3.15) and (3.16), b$ and  b� are the magnetisations of the magnets 
in Tesla, VL = 4� × 10��NA��  is the magnetic constant, �5�), �5�) and Π5�|�) 
are the complete elliptic integrals of the first, second, and third kind respectively 

(more details on the elliptic integrals can be found in Robertson et al., 2011), and �$ 
and �� are the radii of the two cylindrical magnets having the axial positions of their 
faces at a$, a�, a& and a% shown in Figure 3.10. 
  

N  S 
N    S 

Z a$ a� a& a% 

�$ �� 
Magnet 1 Magnet 2 

Figure 3.10: Schematic of two coaxial cylindrical magnets. 
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Robertson et al. (2011) have also provided a Matlab script that can be used to 

conveniently perform the calculations for the forces between cylindrical magnets. The 

Matlab script was used together with the 1D approximation introduced previously to 

calculate the magnetic forces between the cylindrical magnets in the 3D space. The 

calculation results presented from Section 3.5 onwards are all based on cylindrical 

magnets. Table 3.2 lists the physical properties of the cylindrical magnets used, which 

correspond to the magnets selected for the mechanical design of the maglev vibration 

isolation system detailed later in this thesis. 

Table 3.2: Physical properties of the cylindrical magnets. 

Parameter Value 

Magnet diameter 50.8mm 

Magnet thickness 25.4mm 

Magnetisation 1.48T 

Magnet type Nickel plated rare earth magnet  

3.4.3 Assumptions for calculating the magnetic forces and 

torques 

In this thesis, the calculations of magnet forces are based on the following 

assumptions: 

Assumption 1: The magnetisation is uniform across the volume of all magnets. 

This assumption ensures that the effective centre of magnetisation is at the geometric 

centre of the magnets. Hence, the magnetic forces are also originated from the 

geometric centre of the magnets. In the subsequent sections, the determination of the 

nominal operation point of the floater (the midpoint between two fixed magnets, refer 

to Figure 3.11) will be directly related to the location of the centre of magnetisation. 
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Assumption 2: All mechanical components have relative magnetic permeability 

equal to unity. 

The analysis in the subsequent sections will show the stiffness behaviour of the 

proposed maglev vibration isolator in multiple DOFs. In order to realise the 

favourable force-displacement relationship of the maglev, it is essential that the 

floater has no external interference from the supporting isolator frame, and the flux of 

the magnetic field is not distorted. The material selection in the design of the physical 

isolation system (Chapter 4) has ensured, where possible, that all components in the 

maglev isolator behave as vacuum magnetically as if they were in a vacuum. 

Assumption 3: Interaction forces between Magnet 1 and 3 and Magnet 2 and 4 (refer 

to Figure 3.6) are sufficiently small to be neglected. 

For simplicity of the analysis, the force-displacement behaviour between the floater 

and the fixed magnets is assumed to be a result of the two magnet pairs (Magnet 1 and 

2, and Magnet 3 and 4). Forces between Magnet 1 and 3 and Magnet 2 and 4 were 

calculated (using the method in Robertson et al., 2011) to be 0.0312N with 100mm 

separation between the top and bottom magnet pairs. At this separation the total force 

between the top and bottom magnet pairs is 39.13N. Therefore, forces between 

Magnet 1 and 3 and Magnet 2 and 4 are assumed to have negligible influence on the 

floater force-displacement behaviour. 

Assumption 4: Under small non-coaxial displacements (comparable to the magnitude 

of laboratory floor vibration presented in Appendix B), magnetic torques between the 

permanent magnet pairs (between Magnets 1 and 2, and between Magnets 3 and 4 in 

Figure 3.8(a)) are sufficiently small to be neglected. 

Figure 3.11 is a free body diagram of the maglev system under horizontal 

displacement (non-coaxial displacement), where #$� and #%& are the nominal vertical 
separations between Magnet 1 and 2 and Magnet 3 and 4 respectively (when the 

floater has no angular displacement and the floater centre of gravity (COG) is at the 

mid-point between the two fixed magnets), 2l is the length of the floater between the 
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two floater magnet centres, and y is the horizontal displacement in the Y direction. 

Under such displacement the torque around the floater COG (Tα) can arise from two 

sources: the magnetic torques between the two magnet pairs (T12 and T43), and the 

mechanical torques created by forces F12Y and F43Y.  

 

 

 

 

 

 

 

The magnitude of the total magnetic torques (T12 + T43) is calculated using the method 

proposed by Allag and Yonnet (2009). However, their original method was 

formulated to calculate magnetic torques between cubic magnets. To approximate the 

magnetic torque between the cylindrical magnets used in the maglev isolator design, 

the dimension of the cylindrical magnets were converted into an equivalent cubic 

magnet with the same cross-sectional area, thickness, and hence volume using  

�h�
h� ���� = ����

C��� = 3������
4���� = C���

`				, (3.17) 
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where ����, C��� and ���� are the height, length and width of the cuboidal magnet 
respectively, and ���� and ���� are the height and diameter of the cylindrical magnet 
respectively.  

Due to the constraints from the mechanical system design (Chapter 4), the maximum 

allowable floater horizontal displacement is bounded to be within ±3mm from the 
nominal operation point, i.e., −3mm ≤ 2 ≤ 3mm. Figure 3.12 shows the calculated 
relationship between the total magnetic torque (T12 + T43) and the floater horizontal 

displacement for −3mm ≤ 2 ≤ 3mm. It can be seen from Figure 3.12 that the total 
magnetic torque increases monotonically with an increase in the horizontal floater 

displacement. Hence, the largest possible total magnetic torque occurs at 2 = 3mm, 
and is 0.007038 Nm. 

 

 

 

 

 

 

The mechanical torque resulting from the horizontal forces (F12Y and F43Y) is 

calculated using Equation (3.33). The magnitude of the mechanical torque at 2 =3mm is 0.2431 Nm (will also be shown in Figure 3.23(b)). It shows that the total 
magnetic torque (T12 + T43) generated by the magnet pairs is only about 2.89% of the 

magnitude of the mechanical torque created by the horizontal forces (F12 and F43). 

Therefore, for the sake of computational simplicity and simulation speed, the 

magnetic torques are neglected due to the complexity of modelling magnetic torques.  

 

Figure 3.12: Total magnetic torque due to horizontal floater displacement (���� = 25.4	mm, ���� =50.8	mm, #$� = #%& = 100	mm, magnetization = 1.48 Tesla, ' = 208	mm). 
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3.5 6-DOF modelling of the floater forces and torques 

The proposed quasi-zero stiffness maglev system model was presented in Section 

3.3.1. In the design, the floater assembly consists of two magnets that are rigidly 

connected via a mechanical linkage, and vibration isolation is achieved by attaching 

the payload to the floater assembly. Therefore, the forces and torques experienced by 

the floater as a rigid body is of primary interest, as it governs the vibration isolation 

performance of the maglev system. The previous sections have discussed the 

calculation of the magnetic forces between a pair of magnets. This section will 

explain the modelling method used to calculate the forces and torques experienced by 

the floater assembly as a rigid body. 

3.5.1 Analytical model of the forces and torques 

A free body diagram of the proposed quasi-zero stiffness maglev system is shown in 

Figure 3.13, where #$� and #%& are the nominal  vertical separations between the top 
and bottom magnet pairs (when the floater has no angular displacement and the 

floater COG is at the nominal operation point), and 2' is the length of the floater  
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assembly between the two magnet centres. In Figure 3.13, a Cartesian coordinate 

system, with its origin at the midpoint between the two fixed magnets (the nominal 

operation point), is used to describe the positions of the magnet centres and the poses 

of the floater assembly. �y , �� , �  , �¡  and �¢  are the positions of the centres of 
Magnet 1, Magnet 2, Magnet 3, Magnet 4, and the floater respectively. £¢  is the 
angular displacement of the floater in the rotational DOFs (also refer to Equation 

(3.32)) defined as 

c = tan�$	5	2 − 2�a� − a	) 
e = tan�$5	1� − 1a� − a	) 
f = tan�$5	1� − 12� − 2	) 

(3.18) 

From the expressions presented previously on the 3D to 1D calculation simplification, 

it can be proven that {y� has the same direction as the vector connecting the centres of 
Magnets 1 and 2 (�y − ��), and similarly for {¡ . From Equation (3.13), it can be 
shown that the components of the forces acting between magnet pairs is given by 

`

($�* = |{y�|∙ 51$ − 1�)|�y − ��|
($�+ = |¦y�|∙ 52$ − 2�)|§y − §�|
($�) = |¦y�|∙ 5a$ − a�)|§y − §�|
(%&* = |¦¡ |∙ 51& − 1%)|§  −§¡|
(%&+ = |¦¡ |∙ 52& − 2%)|§  − §¡|(%&) = |¦¡ | ∙ 5a& − a%)|§  − §¡| gh

hh
hh
i
hh
hh
hj

			. (3.19) 

To calculate the magnetic forces along the X, Y and Z directions, the coordinates of 

the four magnets are required.  
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Magnets 1 and 4 are two fixed magnets. According to the geometric design of the 

maglev system (Appendix F), with 100mm nominal magnet separation (# = #$� =#%& = 100mm), the distance between the centres of the fixed magnets is 0.716m. 
This gives  

�y = [0 0 # + '],								�¡ = [0 0 −# − ']		. (3.20) 

The coordinates of the floating magnets change with the pose of the floater (�¢ and £¢). However, the coordinates always satisfy the following geometric constraints: 
1� − 1 = −(1& − 1) 2� − 2 = −(2& − 2) a� − a = −(a& − a) (1� − 1)� + (2� − 2)� + (a� − a)� = '�			. 

(3.21) 

Solving Equations (3.18) and (3.21) for 1�, 2�, a�, 1&, 2& and a& yields 
1� = ' ∙ tan5e) ∙ 3 1tan�5−c) + tan�5e) + 1 + 1 

2� = ' ∙ tan5−c) ∙ 3 11 + tan�5−c) + tan�5−c)tan�5e)
+ 2 

a� = ' ∙ 3 11 + tan�5−c) + tan�5e) + a 
1& = −' ∙ tan5e) ∙ 3 1tan�5−c) + tan�5e) + 1 + 1 

2& = −' ∙ tan5−c) ∙ 3 11 + tan�5−c) + tan�5−c)tan�5e)
+ 2 

(3.22) 
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a& = −' ∙ 3 11 + tan�(−c) + tan�(e) + a 
Hence, for any arbitrary floater pose (1, 2, a, c, e, f), the coordinates of the floater 
magnet centres can be calculated using Equation (3.22). Substituting Equations (3.20) 

and (3.22) in to Equation (3.19) gives 

($�* = −|{y�|(1 + ' ∙ tan	5e) ∙ �)¨5' + # − a − ' ∙ �)� + 52 − ' ∙ tan5c) ∙ �)� + 51 + ' ∙ tan	5e) ∙ �)� 
($�+ = −|{y�|52 − ' ∙ tan	5c) ∙ �)¨5' + # − a − ' ∙ �)� + 52 − ' ∙ tan5c) ∙ �)� + 51 + ' ∙ tan	5e) ∙ �)� 
($�) = |{y�|5' + # − a − ' ∙ �)¨5' + # − a − ' ∙ �)� + 52 − ' ∙ tan5c) ∙ �)� + 51 + ' ∙ tan	5e) ∙ �)� 
(%&* = |{¡ |51 − ' ∙ tan	5e) ∙ �)¨51 − ' ∙ tan5e) ∙ �)� + 5' + # + a − ' ∙ �)� + 52 + ' ∙ tan	5c) ∙ �)� 
(%&+ = |{¡ |52 + ' ∙ tan	5c) ∙ �)¨51 − ' ∙ tan5e) ∙ �)� + 5' + # + a − ' ∙ �)� + 52 + ' ∙ tan	5c) ∙ �)� 
(%&) = |{¡ |5' + # + a − ' ∙ �)¨51 − ' ∙ tan5e) ∙ �)� + 5' + # + a − ' ∙ �)� + 52 + ' ∙ tan	5c) ∙ �)� 

(3.23) 

where 

� = 3 1tan5c)� + tan5e)� + 1				, (3.24) 

and the magnitudes of {y� and {¡  can be determined using the method described in 
Section 3.4.2. Therefore, the 3D magnetic forces between the two pairs of magnets 

can now be calculated for any given floater pose. Thus, the resultant forces and 

torques ((* , (+ , () , ,- , ,. , ,© ) experienced by the COG of the floater may be 
calculated as 
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(* = ($�* + (%&* (+ = ($�+ + (%&+ () = ($�) + (%&) ,- = ($�+ ∙ (a − a�) + (%&+ ∙ (a − a&) ,. = ($�* ∙ (a� − a) + (%&* ∙ (a& − a) 
,© = 0			. 

(3.25) 

In Equation (3.25), the torque around the floater COG in the γ direction is zero. This 

is due to the fact that the resultant force vectors between top and bottom magnet pairs 

always intersect the Z axis of the coordinate system shown in Figure 3.14.  

3.5.2 Numerical model of the forces and torques 

In the previous section, an analytical method for calculating the resultant forces and 

torques experienced by the COG of the floater was derived. However, even with the 

3D to 1D simplification techniques (Section 3.4.1), calculating the forces and torques 

using the derived analytical model is still a complicated and time consuming process, 

especially when a large number of data points are needed for the analysis. To further 

simplify the calculation of the floater forces and torques, polynomial regression 

techniques were used to establish a numerical model of the floater forces and torques. 

The polynomial model of the floater describes the relationship between the floater 

pose and the forces and torques experienced by the floater COG. The model has form 

{ = ª ∙ « , (3.26) 

where { = [(*	(+	()	,-	,.	,©]¬ is the vector of floater forces and torques in 6-DOF, 
and ª is the coefficient matrix for the floater pose polynomial «. The floater pose 
polynomial is a column vector derived from the translational (1 , 2 , a ) and the 
rotational (c, e, f) displacements, and has the form 
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« = [«y	«�	« 	«¡…	«y®	«y¯	«y°]T  , (3.27) 

where 

 

 

 

«y = [ 1 ]«� = [ 1 2 a c e f ]«  = [ 1� 2� a� c� e� f� ]«¡ = [ 1& 2& a& c& e& f& ]«± = [ 12 1a 1c 1e 1f ]«² = [ 1�2 1�a 1�c 1�e 1�f ]«® = [ 12� 1a� 1c� 1e� 1f� ]«¯ = [ 2a 2c 2e 2f ]«° = [ 2�a 2�c 2�e 2�f ]«y³ = [ 2a� 2c� 2e� 2f� ]«yy = [ ac ae af ]«y� = [ a�c a�e a�f ]«y  = [ ac� ae� af� ]«y¡ = [ ce cf ]«y± = [ c�e c�f ]«y² = [ ce� cf� ]«y® = [ ef ]«y¯ = [ e�f ]«y° = [ ef� ]

   . (3.28) 

 

The physical representations of the vectors in Equation (3.28) are 
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Table 3.3: Physical representations of the vectors in pose polynomial. 

Pose vector Modelled relationship between force/torque 

and floater pose 

«y Constant force/torque term 

«� Linear dependence terms 

«  Quadratic dependence terms  

«¡ Cubic dependence terms 

«±, «², «® Cross coupled dependence with 1 
«¯, «°, «y³ «yy, «y�, «y  «y¡, «y±, «y² «y®, «y¯, «y° 

Cross coupled dependence with 2 
Cross coupled dependence with a 
Cross coupled dependence with c 
Cross coupled dependence with e 

Therefore, the floater force and torque model can be written as: 

kl
ll
lm
(*(+(),-,.,©no

oo
op =

kl
ll
ll
m0´$ 0´� ⋯ 0´¶%0�$ 0�� ⋯ 0�¶%0O$ 0O� ⋯ 0O¶%0-$ 0-� ⋯ 0-¶%0.$ 0.� ⋯ 0.¶%0©$ 0©� ⋯ 0©¶%no

oo
oo
p

× 	 [«y	«�	« 	«¡…	«y®	«y¯	«y°]T   . (3.29) 

In order to evaluate the coefficient matrix, ª , magnetic forces and torques were 
calculated for 15625 floater poses (15625=5¶, based on five linearly spaced data point 
in each direction, for six DOFs in total) using the analytical model described in 

Section 3.5.1. The range of the floater poses covers -3mm to 3mm in the translational 

directions, and -1.08 to 1.08 degree in the rotational directions (these correspond to 

the ranges of floater motion constrained by the mechanical design shown in Chapter 

4). The least squares fitting method using a pseudo-inverse was then applied to 

calculate the coefficients for the floater pose matrix based on the generated force and 

torque data. The results of the fitted coefficients for the K matrix are shown in 

Appendix C. The R squared coefficient of the fitting process is 1 for calculations in 
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all of the six directions (the six rows in the K matrix), which indicates the orders of 

the terms used in the pose polynomial are adequate, and the coefficients calculated 

accurately describe the force/torque behaviour of the maglev system. Determination 

of the K matrix allows calculation of magnetic forces and torques through Equation 

(3.29). The numerical model based calculation reduced the computational time by two 

orders of magnitudes compared to calculations using the analytical model shown in 

Section 3.5.1.  

For the sake of simplicity, the force and torque data used for the fitting were 

generated with a constant nominal separation of # = 100mm. The fitted model is 
only a representation of the maglev force-displacement for # = 100mm. However, 
the force-displacement behaviour of the maglev has the same characteristics for other 

separations.  

3.6 6-DOF levitation stiffness  

It was mentioned in the previous chapters that the proposed maglev isolator can 

realise quasi-zero stiffness levitation in the vertical direction, and zero stiffness in the 

remaining five DOFs. This section demonstrates the theoretical realisation of the 

quasi-zero/zero levitation stiffness. 

3.6.1 Quasi-zero stiffness in the vertical direction (Z) 

A major advantage of the proposed maglev isolator over traditional isolator designs is 

the ability of the maglev system to realise quasi-zero payload support stiffness in the 

vertical (Z) direction, while still providing a static payload supporting force. Figure 

3.14 shows a case where the floater moves in the vertical direction. Using the 

calculation method outlined in Section 3.4, the relationship between the vertical 

displacement (a) and the total vertical magnetic force () is shown in Figure 3.14(b), 
where # = 100mm is chosen to be the nominal separation between the magnets in 
this case. Table 3.2 lists the parameters of the magnets used to obtain the plot data. 
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In Figure 3.14 (b), the slope of the tangent line to the force-displacement curve is the 

stiffness of the levitation in the vertical direction. It can be seen that at the nominal 

operating position, where the COG of the floater is at the midpoint between the two 

fixed magnets, the stiffness of the levitation is zero. For a displacement (comparable 

to the displacement of the laboratory floor vibration, Appendix B) within a small 

region around the nominal operating position, the levitation stiffness remains close to 

zero. Therefore, in the vertical direction, the magnetic levitation has quasi-zero 

stiffness around the nominal operating point.  

In Figure 3.14(b), the vertical magnetic force ((), approximately 39N in this case) at 
the nominal operating position is the load capacity of the isolator with a magnet 

separation of # = 100mm. This vertical force is designed to be used to balance the 
weight of the payload and is not the result of elastic deformation of the supporting 

structure. Therefore, the maglev system is able to provide quasi-zero levitation 

stiffness while still generating a passive magnetic force to support the static weight of 

the payload. This feature allows the 6-DOF maglev isolator design to avoid the usual 

compromise made between load capacity and isolation performance, which normally 

exists in linear vibration isolation systems. 

 

 

 

 

 

 

 

 

 

XZ plane 

Y 
X 

Z 

p 

p 

N 

S 

N 
S 

N 

S 

S 

N 

F12Z 

F43Z 

z 

Nominal 

operating 
condition 

z = 0 

-30 -20 -10 0 10 20 30
20

30

40

50

60

70

80

Vertical displacement of the floater (mm)

V
er
ti
ca
l 
fo
rc
e 
F
z 
(N
)

Normal

operating

position

p=100mm

Slope=0Tangent line
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In the analysis of the above example, the floater motion was constrained by the 

motion of the floater in the vertical direction. However, it is also important to 

investigate the sensitivity of the vertical magnetic force to the displacements in the 

remaining five DOFs since external vibrations propagate in multiple directions. Using 

the numerical model of the maglev derived in Section 3.5.2, the vertical magnetic 

force, (O, was calculated with combined floater displacements from two orthogonal 
DOFs. Figure 3.15 shows force-displacement relationships when the vertical 

displacement is combined with floater motions in the remaining five DOFs. 

The five subplots of Figure 3.15 show the magnitudes of the vertical force when the Z 

(vertical) displacements is combined with the X, Y, α and β displacement respectively. 

From Figure 3.15(a) to Figure 3.15(d), it can be seen that the vertical magnetic forces 

are dependent on the magnitudes of both displacements, and with any given vertical 

displacement (a), the vertical force has the maximum value when the displacement in 
the other direction is zero. The cross-coupling from the X, Y, α and β directions to the 

Z direction result from the magnet coaxial misalignments introduced by the 

corresponding displacements. Motions in these four DOFs effectively increase the 

distances between both the top and bottom magnet pairs, thus reducing the forces 

generated between the magnets. In addition, the coaxial misalignment between the 

floater magnets and the fixed magnets means that only a portion of the total magnetic 

force is in the vertical direction, which also explains why the vertical magnetic forces 

is a maximum at zero displacements at any fixed vertical displacement (a). The cross-
coupling effect is undesirable in this instance where the maglev system is used as a 

vibration isolation device. The disturbance to the vertical direction may be introduced 

from other DOFs through the cross-coupling effects. However, it can be observed 

from Figure 3.15 that, at the nominal operation point (displacements in all DOFs 

equal zero), the cross-coupling stiffness is quasi-zero between Z and the four DOFs X, 

Y, α and β. Therefore, during operation of the maglev isolator, the floater should be 

levitated at the nominal operation point to optimise the vibration isolation 

performance in multiple DOFs. 
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Figure 3.15: Floater force-displacement behaviour of () with cross-DOF displacements. 

(a): () in the ZX plane. (b): () in the ZY plane. 

(c): () in the Zα plane. (d): () in the Zβ plane. 

(e): () in the Zγ plane. 



Chapter 3 Background Theory and Methods 

78 

 

Figure 3.15(e) shows that the vertical force generated by the maglev system is not 

related to the displacement in the γ direction. This can also be observed from the 

system models that the γ displacement has no influence on the forces and torques in 

the other directions. 

3.6.2 Zero stiffness in the horizontal directions (X and Y) 

As mentioned previously, the proposed maglev system is able to achieve zero 

levitation stiffness in the horizontal directions (X and Y). Figure 3.16 shows a free 

body diagram of the floater in the YZ plane with a displacement in the Y direction. 

The forces experienced by the floater from both pairs of fixed magnets are resolved as 

shown in the figure. With floater displacement only in the Y direction, Equation (3.22) 

may be simplified to  

�h
hh
�
hhh
�($�+ = |F$�| ∙ −2¨2� + #$��($�) = |F$�| ∙ #¨2� + #$��(%&+ = |F%&| ∙ 2¨2� + #%&�(%&) = |F%&| ∙ #¨2� + #%&�

 ̀ (3.30) 

for calculating the forces and torques shown in Figure 3.16. 
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Under the nominal operating condition, where #$� = #%&, it can be observed that the 
vector forces between the two pairs of magnets have the same magnitudes, i.e. |{y�| = |{¡ |. Hence, from Equation (3.30), it can be shown that 

(+ = ($�+ + (%&+ = 0 (3.31) 

for all values of 2. Therefore, the total force experienced by the floater in the Y 
direction is zero regardless of the displacement, which leads to the conclusion that the 

stiffness in the Y direction remains zero under the nominal operating condition. The 

derivations for demonstrating the zero levitation stiffness in the X direction are 

identical to the preceding discussion. For a displacement in the X direction, the 

equations for calculating the relevant forces in the XZ plane become 

�hh
h�
hhh
�($�* = |F$�| ∙ −1¨1� + #$��($�) = |F$�| ∙ #¨1� + #$��(%&* = |F%&| ∙ 1¨1� + #%&�(%&) = |F%&| ∙ #¨2� + #%&�

`				. (3.32) 
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Figure 3.16: Free body diagram of the floater under horizontal displacement 
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Hence, under the nominal operation condition, where |{y�| = |{¡ |, the total magnetic 
force in the X direction can be shown to be equal to zero using the same principles. 

With evidence of zero stiffness levitation in both the X and Y directions, it is 

reasonable to conclude that the levitation stiffness equals zero in any arbitrarily 

direction within the XY plane.  

The realisation of zero levitation stiffness in the horizontal plane (XY plane) requires 

equal distances between the two magnet pairs. However, this does not always hold 

during operation of the isolator due to the multi-DOF nature of the external vibration. 

Hence, the force displacement behaviour of the horizontal floater forces was 

examined under combined displacements. Figure 3.17 and Figure 3.18 show the 

cross-DOF sensitivity of the horizontal forces in the X and Y directions respectively. 

It can be seen from Figure 3.17(a) and Figure 3.18(a) that the horizontal force in 

either the X or Y direction remains zero for any displacement in the XY plane (the 

colour gradient on the flat plane is caused by the force calculation uncertainties, 

which are on the order of 10
-14
N). This agrees with the expression for the zero 

horizontal stiffness derived previously. Figure 3.17(b) and Figure 3.18(b) show that 

the displacement in the vertical direction changes the zero stiffness property of the 

maglev in both the X and Y directions. This is because the vertical displacement 

interrupts the condition |{y�| = |{¡ | , needed for achieving the zero horizontal 
stiffness. As shown by Figure 3.17(b), the vertical displacement changes the 

horizontal stiffness linearly from 
J·sJ¸ = 0N/m at a = 0mm to a maximum of J·¹J¸ =

55.033N/m at a = 3mm (displacement constraint from the mechanical isolator design 
shown in Chapter 4). At the current magnet nominal separation (# = 100mm) for this 
analysis, the vertical payload supporting force is 39.13N (Figure 3.22). This 

corresponds to a payload of approximately 4kg. Hence, with this combination of 

payload mass and system stiffness, the natural frequency of the system in the 

horizontal direction is 78s = $�;<=> = 0.5903Hz. This indicates that, even with the 
highest possible stiffness, the system is still expected to provide excellent vibration 

isolation in the X direction. Therefore, with small vertical excitations (comparable to 
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the magnitude of the displacement of the laboratory floor vibration, Appendix B), the 

stiffness induced in the horizontal directions has no significant impact on the 

vibration isolation performance. The same conclusion can be made from Figure 

3.18(b) for the Y direction.  

Figure 3.17(d) and Figure 3.18(c) show the cross coupling effects of β to X coupling 

and α to Y coupling respectively. The figures show that a given angular displacement 

in the β direction will create a constant force in the X direction for all 1 (displacement 
in the X direction). Similarly, a given α displacement will have the same effect in the 

Y direction. These cross-coupling effects can also be analytically observed from 

Figure 3.19. In the figure, it was shown that a rotation in the α direction creates a 

horizontal force in the Y direction, and is calculated as 

(+ = ($�+ + (%&+ (3.33) 

for the cross-coupled force in the Y direction, and 

(* = ($�* + (%&*  , (3.34) 

for the cross-coupled force in the X direction. These cross coupling effects are 

undesirable in terms of vibration isolation since they introduce disturbances into the 

horizontal direction from the rotational excitations. However, with a static and 

controlled (using a maglev position controller discussed in Section 5.2) floater 

rotation, this side cross coupling effect can be utilised to balance the horizontal force 

input from the external payload. In Section 3.7.2, explanation will be given on how 

the cross coupling force is used to balance the payload horizontal force input. 
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Figure 3.17: Floater force-displacement behaviour of (* with cross-DOF displacements. 
 

(a): (* in the XY plane. (b): (* in the XZ plane. 

(c): (* in the Xα plane. (d): (* in the Xβ plane. 

(e): (* in the Xγ plane. 
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Figure 3.18: Floater force-displacement behaviour of (+ with cross-DOF displacements. 
(e): (+ in the Yγ plane. 

(a): (+ in the YX plane. (b): (+ in the YZ plane. 

(c): (+ in the Yα plane. (d): (+ in the Yβ plane. 
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3.6.3 Zero stiffness in the rotational DOFs (α, βα, βα, βα, β and γγγγ) 
The levitation stiffness of the proposed maglev system is also zero in the three 

rotational DOFs. An example is shown in Figure 3.19 where the floater is rotated in 

the YZ plane (in the α direction). Under such a rotational displacement (-α), 

neglecting the magnetic torques between the two pairs of magnets (Section 3.4.3), the 

mechanical torque generated by the magnetic forces around the centre of the floater 

can be calculated as 

,- = ($�+ ∙ '½ − (%&+ ∙ '½	, (3.35) 

where '′ is the vertical distance (the lever arm for the torque) between the centre of 
the floater and the floater magnet. It is evident from Figure 3.19 that when the floater 

is at the nominal operating condition (equal nominal separation between the magnet 

pairs), the horizontal forces, ($�+	and (%&+, have the same magnitude. Therefore,  
,- = ($�+ ∙ '½ − (%&+ ∙ '½ = 0			. (3.36) 

This shows that for any rotational displacement in the α direction, ,- = 0. Therefore, 
the floater has zero levitation stiffness in the α direction. Due to symmetry, the same 

principles can be applied to demonstrate the zero stiffness property of the maglev in 

the β direction. 
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The preceding analysis assumed zero floater displacement in the remaining DOFs. To 

investigate the torque displacement behaviour in the 6-DOF space, the mechanical 

torque on the floater was examined for cases with combined displacements. Figure 

3.20 and Figure 3.21 show the torque displacement behaviour of the floater for 

various displacement combinations. In Figure 3.20(b) and Figure 3.21(a), cross-

coupling was shown between Y and α directions and X and β directions respectively. 

For a given horizontal displacement in the Y direction, a constant torque is generated 

for all c (angular displacement in the α direction), and with a fixed displacement in X, 
a constant torque is created in the β direction for all e. Again, this cross coupling 
effect was also shown analytically in Figure 3.16 for a horizontal displacement, 2. 
The mechanical torque created is 

,- = ($�+ ∙ ' − (%&+ ∙ '	. (3.37) 

Similarly, with an 1 displacement, the torque in β direction is  
,. = −($�* ∙ ' + (%&* ∙ '	. (3.38) 
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Figure 3.20: Floater force-displacement behaviour of ,- with cross-DOF displacements. 
 

(e): ,α in the αγ plane. 

(a): ,- in the αX plane. (b): ,- in the αY plane. 

(c): ,- in the αZ plane. (d): ,α in the αβ plane. 
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Figure 3.21: Floater force-displacement behaviour of ,. with cross-DOF displacements. 
 

(a): ,. in the βX plane. (b): ,. in the βY plane. 

(c): ,. in the βZ plane. (d): ,β in the βα plane. 

(e): ,β in the βγ plane. 



Chapter 3 Background Theory and Methods 

88 

 

The cross coupling effects shown are also undesirable in terms of isolating external 

vibrations. However, with a static and controlled floater horizontal motion, the 

torques created by the cross coupling effect may be used to balance the static 

moments input from the payload (shown in Section 3.7.3 and 5.3.3).  

In Figure 3.20(c) and Figure 3.21(c), a similar cross coupling effect is shown between 

the vertical (Z) and the rotational (α and β) directions. The displacement in the Z 

direction increases the rotational stiffness of the maglev linearly from 0Nm/rad to a 

maximum of 
J¬¾J¿ = 0.4952Nm/rad at a = 3mm. According to the mechanical design of 

the isolator, the floater moment of inertia is b**= 0.0853kgm2 (Table 4.1). Therefore, 
in the α direction, the maximum natural frequency is 78À = $�;< =	rss = 0.3835Hz, 
which is an indication of the excellent rotational vibration isolation that is achievable 

by the system even at the largest rotational stiffness induced by cross coupling. 

Therefore, with the small rotational excitation that the isolator would experience 

during normal operation, the introduced rotational stiffness is not expected to 

influence the vibration isolation performance of the maglev isolator in the rotational 

DOFs. 

In the proposed maglev vibration isolation system, the levitation stiffness is zero in 

the γ direction. This is due to the fact that the system is axisymmetric and as such 

there are neither mechanical constraints nor magnetic force constraints on the floater. 

The floater is able to move freely without any interference, and the γ direction is only 

actively stabilised using the maglev positioning control (discussed in Section 5.2). 

Therefore, theoretically, the maglev system itself has inherent zero stiffness in the γ 

direction.  
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3.7 Adaptive-passive payload support 

The adaptive-passive payload support is an active control mechanism which adjusts 

the physical arrangement of the maglev system with the objective that the payload is 

only supported using the forces and torques generated by the permanent magnets. The 

following sections introduce the theoretical realisation of the proposed multi-DOF 

adaptive-passive payload support. 

3.7.1 Supporting the payload weight 

In Section 3.6.1, it was shown that the proposed maglev system has the ability to 

support the payload weight with a static magnetic force while providing a quasi-zero 

stiffness support in the vertical direction. This section explains how the magnitudes of 

the static supporting force can be adjusted to match the supporting force to the weight 

of the payload. 

Considering the vertical displacement example shown in Figure 3.22(a), the force-

displacement relationship of the floater is now plotted for several nominal magnet 

separations (#), as shown in Figure 3.22(b). At the nominal operating position, the 
vertical force values represent the static supporting forces that the maglev generates, 
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which vary with magnet separation distance. For example, supporting forces of 

237.5N and 39.13N are generated at 60mm and 100mm nominal separations 

respectively. It is evident that the static magnet supporting force is a continuous 

function (() = 7(#)) and monotonically increases with a decrease in the magnet gaps. 
Hence, for a given payload weight, within the maximum supporting capacity of the 

magnets (when # = 2 × 0.5ℎ, where ℎ is the magnet thickness), there is always a 
separation distance p where 7(#) equals the weight of the payload. 
In this research, a novel control algorithm was proposed to achieve adaptive-passive 

payload support. This controller actively monitors the payload condition in real time, 

and adjusts the magnet separations to autonomously match the magnetic support force 

to the payload weight. The adaptive-passive payload weight support control algorithm 

will be discussed in Section 5.3.2 

The adaptive-passive payload support allows the maglev to increase payload capacity 

by reducing the nominal separation between magnets. However, it should also be 

noticed from Figure 3.22(b) that reducing the nominal separation between the magnet 

pairs causes a reduction in the effective displacement range where quasi-zero 

levitation stiffness is achieved. Therefore, when designing an isolator based on the 

proposed quasi-zero stiffness levitation system, the floater weight should be kept at a 

minimum to allow use of larger nominal magnet separation for a certain payload. This 

is because the static supporting force generated by the maglev system needs to carry 

the combined weight of the floater and the payload (the payload is connected and 

carried by the floater to achieve vibration isolation). 

3.7.2 Adaptive-passive support for horizontal static loads 

Horizontal static loads refer to the static (DC coupled) disturbances on the floater that 

may occur in the X and Y directions. These loads may be introduced by an 

unbalanced payload or misalignments in the mechanical systems, and are able to be 

adaptive-passively balanced using the forces generated by the permanent magnets. 

Figure 3.18(c) demonstrates the cross coupling effect between the translational and 

rotational DOFs. A magnetic force FY is generated as a result of a rotational 
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displacement in the α direction, which is the same cross coupling effect shown in 

Figure 3.17(d) between X and β directions. Figure 3.23(b) shows the relationship 

between the horizontal force and the angular displacement for several magnet 

separations. Please note that Figure 3.23 (b) was obtained using the analytical model 

of the maglev system given by Equation (3.25) since the numerical model was only 

established for # = 100mm. 
From Figure 3.23(b), it can be seen that the horizontal force FY increases 

monotonically with the increase in the rotational angle for small angles (in this case, 

angle α is considered small if ' ∙ sin	(α) ≤ 0.1#). Therefore, with controlled floater 
rotation in the α direction, the magnitude of the horizontal magnetic force can be 

adjusted to match the external static disturbance in the Y direction, and likewise, the 

disturbance in the X direction can be balanced by rotating the floater in the β direction. 

The proposed control algorithm and its realisation to achieve autonomous adaptive-

passive lateral force support are discussed in Section 5.3.3. 

As discussed previously, the rotations in the α and β directions will not influence the 

zero stiffness characteristics of the horizontal levitation. It was shown in Figure 

3.17(d) and Figure 3.18(c) that fixed angular displacements in the α and β directions 

will create only constant forces in the Y and X direction respectively. Therefore, the 

stiffness of the levitation in the X and Y directions remain zero. The cross coupling 

between the vertical and rotational directions (shown in Figure 3.15(c) and Figure 

3.15(d)) also suggests that rotations in the α and β direction reduce the vertical 

payload supporting force. However, the design of the adaptive-passive payload 

support system enables simultaneous adaption in multiple DOFs. Hence, once the 

balance between the payload weight and the vertical supporting force is interrupted, 

the active control system (discussed in Section 5.3) will immediately adjust the 

nominal separations between the magnet pairs to re-establish the appropriate passive 

support conditions for the payload weight. 
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3.7.3 Adaptive-passive support static payload moments 

In the rotational DOFs, static disturbances may exist in the form of moments around 

the centre of the floater. This may be caused by an asymmetrical floater mass 

distribution, or torques exerted by the payload connected to the floater. In Section 

3.6.3, it was shown that a mechanical torque can be generated by the magnet forces 

when the floater is horizontally displaced. This section explains how this magnetic 

torque may be used to adaptive-passively balance the static moment inputs from the 

payload. 

Figure 3.23(a) shows a schematic where a torque Tα is generated with a horizontal 

floater displacement 2. This cross coupling effect can also be observed from Figure 
3.20(b) and Figure 3.21(a). The torque in the α direction, as demonstrated in Figure 

3.23(b), increases monotonically with an increase in y (for 2 ≤ 0.1#). Therefore, in 
the α direction, for a given moment input within the capacity of the maglev, it is 

always possible to obtain a magnetic torque to counter balance the static moment 

disturbance by shifting the floater levitation position in the Y direction. Due to 

symmetry, the same supporting torque can be generated in the β direction by 

displacing the floater along the X axis. Section 5.3.3 details the control approach 

proposed to realise autonomous adaptive-passive support for balancing the static 

torque disturbances. Similarly, horizontal floater displacements for generating 

balancing torques will not affect the zero stiffness property of the maglev in the 

rotational directions since the cross coupled torques have constant magnitudes. The 

reduction in the vertical payload supporting force due to the horizontal displacements 

will also be actively accommodated by the simultaneous adaption process in multiple 

DOFs. 

The third rotational DOF is the γ direction. Under normal operation of the maglev 

isolator, there is unlikely to be a static disturbance within this DOF, neither from the 

payload nor within the mechanical structure of the isolator. Hence, adaptive-passive 

support of moments within this DOF is unnecessary. It is also not possible to realise 

adaptive-passive payload support in the γ direction with the current design of the 
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maglev system since the magnet arrangement is incapable of generating passive 

torques in the γ direction. 

 

 

 

 

 

 

 

 

 

3.8 Conclusion 

In this chapter, the significance of the isolator stiffness and damping coefficient are 

demonstrated in terms of their effects on vibration isolation performance. A structural 

model of the proposed maglev system was presented to provide an outline of the 

quasi-zero stiffness maglev concept. Following the structural model, a 6-DOF 

dynamic model of the floater assembly was also derived to describe the floater 

dynamic response to external force and torque inputs, which will be used in later 

chapter when deriving the theoretical system performance. Calculation methods and 

assumptions for the magnetic forces and torques are discussed, as well as the 

approaches used in this research to simplify the calculations in order to improve the 

calculation execution speed and allow effective demonstration of the key points of the 

design concepts.  

It was demonstrated the proposed maglev system is able to provide quasi-zero 

stiffness levitation in the Z direction, and zero stiffness in the remaining 5 DOFs. 
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Cross-coupled stiffness of the maglev system were investigated and between each pair 

of orthogonal DOFs. The cross coupling effects were identified to exist between the 

rotational and translational DOFs (excluding the γ direction). It was discussed that 

these cross coupling effects are unlikely to have significant impact on the 

performance of maglev system as a vibration isolator. Following the discussion of the 

cross coupling effects, the operating principles of the proposed adaptive-passive 

payload support were presented, which uses the cross coupling effects to passively 

support the payload. It was shown that, in the vertical direction, the maglev load 

capacity is able to be adjusted by altering the separations between the two pairs of 

magnets, and the payload horizontal forces and rotational moments can be adaptive-

passively supported by changing the floater pose.  
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Chapter  4 

4 Development of the Maglev Isolator 

4.1 Introduction 

In this research, a maglev based 6-DOF vibration isolation approach is proposed, as 

well as a number of concepts that allow this novel vibration isolator to both provide 

quasi-zero/zero stiffness levitation in all six directions and support the payload forces 

and moments adaptive-passively. In order to validate the previously derived 

expressions through experiments, and to assess the difficulties in practical realisation 

of the theories, a physical 6-DOF maglev vibration isolator was designed and 

constructed. The mechanical system of the vibration isolator is an exact physical 

realisation of the maglev system described in Chapter 3, therefore, all the proposed 

methodologies and expected isolation performance improvements are able to be 

validated using the established mechanical system.   

The design of the 6-DOF maglev vibration isolator was completed using CAD 

(Computer Aided Design) packages. In this chapter, the design of the floater assembly, 

the frame assembly, the magnet position control, as well as the 6-DOF floater position 

sensing and actuation systems are outlined individually, together with explanations of 
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the functionality of each subsystem. CAD models of the isolator design are presented, 

and an example showing the potential applications of the isolator design is also 

presented. Photographs of the manufactured mechanical system are shown at the end 

of this chapter.  

4.2 Design of the 6-DOF maglev isolator 

The 6-DOF quasi-zero stiffness vibration isolator was created based on the proposed 

maglev concepts discussed in Section 3.3. Several subsystems were also designed to 

realise the unique concepts explained in Chapter 3. This section demonstrates the 

detailed designs of the 6-DOF maglev isolator, as well as the working principles and 

integration of the subsystems. 

4.2.1 Floater Assembly 

The Floater Assembly is the core component of the maglev system. It is magnetically 

levitated during operation and therefore isolates the connected payload from external 

vibrations. Figure 4.1 shows a CAD model of the floater assembly. The floater 

assembly is held together using a six legged floater centre frame, which is linked to 

the payload through the payload connection beam. The two permanent magnets 

located at the top and bottom of the floater are the floater magnets, which are paired 

with the frame magnets (Figure 4.4) to create the quasi-zero stiffness maglev system. 

The floater centre frame also holds another six smaller actuator magnets. Solenoids 

are used together with these actuator magnets to form the 6-DOF active actuation 

system, which is explained in Section 4.2.3. 
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4.2.2 6D floater position monitoring 

As mentioned in Section 2.4.1, an active maglev stabilisation system is necessary to 

enable the operation of the magnetic levitation. This requires a sensing system that is 

able to determine, in real time, the position of the floater in the 6-DOF space. A 

noncontact position sensor is preferred since mechanical couplings form paths for 

external vibration to be transmitted. There are four main types of non-contact 

displacement sensors on the market that are commonly used for active control 

purposes, and these are discussed as follows 

Inductive sensor 

An inductive displacement sensor generates an alternating magnetic field which 

induces eddy currents in nearby metallic objects. The induced eddy current in the 

measuring target changes the resultant impedance of the coil inside the sensor. The 

sensor then determines the separation between itself and the object according to the 
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associated change in the coil impedance. In maglev systems, electromagnets and 

permanent magnets are often present, which can cause dramatic changes to the 

surrounding magnetic fields, and therefore, potentially disrupt displacement 

measurements using inductive sensors. Therefore inductive sensors are not suitable 

for the maglev isolation system. 

Ultrasonic sensor 

This type of sensor sends an ultrasonic wave towards the measuring target and 

calculates the distance by examining the time differences between the incident and the 

reflected ultrasonic wave. Ultrasonic sensors normally have relatively long response 

times and poor accuracy when compared to other types of displacement sensors. The 

poor measurement quality of ultrasonic sensors will result in noise in the maglev 

stability control system, which will be amplified by the position control actuators to 

introduce undesired vibration. Therefore ultrasonic sensors are not preferred in this 

design. 

Capacitive sensor 

A capacitive sensor measures the capacitance between two conductive objects to 

calculate the relative distance. This type of sensor can provide great accuracy and fast 

response. However, for measuring large distances, a large capacitive head is required 

(approximately 1cm diameter for every 1mm of measuring range (Boehm, 1993)). 

The capacitive type sensors also require small air gaps between the sensor and the 

measuring target. Therefore, capacitive sensors are not suitable for application in this 

research. 

Laser displacement sensor 

The most common type of laser position sensor uses a coherent light source which is 

directed towards the measuring object and measures the angle between the incident 

and the reflected beam to calculate the object distance relative to the sensor head. One 

important feature of such laser sensors is that they are immune to magnetic field 

fluctuations, which ensures undisturbed measurements in maglev systems. In this 
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design, laser sensors were chosen to be the displacement sensors for their magnetic 

immunity, relatively large measurement range, high bandwidth and good accuracy.  

The six-dimensional position of the floater is monitored using a purpose built Laser 

Sensor Array (Figure 4.2), which is used to estimate the 6-DOF floater coordinates for 

the levitation position controller at a frequency of 1250Hz. In Figure 4.2, which 

shows the floater assembly and the laser sensor array, the red coloured arrows 

indicate the laser beams and the associated measuring point. Section 5.2 will discuss 

the maglev stability control system, which uses this Laser Sensor Array to generate 

the floater position feedback signal. Specifications of the laser sensors selected for the 

physical system are detailed in Appendix D.1. 

 

 

 

 

 

 

 

 

4.2.3 Frame assembly and actuators 

The Frame Assembly is a cubic bar frame that surrounds the Floater Assembly, as 

shown in Figure 4.3. The Frame Assembly provides attaching points for the solenoid 

actuators, the laser sensors and the fixed magnets (Frame Magnets). It is also 

connected to four supporting legs which allow the whole system to stand on the 

ground, as shown in Figure 4.4. Figure 4.3(a) shows a rendered 3D CAD model of the 
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Floater 

Centre 
Frame 

Figure 4.2: The Floater Assembly with the Laser Sensor Array 
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floater and frame assembly with four of the solenoid actuators. There are two 

solenoids fitted on each side of the cubic frame assembly with one actuator magnet. 

By using two solenoids, this design doubles the actuation capacity compared to using 

a single solenoid, and also makes the forces symmetric on both sides of the actuator 

magnet. Each pair of solenoids located on the same face of the cubic frame assembly 

is operated in series, and forms one actuation unit with doubled force capacity. With 

the forces generated by the four solenoid actuators shown in Figure 4.3(a), noncontact 

actuation is achieved within the XZ plane, i.e. in the Z and β directions, as indicated 

by the arrows. The vertical actuation force (()) is generated by collectively driving 
the actuators in the same direction, while the torque in the β direction (,.) is created 
using force differential between the two pairs of actuators. Therefore, if the remaining 

eight actuators are inserted in the other two planes (XY plane and YZ plane), as 

shown in Figure 4.3(b), the floater is able to be controlled in the full 6-DOF space.  

 

 

 

 

 

 

 

 

In the design, the inner walls of the solenoid cavity are set to have a 3mm clearance to 

the surfaces of the actuator magnets. Therefore, the floater is able to travel up to ±3mm in the three translational directions. The mechanical constraints in both the 
actuation system design and the frame assembly design also allow a ±1.1degrees 

Floater 
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(a) Frame assembly with 4 Solenoids 

Z 
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X 

Figure 4.3: Detailed CAD model of the frame assembly. 

(b) Frame assembly with 12 Solenoids 
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angular displacement in each of the rotational DOFs. The solenoid design is explained 

in detail in Section 6.3. 

4.2.4 Frame Magnet position control 

In the maglev isolator design, there are two frame magnets located on the top and 

bottom side of the frame assembly, as shown in Figure 4.4(a). The frame magnets are 

paired with the floater magnets such that the top pair of magnets generates an 

attractive force and the bottom pair generates a repulsive force, so that the resultant 

levitation stiffness is quasi-zero in the vertical direction (discussed in Section 3.6), 

and zero in all five other DOFs (discussed in Section 3.6.2 and Section 3.6.3).  

As demonstrated in Section 3.7, the load capacity of the maglev is adjustable by 

controlling the separations between the frame and floater magnets. Therefore, a 

magnet positioning mechanism was designed to adaptively change the vertical 

location of the frame magnets. Two of the proposed frame magnet control units are 

fitted to the top and bottom of the frame assembly in order to support the fixed 

magnets. 

Each frame magnet position controller consists of four linear drives, which are 

synchronised through a timing belt pulley system driven by a drive motor. Through 

the linear drives, the rotational motion of the electric motor is converted to 

translational motion of the frame magnet so that the separation between the magnets 

can be automatically controlled. 
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4.2.5 Potential applications of the design 

The 6-DOF maglev isolator is designed to provide 6-DOF vibration isolation to any 

structure attached to the floater. The payload connection beam is able to be connected 

to any existing mechanical system so that the target system is isolated from ground-

borne vibration at the supporting point. In practice, likely that several of the proposed 

isolators would be required to support the target system. An example is shown in 

Figure 4.5, where four of the maglev isolators are used to create a 6-DOF vibration 

isolation table. 
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(a) Complete isolator assembly 
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Figure 4.4: CAD model of the frame magnet position control unit. 

(b) Details of the frame magnet position 
control unit. 
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4.3 The manufactured vibration isolation system 

The design of the 6-DOF maglev vibration isolator was manufactured in order to test 

the mechanism in practice. Figure 4.6 shows a photograph of the fully assembled 

mechanical system, and Figure 4.7 is a detailed view of the Magnet Position Control 

unit designed to adjust the separations between the magnets. 

The floater frame and body frame of the isolator are manufactured from Grade 6061 

Aluminium alloy, and the fasteners used to assemble the isolator are mainly made of 

austenitic stainless steel or copper. These materials have a relative magnetic 

permeability very close to unity, which means that they have negligible influence on 

an applied magnetic field, and therefore, do not interfere with either the permanent 

magnets or the solenoid actuators. Table 4.1 lists the important physical properties of 

the mechanical system. 

  

Figure 4.5: 6-DOF vibration isolation table concept created using four of the proposed maglev 
vibration isolators. 
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Figure 4.6: The manufactured 6-DOF maglev vibration isolator. 
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Figure 4.7: Detailed view of the manufactured Magnet Position Control unit 
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Table 4.1: Physical properties of the isolation system 

Item Description 

Frame material Aluminium 6061-T6 

Mass Frame: 19.6kg 

Floater: 6.408kg 

Floater moments of 

inertia 
b**=0.0853kgm2

 b++=0.0851kgm2
 b))=0.0186 kgm2
 

Dimensions of full 

isolator 

Length: 230mm 

Width: 230mm 

Height: 1020mm 

Primary magnets 

(Magnet 1, 2, 3 and 4 in 

Figure 3.6) 

Ø50.8mm × 25.4mm; Grade: N52; 

Magnetization: 1.48T, refer to Appendix D.2 for 

more details 

Secondary magnet 

(Actuator magnet) 

Ø19.05mm × 76.2mm; Grade: N52; 

Magnetization: 1.48T 

refer to Appendix D.2 for more details 

Allowable floater motion Translational: ±3mm; Rotational: ±1.1deg 
The majority of the structural components of the isolator were CNC machined. 

General tolerance, ISO 2768-fine, were used during manufacturing. Although all parts 

manufactured were of high finish quality, mechanical misalignments could still be 

observed due to the complexity of the isolator structural. These misalignments 

potentially influence the performance of control systems, as well as the vibration 

isolation performance of the overall system. The performance degradation due to 

mechanical misalignments will be discussed in future chapters together with the 

affected sub-systems. 

4.4 Conclusion 

In this chapter, a mechanical design of the maglev isolator was demonstrated, which 

is a physical realisation of the proposed concept of maglev vibration. The intended 

functionality of each subsystem was discussed based the CAD models of the design, 

and photographs of the isolator were also presented to demonstrate the integration 

between various sub-systems. 

The mechanical design firstly provided a method to monitor the 6-D pose of the 

floater in real-time, followed by the discussion of the actuation system designed to 
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exert magnetic forces and torques to the floater in 6-DOF. A frame magnet position 

control unit was also proposed as a mechanism to relocate the frame magnets in the 

vertical direction. Hence the separations between the magnet pairs may be actively 

controlled. 
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Chapter  5 

5 Real-Time Control Systems 

5.1 Introduction 

This research aims to develop a novel maglev based vibration isolation solution that is 

able to improve the isolation performance over conventional designs. Chapter 4 has 

presented the detailed mechanical design proposed to realise the 6-DOF quasi-

zero/zero stiffness magnetic levitation. Another significant part of this research is the 

development of the active control systems to enable the operation of the 6-DOF 

maglev vibration isolator and to achieve the anticipated system performance. This 

chapter will discuss three unique control algorithms that were designed for the maglev 

isolator, namely, maglev stability control, adaptive-passive payload support and 

autonomous maglev tunning.  

Maglev stability control 

The maglev stability control is a feedback control system designed to stabilise the 

levitation position of the floater in all six DOFs. It includes a 6-DOF laser sensing 

system to monitor the location of the floater relative to the frame in real time, and a 6-

DOF solenoid actuation system to place the floater at the desired levitation position. 
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Adaptive-passive payload support 

The adaptive-passive payload support is a control algorithm that actively modifies the 

mechanical arrangement of the maglev system to support the static payload inputs 

using the forces generated by the permanent magnets. In this chapter a unique method 

is proposed to estimate the magnitude of the input forces and torques, and is followed 

by the control algorithm designs that use these force and torque estimates as 

feedbacks to adaptive-passively support the payload in all six DOFs. System 

integration of the adapting controllers is demonstrated at the end of this section. 

Autonomous maglev tuning  

In order to achieve quasi-zero stiffness levitation, it is necessary to levitate the floater 

at the nominal operation position, which is defined to be the condition when the 

centre of the floater is at the midpoint between the centres of the fixed magnets. 

However, the presence of mechanical misalignments makes it extremely difficult in 

practice to open-loop estimate the location of the nominal operation position. 

Therefore, a maglev auto-tuning algorithm is proposed, which actively monitors the 

levitation stiffness and power consumption and minimises these factors to optimally 

locate the nominal operation position. This system also minimises unnecessary 

levitation power consumption caused by misalignments in the mechanical and sensing 

systems. 

 

 



 

5.2 Maglev stability control

As introduced in Section 

only static passive magnetic fields. 

inherently unstable, and therefore, an active stabilisation system must be 

the maglev system to enable

5.2.1 Composition of the stability control system

Stability of the maglev can be considered as the ability of the system to maintain a 

stable levitation position. The stability control system designed for the proposed 

maglev isolator is an active feedback co

desired levitation position. It consists of two components;

sensing system and a 6

shown in Figure 5.1. 
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(a) 6-DOF laser sensor array
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5.2 Maglev stability control

Maglev stability control 

As introduced in Section 2.4.1, stable magnetic levitation cannot be achieved using 

atic passive magnetic fields. This implies that magnetic levitation itself is 

inherently unstable, and therefore, an active stabilisation system must be 

to enable its stable operation as an isolator. 

Composition of the stability control system 

Stability of the maglev can be considered as the ability of the system to maintain a 

stable levitation position. The stability control system designed for the proposed 

maglev isolator is an active feedback control system which maintain

desired levitation position. It consists of two components; a 6-DOF floater position 

sensing system and a 6-DOF actuation system. The schematics of the subsystems

 

 

Figure 5.1: Subsystems of the maglev stability control. 
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(b) 6-DOF actuation system
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The floater position sensing system shown in Figure 5.1(a) uses six laser sensors to 

measure the displacement of the floater at each monitoring point. The floater linear (x, 

y, z) and angular (α, β, γ) positions are then derived from the laser sensor feedback 

according to 

�hh
hhh
�
hhh
hh� 1 = 1$ + 1�22 = 2$ + 2�2a = a$ + a�2c = arctan 2� − 2$C�e = arctan a� − a$COf = arctan1� − 1$C´

			, ̀ (5.1) 

where 1[ , 2[  and 2[  are the measured displacements from the corresponding laser 
sensors, and C* = C+ = C) = 270mm are the distances between each pair of coaxial 
sensor monitoring points.  

The floater actuation system, shown in Figure 5.1(b), is designed to apply forces and 

torques to the floater in order to relocate the floater to the desired levitation position. 

It contains six pairs of solenoids and six actuator magnets to enable actuation in all six 

DOFs (as discussed in Section 4.2.3). The combined actuation force and torque are 

calculated as  

�hh
h�
hhh
� 7* = 7*Ä + 7*Å + 7*Æ + 7*Ç7+ = 7+Ä + 7+Å + 7+Æ + 7+Ç7) = 7)Ä + 7)Å + 7)Æ + 7)ÇÈ- = 12C½* ÉÊ7)Ä + 7)ÅË − Ê7)Æ + 7)ÇËÌÈ. = 12C½+ ÉÊ7*Ä + 7*ÅË − Ê7*Æ + 7*ÇËÌÈ© = 12C½) ÉÊ7+Ä + 7+ÅË − Ê7+Æ + 7+ÇËÌ

`			, (5.2) 

where 7=Í (k ∈	(X, Y, Z), l ∈	(a, b, c, d)) represent the actuation forces generated by 
the associated solenoids, and C′* = C′+ = C′) = 220mm are the distances between 
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the actuation points and the centre of the floater (equivalent to the centre of gravity 

due to the symmetrical design of the floater).  

In Section 2.4.1, a variety of controller structures used to stabilise magnetic 

levitations were discussed. Hence, the maglev stabilisation control is designed based 

on linear PID controllers with transfer function 

Ï[ = Ð[ + Ñ[Ò + �[Ò			. (5.3) 

where Ð[ , Ñ[  and �[  (k ∈	 (X, Y, Z, α, β, γ) are the proportional, integrative and 
derivative gain of the controller respectively. Six decentralised SISO (single input 

single output) loops, each containing a PID controller, were used to stabilise the 

levitation in six DOFs. A linear controller structure was used since the nonlinear 

levitation stiffness contributed by the maglev was shown to be limited and can thus be 

neglected (This is experimentally demonstrated in Chapter 8). The PID type controller 

is chosen for its ability to directly control the levitation stiffness and damping. By 

using six SISO loops, the isolator performance is able to be configured individually in 

each direction.  

The decoupled solenoid actuation system also justifies the selection of the SISO 

controller structure. Due to the fact that every pair of solenoids are driven in series to 

generate the same actuation force, Equation (5.2) can be simplified to  

�hh
h�
hhh
� 7* = 27*Ä + 27*Æ7+ = 27+Ä + 27+Æ7) = 27)Ä + 27)ÆÈ- = 12C½* ÉÊ27)ÄË − Ê27)ÆËÌÈ. = 12C½+ ÉÊ27*ÄË − Ê27*ÆËÌÈ© = 12C½) ÉÊ27+ÄË − Ê27+ÆËÌ

				. ̀ (5.4) 

From the mechanical design of the actuation system, it can be seen that, when the 

floater is at the nominal operation position, the actuation forces/torques in each DOF 

are orthogonal to all the other DOFs, which shows that the actuation system is 



Chapter 5 Real-Time Control Systems 

112 

 

decoupled in the 6-DOF space under nominal operation of the isolator. This can also 

be seen from Equation (5.4) since there always exists a set of unique solutions to the 

solenoid forces (fXa, fXc, fYa, fYc, fZa, fZc) for an arbitrary given set of required actuation 

forces/torques ((*, (+, (), ,-, ,., ,©). Therefore, the actuation system is decoupled in the 
6-DOF space under nominal operation condition, and SISO (single input single output) 

control loops may be used to allow decoupled performance control in stabilising the 

maglev in each DOF. Section 6.5.1 will experimentally demonstrate that the actuation 

system is decoupled between the six DOFs during nominal operation. 

The complete decoupling of the actuation system only exists when the floater is 

levitated at the nominal operation position. However, cross coupling will occur when 

the levitation position is not at the nominal point, such as when the adaptive passive 

payload support system changes the levitation position to balance the static external 

loads (Section 3.7). In practice, cross coupling effects may also be introduced by 

imperfections in the mechanical hardware, such as mechanical misalignments, and 

inconsistencies between the dynamics of the twelve solenoids. These cross coupling 

effects will result in undesirable cross-DOF actuations. However, direct elimination 

of the causes of the cross coupling effects is very difficult. In the design of the 6-DOF 

maglev isolator presented here, the undesirable floater motion caused by the cross 

coupling effects is actively compensated for by the maglev stability control system, 

which, in real-time, monitors the floater motion and maintains the command levitation 

pose. 

5.2.2 Controller stiffness and maglev stability 

The inherent stiffness of the maglev is quasi-zero in the vertical direction. However, a 

stability controller is necessary to enable the stable operation of the maglev system, 

which introduces additional stiffness to the maglev system. Figure 5.2(b) compares 

the vertical levitation stiffness between the maglev system alone and the system with 

the stability controller. In Figure 5.2(b), the blue curve represents the vertical stiffness 

of the maglev system derived by differentiating the vertical force (F12Z) with respect 

to the floater vertical displacement. At the nominal operation point, the system 

stiffness equals zero. In general the maglev system is only stable when the overall 
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vertical levitation stiffness is positive. Therefore, with the maglev system alone, 

stable levitation in the vertical direction is only achieved with negative floater 

displacement, and at the nominal operating point (z = 0) the maglev system is 

marginally stable. By using a linear PID controller to stabilise the maglev isolator, a 

constant stiffness, determined by the magnitude of the controller proportional gain, is 

added to the maglev system. The green curve in Figure 5.2(b) describes the vertical 

levitation stiffness with an additional 100N/m stiffness induced by the stability 

controller. With the introduced stability controller, the system remains stable for 

displacements below 1.49mm. Hence, stable levitation is achievable in a wider 

displacement range compared to the maglev system with no controller. By increasing 

the stiffness of the stability controller, stable levitation can be achieved with larger 

floater displacement. However, as discussed before, an increase in system stiffness 

degrades the vibration isolation performance. Therefore, in theory, the controller 

stiffness should be tuned to the minimum magnitude required  
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for maintaining levitation stability according to the displacement requirement of the 

application. For example, in the case shown in Figure 5.2(b), 100N/m is required if 

the stability needs to be maintained up to 1.49mm of floater vertical displacement. 

However, in practical situations, the controller stiffness necessary for maintaining 

levitation stability is often significantly larger than the theoretical magnitude. This 

can be caused by electronic hardware noise, sensor and actuator dynamics and cross-

coupling effects. In practice, tuning of controller stiffness should be carried out based 

on the response of the physical maglev system.  

It is also noteworthy that the controller induced stiffness only exists in the bandwidth 

of the active control system. The control system has been designed with the low-pass 

filters (Equation (5.5)), which attenuate the actuator control signals beyond 200Hz. 

For disturbance frequencies above 200Hz, the maglev vibration isolator essentially 

exhibits the quasi-zero stiffness characteristic in the vertical direction. 

5.2.3 Cross coupling of sensor measurements  

It should be noted that Equation (5.1) provides only an approximation of the location 

of the floater COG in 6-DOF space. With floater motions in multiple DOFs, 

geometric factors of the floater may couple into the laser measurements since the 

displacement sensors are not directly pointed at the COG of the floater. An example is 

shown in Figure 5.3(a), which shows a condition where the laser sensor acquires the 

correct floater position in the Y direction. When the floater is displaced in both the Z 

and the α directions, as shown in Figure 5.3(b), an error (∆2) is introduced in the Y 
displacement measurement due to the angular displacement (c) around the X axis. 
The mechanical constraint of the current design allows a maximum of 1.1degrees of 

floater rotation in the α direction. This is also the angle at which ∆2  reaches 
maximum, and calculated as Δ2 = a ∙ tan	(c) . With the largest possible floater 
displacement of 3mm in the Z direction (constrained by the mechanical design), the 

maximum value of Δ2  is 0.0576mm, which is 0.96% of the 6mm span of the 
allowable floater displacement in the Y direction. Therefore, for simplicity of the 

controller design, the cross coupling effect in the laser sensor measurements was 

neglected.  
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5.2.4 Controller realisation and tuning 

The structure of the maglev stability controller is shown in Figure 5.4. Six SISO PID 

controllers are used in parallel for floater position regulation in the six DOFs. Each 

PID controller is paired with a power amplifier that is operated in the current control 

mode (in this mode, the internal current control loop of the amplifier ensures the 

amplifier output current is directly proportional to its input command signal) to 

directly control the actuation force generated by each solenoid. The feedback signals 

to the PID controllers are the positions of the floater relative to the isolator frame, as 

measured by the laser sensors. Therefore, the proportional gain of the PID controller 

directly controls the stiffness of the levitation, the derivative gain controls the relative 

levitation damping, and the integral control loop eliminates levitation position offset. 

To avoid exciting high frequency structural modes of the floater and amplifying 

electronic noise, each PID controller output is passed through a second order low-pass 

filter (LP(s)) with 200Hz cut-off frequency, written as 

CÐ(Ò) = ÔÕÖ�(Ò + ÔÕÖ)� , ÔÕÖ = 200	Hz ≈ 1257 rads 			, (5.5) 

where ÔÕÖ  is the cut-off frequency of the low-pass filter, and Ò  is the complex 
frequency variable of the Laplace Transform. 
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Figure 5.3: Cross coupled laser sensor measurement error. 
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To isolate ground-borne vibration, low levitation stiffness is desirable since it reduces 

the vibration transmissibility and the system natural frequency. The proportional gain 

of the PID controller is thus tuned to the minimal value necessary for stabilising the 

levitation. Relative damping between the floater and the frame reduces vibration 

amplification at system resonances. However, as shown in Section 3.2.2, it also 

adversely affects the vibration isolation performance beyond the natural frequency of 

the system. Therefore, the derivative gain should be kept at the minimal value 

required to maintain adequate attenuation to the isolator peak response and to 

maintain the stability of the loop. The role of the integral loop in the PID controller is 

to generate static forces/torques needed for positioning the floater. However, with the 

assistance from the adaptive-passive payload support, the output from the integral 

loops should be quasi-zero since the static disturbance from the payload is adaptively 

balanced using the permanent magnets (discussed in Section 5.3).  

In the physical system, a dSPACE DS1103 platform was used to execute the 

controller designs. The digital controller was run at 10000Hz, which was the 

maximum frequency achievable in practice for the designed control systems. Using 

the maximum sampling speed ensures the minimum time delay due to digital 

sampling, and hence, results in minimum phase distortion to the signals within the 

control system. Matlab Simulink and dSPACE Control Desk were used to program 
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and configure the controller algorithms. The specifications of the dSPACE DS1103 

can be found in Appendix D.3, and the specifications of the Maxon motor controller 

are listed in Appendix D.4. 

5.3 Adaptive-passive payload support 

In Chapter 3, it was shown that the maglev system is able to generate a static 

levitation force to support the payload weight, and the cross coupling forces and 

torques may also be used to balance static disturbances in other DOFs. With 

appropriate control system designs, the passive supporting forces and torques 

generated by the permanent magnets are able to be controlled to precisely match the 

magnitude of the external loads. Therefore, the static loads are balanced using the 

permanent magnets only, which negates the need for an electro-magnetic actuation 

system to generate supporting forces which is typically power intensive. This section 

will discuss the proposed control algorithms to realise the adaptive-passive payload 

support in the physical system.  

5.3.1 External disturbance monitoring 

Adaptive-passive payload support is a process of matching the generated static 

supporting force/torque to the magnitude of the static disturbance force/torque 

experienced by the floater. This requires the determination of the external forces and 

torques so that the corresponding control effort can be applied to realise the adaptive-

passive payload support. Conventional approaches for acquiring the magnitudes of the 

forces and torques commonly involve the use of load cells, which measure the relative 

forces and torques between the two objects firmly connected to the load cell. 

However, the maglev system is a non contact supporting mechanism. Measuring the 

forces and torques experienced by the floater using load cells requires the floater to be 

firmly connected to a fixed external structure, which forfeits the ability of the system 

to isolate vibrations. An alternative approach is mounting the entire isolator on a 6-

DOF load cell, which does not require a solid connection between the floater and the 

isolator frame. The external static disturbances can then be estimated by deriving 
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system kinematics and force balances. However, the estimates obtained using this 

method can be inaccurate depending on the system design. The extremely complex 

structural design and system dynamics of the 6-DOF maglev isolator make this 

method unsuitable for achieving accurate adaptive-passive payload support in 

multiple DOFs. Therefore, the conventional method of measuring forces and torques 

using load cells is not applicable in this design, and an alternative method was 

developed for estimating the forces and torques during normal system operation. 

The proposed method to estimate the external forces and torques is through 

monitoring the electric current drawn by the actuation system when maintaining a 

steady levitation. In order to maintain a desired floater position during levitation, the 

actuation system must provide supplementary forces and torques to balance the 

external loads on the floater. At steady state, the actuation forces and torques are 

directly proportional to the current drawn by the corresponding solenoids. When all 

the external loads are supported using permanent magnets, which is the aim of the 

adaptive-passive payload support system, the mean current drawn by the actuation 

system should be close to zero. Therefore, since the actuator amplifier is operated in 

the current control mode, the adaption process of the adaptive-passive payload 

support is equivalent to the process of minimising the DC (low frequency) component 

of the amplifier command signals. In the design, the DC components of the amplifier 

command signals in all six DOFs are extracted using six identical second order low-

pass filters with 0.5Hz cut-off frequency. Details of the DC component extraction are 

explained in the following sections together with controller designs for achieving the 

adaptive-passive payload support. 

During the DC component signal acquisition, it is important that the position of the 

floater (relative to the laser sensors) is stable so that the DC components of the 

command signals accurately reflect the difference in the magnitudes between the 

static payload inputs and the static forces and torques generated by the permanent 

magnets. The controllers presented in Sections 5.3 and 5.4 also require these forces 

and torques to be measured continuously while the floater levitation position is 

commanded to change along a special path. Hence, during the system operational 
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modes when the DC component signal is needed, it is essential that the maglev 

stability controller has excellent position command tracking ability. Therefore, the 

maglev stability controller is set to a mode with much higher stiffness and damping 

during the operation periods when DC component signal acquisition is necessary. 

More details of this secondary stability controller are discussed in Section 6.5.1. 

5.3.2 Supporting the payload weight 

The magnitude of vertical payload supporting force generated by the permanent 

magnets of the maglev can be changed by altering the separations between the top and 

bottom magnet pairs (refer to Section 3.6). Figure 5.5 shows the controller structure 

designed to automate the process of matching the maglev supporting force to the 

payload weight. 

 

 

 

 

During system operation, it is desired that the floater levitation is constantly 

maintained to be at the nominal operation position. Ideally, with optimum system 

tuning, the separations between the magnets should be set to result in a vertical 

levitation force equalling the weight of the payload. Therefore, under the nominal 

operation condition with optimum system tuning, the electromagnetic actuation 

system (detailed in Section 4.2.3) does not need to generate any static supporting 

forces. In order to automate this system tuning process, the proposed adaptive-passive 

support controller uses the magnet position control units (Section 4.2.4) to adjust the 

separations between the magnet pairs according to the real-time DC components of 

the actuation currents. When the electromagnetic actuators are required to generate a 

static upward force for the payload levitation, the adaptive-passive support controller 

will command the magnet position control to reduce the separations between the 

2nd order 
LP filter 
(Eqn. (5.6)) 

Control 
algorithm 
(Eqn. (5.7)) 

Maxon 
motor 

controller 

Maglev stability 
control 

Electromagnetic 
Actuators 

Actuator control signal ACZ 

DC component 

in Z direction 
Motor 

speed 

DCZ v 

Command position 

 

Figure 5.5: Controller structure of the adaptive-passive payload weight support 
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magnet pairs until the vertical levitation force from the permanent magnets is 

increased to the magnitude of the payload weight (the DC component of the actuator 

command signal becomes zero). Similarly, when the actuation system is generating a 

static downward force, the magnet separations are increased to reduce the excessive 

vertical levitation force. 

In Figure 5.5, DCi (i∈ (X, Y, Z, α, β, γ)) represents the DC component of the actuator 
control signal (ACi) in each of the six DOFs, which is estimated using the second 

order low-pass filters written as 

�Ï[ØÏ[ = ÔÕÖ�(Ò + ÔÕÖ)� , ÔÙÚ = 0.5	Hz ≈ 1.57	rad/s			. (5.6) 

where ÔÕÖ  is the cut-off frequency of the low-pass filter, and Û  represents the 
permanent magnet travelling speed (positive Û  increases magnet separation). The 
control algorithm used is a two-state fuzzy logic controller described by 

Û = Ü−ÛÝ ∙ sign(�Ï)),									|�Ï)| ≥ K−ÛÙ ∙ �Ï),																						|�Ï)| < K`			, (5.7) 

where ÛÝ  = 0.5mm/s and ÛÙ  = 2mm/(sA) are the high and low magnet travelling 
speed gains, and a = 0.05A is the actuator current threshold for switching the 

controller state. A plot of magnet travelling speed (Û) versus DC control current (�Ï)) 
is shown Figure 5.10. 

 

 

 

 

 

 
Figure 5.6: Command magnet travelling speed vs. DC control current. 
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The magnet travelling speed is controlled by two Maxon motor controllers (one for 

the top magnet position control unit, and one for the bottom unit). Through the 

internal control loops, the motor controllers operate the drive motors (shown Figure 

4.4) at the command speed. 

As discussed in Section 5.3.1, the DC component of the actuator control current is 

obtained using a low-pass filter with cut-off frequency at 0.5Hz. The dynamics of the 

low-pass filter means the sensing system has a “slow” response to changes in the 

monitored forces and torques experienced by the floater. When the adaptive-passive 

payload support controller is activated, it adjusts the separations between the magnets 

to change the vertical magnetic forces generated by the permanent magnets. If the 

magnet separation is changed at excessive rates, the slow response of the sensing 

system may result in instability of the adaption controller. The maximum magnet 

travelling speed has to be limited for the sake of controller stability. The first state of 

the fuzzy logic controller described by Equation (5.7) assigns a constant travelling 

speed to the frame magnets. The magnitude of this constant travelling speed is the 

maximum value allowed, determined through experimental trails, without 

compromising the stability of the adaption controller. When the magnitude of the 

required actuator control current (�Ï)) is higher than a, the motor controllers operate 
the system at the maximum allowable speed (ÛÝ) for fast adaption. 
The second state of the adaption controller uses proportional control logic, which 

reduces the magnet travelling speed when the magnitude of the vertical force 

generated by the permanent magnets approaches the weight of the payload. Hence, 

the proportional controller can increase the accuracy of the adaption process, and 

prevent oscillatory behaviour at the equilibrium point, which would occur if constant 

magnet travelling speed were used during the entire adaption process. The appropriate 

gain of the proportional control (ÛÙ) and the switching current threshold (K) were 
determined through experimental trails. 

The operation of the adaptive-passive payload support disturbs the stability of the 

floater levitation position. Therefore, a sub-control logic was used to deactivate the 
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adaption controller when the adaption process is completed. If |�Ï)| ≤ 0.01A is true 
for 10 seconds, it marks the completion of the adaption process and the adaption 

controllers are deactivated. If |�Ï)| ≥ 0.01A is true for over 10 seconds, the adaption 
process is reactivated again to eliminate the static power consumption. The 

experimental system performance of the adaptive-passive payload support is reported 

in Section 6.6. 

5.3.3 Supporting the horizontal forces and rotational torques 

The control algorithm for adaptive-passively supporting four other DOFs, Y, Z, α and 

β, (as discussed in Section 3.7.3, passive floater support in the γ direction is not 

necessary) is similar to the weight adaption controller discussed in the previous 

section. However, instead of commanding the magnet position control units to adjust 

the separations between the permanent magnets, the adaption controller here 

commands the maglev stability controller to relocate the floater position to generate 

supporting forces and torques.  

The controller structure shown in Figure 5.7 is an example of the adaption process for 

supporting the payload in the α direction. Let È represent the time, and CY represent 

the position command in the Y direction given by the adaption controller (relocating 

the floater in the Y direction generates torque in the α direction). The controller 

algorithm can be written as  

Ï+ = ßàÐÝ × sign(�Ï-) IÈ,						when	|�Ï-| ≥ ä
à ÐÙ × �Ï-	IÈ ,																	when	|�Ï-| < ä`			,	 (5.8) 

where ÐÝ 	= 0.1mm/s and ÐÙ  = 2mm/(sA) are the high and low floater relocation 
speeds respectively; b = 0.05A is the threshold for applying the different relocation 

speeds. Figure 5.8 shows the controller logic described by Equation (5.8). The 

magnitudes of the controller parameters were determined through experimental trails. 

Again, this controller structure allows fast adaption when actuator power consumption 
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is high, and trims the floater position slowly with greater accuracy when the control 

current drops below the low level threshold.  

 

 

 

 

 

 

 

 

 

 

 

The DC control current (used as the controller feedback signal) is obtained by the 

external disturbance monitoring method discussed in Section 5.3.1. For the 

monitoring algorithm to accurately estimate the forces and torques experienced by the 

floater, the floater needs to have zero acceleration in all six DOFs. Therefore, in the 

adaption controller design, large floater acceleration should be avoided. This 

constraint applies to the adaption processes where the floater levitation position has to 

be adjusted to generate balancing forces and torques. Hence, as shown in Figure 5.8, 

the floater travelling speed is continuous between the two controller states as opposed 

to the discontinuity of the magnet travelling speed shown in Figure 5.6. 

Figure 5.7: Controller structure for adapting disturbance in the α direction.  
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Figure 5.8: Command floater travelling speed vs. DC control current. 
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Similarly, the adaption processes for balancing the torques and horizontal forces 

introduce disturbances to the floater levitation. Therefore, the adaptive-passive 

payload support controller is disabled when �Ï- is below 0.01A for more than 10 
seconds, and is reactivated if �Ï-  is over 0.01A for more than 10 seconds. The 
adaptive-passive payload support can be realised using the same method in the β 

direction with the control logic  

Ï* = ßàÐÝ × signÊ�Ï.Ë IÈ,						when	|�Ï.| ≥ ä
à ÐÙ × �Ï.	IÈ ,																	when	å�Ï.å < ä `			.	 (5.9) 

The preceding control strategies is for adapting the moment disturbance in the 

rotational directions by displacing the floater in the translational directions. The same 

control logic is also suitable for adaptive-passively supporting the payload forces in 

the translational DOFs (X and Y). When adapting the horizontal payload force inputs, 

the maglev stability control is commanded to rotate the floater so that translational 

forces are generated to balance the static external forces (Section 3.7.2). The adaption 

controllers for the X and Y directions respectively are,  

Ï- = ßàØÝ × sign(�Ï+) IÈ,						when	|�Ï+| ≥ ä
à ØÙ × �Ï+	IÈ ,																	when	|�Ï+| < ä` (5.10) 

Ï. = ßàØÝ × sign(�Ï*) IÈ,						when	|�Ï*| ≥ ä
àØÙ × �Ï*	IÈ ,																	when	|�Ï*| < ä  ̀ (5.11) 

where AH	 = 0.1deg/s and AL	 = 2deg/(sA) are the high and low floater rotation rates, 
which were determined using experimental trails. Figure 5.9 shows a plot of the 

command floater angular speed versus the DC control current in the Y direction. 
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5.3.4 Comments on the interference and cross coupling of the 

adaptive-passive payload support 

The adaptive-passive payload support mechanism changes the positions of the 

permanent magnets and the floater levitation position to generate forces and torques 

for balancing the external inputs. It may appear that the levitation position offset 

introduced by the adaptive-passive payload support disturbs the quasi-zero/zero 

stiffness behaviour of the levitation. However, the stiffness of maglev system remains 

the same under static pose offsets introduced by the adaptive-passive payload support. 

In the vertical direction, the adaptive-passive payload support system adjusts the 

positions of the frame magnets to change the supporting forces for the payload weight. 

Therefore, the levitation position of the floater COG is maintained at the vertical 

midpoint of the two frame magnets. Hence, the vertical separations between the two 

magnet pairs are equal, and the adaptive-passive payload support system has no 

impact on the stiffness characteristics of the maglev in the vertical direction.  

The external static loads in the X and Y directions are balanced adaptive-passively by 

rotating the floater along the β and α directions respectively. As shown in Figure 

3.17(d) and Figure 3.18(c), constant angular displacements in the β and α directions 

only result in static forces in the X and Y directions respectively. This effectively 

changes Equation (3.31) to 

Figure 5.9: Command floater angular speed vs. DC control current. 
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(+ = ($�+ + (%&+ = 7+			, (5.12) 

where 7+  is the constant cross coupling force resulting from the α rotation. 
Differentiating Equation (5.12) with respect to the Y displacement of the floater gives J·tJç = 7+½ = 0. Hence, the zero horizontal levitation stiffness is maintained in the Y 
direction, and also in the X direction for the same reason. Similarly, Figure 3.20(b) 

and Figure 3.21(a) show that, with constant floater translations in the X and Y 

directions, only static torques are generated in the α and β directions respectively, 

which changes Equation (3.36) to 

,- = ($�+ ∙ '½ − (%&+ ∙ '½ = È-			. (5.13) 

This also demonstrates that the zero stiffness property of the maglev is maintained in 

the α and β directions. Therefore, it can be concluded that the adaptive-passive 

payload support system does not influence the stiffness of the maglev system in any 

of the six DOFs. 

In Section 3.6, cross coupling effects on the forces and torques were demonstrated 

between each pair of DOFs. The same cross coupling behaviour exist in the adaptive-

passive payload support, which implies that the adaption process in one DOF may 

disturb the force/torque balance in the other DOFs. The design of the adaptive-passive 

payload support controller allows it to monitor and adapt static payload inputs 

simultaneously in multiple DOFs. Cross coupled disturbances are compensated in 

real-time by the controller within each DOF. Hence, at the completion of the adaption 

process, the force and torque balances are achieved simultaneously in all the DOFs. 

Section 6.6 will demonstrate a practical example of a successful multi-DOF adaption 

achieved by the proposed adaptive-passive payload support controller.  
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5.4 Autonomous maglev tuning 

The proposed maglev vibration isolator is able to provide quasi-zero vertical 

levitation stiffness under nominal operation condition. Theoretically, the nominal 

operation condition is established when the COG of the floater is at the vertical 

midpoint of the two centres of the fixed magnets. However, in practice, it is difficult 

to accurately determine this midpoint position in space. In the physical isolator system, 

the position of the floater is determined using six laser sensors (discussed in Section 

5.2) installed on the frame assembly, which measure the relative displacements 

between the sensor heads and the floater. Therefore, if the sensor heads are not 

positioned ideally, which is certainly the case in the practical situation, the sensor 

reported nominal operation position will not be the precise location for minimum 

vertical levitation stiffness. Additionally, the mechanical misalignments within the 

frame assembly will also affect the alignment of the fixed magnets, which further 

contributes to the difficulties in locating the vertical nominal operating position. To 

optimise the performance of the vibration isolation system, an auto-tuning system is 

proposed to autonomously minimise the vertical levitation stiffness according to the 

system states in real-time. This section will discuss the principles and designs of the 

auto-tuning system. 

The auto-tuning system for minimising the vertical levitation stiffness firstly requires 

the real-time estimation of the levitation stiffness. In the system developed here, the 

levitation stiffness is derived from differentiating the vertical magnetic force 

(estimated using the DC acquisition method described in Section 5.3.1) with respect 

to the position of the floater COG relative to the frame magnets. Therefore, to be able 

to measure the vertical levitation stiffness, the relative motion between the frame 

magnets and the floater must be non-zero. In order to introduce relative motion 

between the floater and the frame magnets, the auto-tuning system was designed to 

use the magnet position control units to change the locations of the frame magnets 

while maintaining a stable floater levitation position (relative to the frame) using the 

maglev stability control. The frame magnets are driven collectively in the same 

direction with the identical speed. Hence, no relative motions exist between the two 
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frame magnets and the floater position changes relative to both of the fix magnets 

collectively. 

Figure 5.10(a) shows a schematic of the auto-tuning process for minimising the 

vertical levitation stiffness. The floater levitation position is maintained at a fixed 

point by the maglev stability controller. The frame magnet offset (∆d) is controlled by 

the magnet positioning units. Figure 5.10(b) shows the theoretical levitation stiffness 

derived by differentiating the force-displacement relationships in Figure 3.22(b), 

plotted for multiple separations (p) between the magnet pairs. 

 

 

 

 

 

 

 

 

Figure 5.10(b) shows that the stiffness of the levitation in the vertical direction 

increases monotonically with an increase in the magnet offset, and the stiffness is 

equal to zero at the point ΔI = 0. Therefore the auto-tuning controller was designed 
to increase the magnet offset when the levitation stiffness is negative, and decrease 

the offset when positive stiffness is detected. This bang-bang control action will drive 

the frame magnet position to converge to the point where the levitation stiffness is 

equal to zero. When the levitation stiffness is reduced to below è = 100N/m, the 
system recognises this event as the completion of the auto-tuning process and 
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deactivates the magnet positioning unit to prevent disturbances to the operation of the 

maglev. The controller algorithm is expressed as 

ßΔIQ = −Ûê × sign �I�Ï)IëI �		,										ìI�ÏxIëI ì ≥ è
ΔIQ = 0,																																															 ìI�ÏxIëI ì < è`						, (5.14) 

where Ûê = 0.1mm/s  is the magnet relocation speed. The bang-bang controller 
structure was selected since it maintains a constant magnet travel speed (which 

introduces less disturbance to the estimation of the levitation stiffness than other 

controller algorithms) and is less sensitive to noise in the stiffness measurement. The 

chosen magnitudes of Ûê and è were found to be a good combination to achieve fast 
and accurate maglev tuning resulting in an auto-tuning process that completes in 63s 

with less than 0.1mm tuning error. The practical performance of the auto-tuning 

system will be presented in Section 6.7. 

5.5 Conclusion and control system integration 

In this chapter, a number of active control systems were discussed, including the 

operation principles, sub-system structures and their physical realisation in the 

mechanical isolator system. The proposed control systems, together with the isolator 

mechanical design shown in Chapter 4, allow all the intended isolator functions to be 

realised on the developed physical isolator, and successfully demonstrates the 

possibility of developing a vibration isolation system based on the proposed maglev 

system. Figure 5.11 shows the integration of all the sub-control systems, as well as 

signal routing between the sub-controllers. 
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The controller logics of the sub-control systems shown in Figure 5.11 are realised 

using the dSPACE DS1103 platform. The details of each controller design were 

discussed in the corresponding sections as labelled. Chapter 6 will individually 

demonstrate the experimental performance of each proposed sub-control system. 

 

Figure 5.11: Integration of the control systems 
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Chapter  6 

6 System Performance 

6.1 Introduction 

This chapter quantifies the experimental performance of the developed 6-DOF quasi-

zero stiffness maglev isolator. It includes results and discussions on the performance 

of the system electronics, the mechanical structure and various control systems. The 

measured vibration transmissibilities of the isolator in all six directions will be 

presented in Chapter 8. 

This chapter is arranged as follows. It starts with discussions of the sensing and 

actuation systems. The laser sensors are examined in terms of the electric noise and 

the linearity of the dynamic response, and the performance of the actuation system is 

presented in terms of the force sensitivity and the linearity of the actuator dynamics in 

the frequency domain. This is followed by 3D measurements of the high frequency 

floater structural dynamics. The performance of the levitation stability control, the 

adaptive-passive payload support and the autonomous maglev tuning are presented in 

Sections 6.5, 6.6 and 6.7 respectively. 
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6.2 Performance of the laser sensors 

In the developed maglev vibration isolator, the laser sensors monitor the position of 

the floater in real-time. The stability of the levitation is directly related to the quality 

of the sensor feedback signal. In order to identify the internal dynamics of the laser 

sensors, experiments were carried out to test both the electric noise and linearity of 

the sensors in the frequency domain.  

6.2.1 Sensor electric noise 

The effect of sensor noise is potentially significant in the maglev vibration isolator. 

The sensor signal is directly fed into the controller, and then into the amplifier (refer 

to the maglev stability controller structure in Section 5.2) which drives the solenoids. 

Electric noise produced by the laser sensor is amplified, which introduces motion 

disturbance to the floater. Therefore, it is important to study the noise spectrum of the 

selected laser sensors. 

The laser sensors used in the design of the maglev isolator are the Acuity AR200-12 

displacement sensors, which have a resolution of 3.8µm and a maximum sampling 

rate of 1250 samples per second. The detailed specifications of the sensors are 

tabulated in Appendix D.1. The noise spectrum was obtained from an FFT of the laser 

sensor output while measuring the distance between itself and a stationary white flat 

surface. During the measurement, the laser sensor and the target object were mounted 

on a stiff stand (which ensures that no relative motion exists between the sensor and 

the target within 0-500Hz) and 21mm apart (stand-off to middle of span distance). 

Figure 6.1(a) shows a picture of the Acuity laser sensor, and Figure 6.1(b) shows the 

experimental arrangement used to measure the noise spectrum of the laser sensor. 
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The noise spectrum was measured from 0Hz to 500Hz, which is sufficient to cover 

the 0Hz to 200Hz frequency range (Section 5.2.4) of the active control systems. The 

noise spectrum of the laser sensor is plotted in Figure 6.2. It can be seen from the 

noise spectrum that the electric noise generated by the laser sensor is of 

approximately the same order of magnitude as the sensor resolution (3.8µm). The 

spike in the spectrum around 100 Hz is likely to be a rectification of the 50Hz AC 

frequency in the DC power supply of the system. The noise generated by the laser 

sensor can be magnified by the maglev stability controller, and may induce vibrations 

 

Laser 
sensor 

 

Figure 6.1: Measurement of the noise spectrum of the Acuity AR-200-12 laser sensor. 

(a): Photograph of the Acuity AR-200 
laser sensor 

(b): Mounting method of the laser sensor 
during the noise spectrum test 

Figure 6.2: Noise spectrum of the Acuity AR-200 laser sensor (FFT properties: DC coupled, 128 
averages, 1600 lines, Hanning window, 24,000Hz sampling frequency). 
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to the floater during levitation. The magnitude of the levitation induced vibration is 

quantified and discussed in Section 6.5.2. 

6.2.2 Linearity of the laser sensor dynamic response 

The dynamic response of the laser sensor is another factor that could impact the 

frequency response of the maglev stability control system. Therefore, the linearity of 

the laser sensor was also examined in the frequency domain. A linearity test was 

conducted in the 0-200Hz frequency range with the aim to identify, in the frequency 

range of the active control, the dynamic effects of the internal signal conditioning 

components of the laser sensor. The arrangement used for the linearity test is shown 

in Figure 6.3. 

The linearity of the laser sensor was assessed by comparing the laser sensor 

measurements to that of a calibrated B&K 4381 accelerometer (refer to Appendix D.5 

for specifications), which is assumed to be linear from 0.1Hz to 4800Hz. In the test, 

the accelerometer was stud mounted to a shaker platform (excited with a swept sine 

signal, using a sweep rate of 1octave/min). The acceleration signal was double 

integrated in the charge amplifier (B&K 2635 with an internal second order high-pass 

filter at 0.1Hz) to obtain displacement measurements. Vibration of the shaker was 

also monitored by the laser sensor simultaneously. The linearity of the laser sensor is 

Laser measurement 

Laser 

sensor 

 

Accelerometer measurement 

(Reference) 

Accelerometer  

 

1Ò� É ÒÒ + 0.2πÌ� 

 
 

Shaker 
Excitation signal 

Figure 6.3: Experimental layout of the linearity testing for the laser sensor 



6.2 Performance of the laser sensors 

135 

 

obtained by comparing the transfer function between the two measurements. The 

result is shown in Figure 6.4. It can be seen that the laser sensor has almost the same 

linear response as the accelerometer prior to 60Hz. From 60Hz onwards, the sensor 

response starts to roll-off at a very low rate. This is likely due to the low-pass filter in 

the laser sensor which has a 625Hz cut-off frequency for anti-aliasing purposes. At 

200Hz, the maximum attenuation and phase distortion are approximately -0.9dB and 

2.5degrees. Therefore, the laser sensor dynamics are not expected to have a 

significant influence on the performance of the levitation stability control system.  

 

Figure 6.4: Bode plot between the laser sensor and the B&K accelerometer, along with the coherence 
of the measurement (FFT properties: DC coupled, 128 averages, 1600 lines, Hanning window, 

24,000Hz sampling frequency). 
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6.3 Performance of the actuation system 

In the maglev stability control, the actuators also play a very important role as they 

are the physical components that execute the control commands. It is necessary to 

assess the performance of the actuators in order to identify the potential performance 

degradations resulting from the actuator dynamics. This section presents the 

examinations of the actuation system and interpretations of the results. 

6.3.1 Determining the actuator sensitivity 

The solenoid actuators used in the maglev isolator have a special profile, which is 

uniquely designed to improve their actuation capacity. The most simple and accurate 

method to determine the solenoid sensitivity is through experimental means. The 

sensitivity of the solenoid actuator refers to the amount of magnetic force produced 

per ampere of electric current, i.e., S=F/I, where S, F and I represent the sensitivity 

factor, the magnetic force and the solenoid current respectively. When the maglev 

isolator is in normal operation, the only sources of relative motion between the 

solenoid and the actuator magnet are the ground disturbances (laboratory floor 

vibration, Appendix B) and vibrations induced by the levitation stability controller 

(Section 6.5.2). These relative motions have small magnitudes compared to the 

separation between the solenoid and actuator magnet (3mm). Therefore, the solenoid 

and actuator magnet can be assumed to be stationary relative to each other during the 

operation of the isolator, and the sensitivity factor of the solenoid is expected to be 

constant.  

Figure 6.5 shows the experimental arrangement for the actuator sensitivity test. 

During the test, the actuator magnet was held stationary with a 3mm clearance to the 

inner wall of the solenoid cavity to simulate the geometric layout of the actuation 

system under nominal operation condition. Specifications of the actuator magnet and 

the solenoid can be found in Appendix D.2.  
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During the actuator sensitivity test, varying magnitudes of current were applied to the 

solenoid, and the actuation forces were measured using a force transducer. Figure 6.6 

is a plot of the actuation force with respect to the supplied current. A linear fit to the 

data set verified the linear relationship between the actuation force and the solenoid 

current. The fitting function shows that the sensitivity factor of the actuators is 

3.82N/A. 

 

Figure 6.6: Actuation force vs. solenoid current 
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Figure 6.5: Experimental arrangement of the actuator sensitivity test. 
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6.3.2 Linearity of the actuation system 

Similar to that of the laser sensing system, the linearity of the actuation system in the 

frequency domain also significantly affects the dynamic response of the magnetic 

levitation. The dynamics of the actuation system consists of two parts in series; the 

dynamics of the solenoid and the dynamics of the amplifier. The frequency response 

of the actuation system (Solenoid + Amplifier) was obtained using the experiment 

illustrated in Figure 6.7. 

The transfer function of the solenoid may be derived from  

î = ïð + IïIÈ C			, (6.1) 

where V, R, L and i represent the voltage, resistance, inductance and current through 

the solenoid respectively. Taking the Laplace transformation of Equation (6.1) yields 

î(Ò)ï(Ò) = 1CÒ + ð			. (6.2) 

The resistance and inductance of the solenoids were measured to be 3.7Ω and 0.014H 

respectively. Equation (6.2) indicates that the solenoid dynamics have the form of a 

gain and a low-pass filter having a cut off frequency at 
ñÕ = &.�òL.L$%Ý YóôH = 42.06	Hz. 

This is not a desirable bandwidth for the active control systems of the maglev isolator. 

Solenoid 

(14mH, 3.7Ω) 

Voltage meter 

Command current 

Voltage / 0.5Ω 

Maxon power 

amplifier 

Resistor (0.5Ω) 

B&K Photon+ 

signal analyser 

Solenoid control current 

Figure 6.7: Experimental setup of the actuator linearity test 
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The phase distortion induced by the actuator dynamics will reduce the gain margin 

and control system stability. In Chapter 7, a 6-DOF skyhook damping system will be 

proposed, which uses the same actuation system to realise active vibration control. 

The slow actuator dynamics will degrade the performance of the skyhook damping 

system. In order to improve the performance of the solenoid, the driving amplifier is 

set to the current regulation mode, in which an internal feedback controller in the 

amplifier is activated to regulate the output current according to the input command. 

In the actuator linearity test, a resistor was connected in series with the solenoid in 

order to obtain the magnitude of the solenoid current using Ohm’s Law (I=V/R). The 

value of the resistance was chosen to be 0.5Ω, which is the practical minimum 

resistance that minimises disruption to the actuator dynamics, as well as allowing 

reasonably large voltage drop across the resistor (maximum of 1V) for ease of 

measurement. During the experiment, the amplifier was commanded with a swept 

sine signal (2 Octave/min) from 1 Hz to 1000 Hz, and the transfer function between 

the command current and the solenoid current (estimated using the voltage drop 

across the sensing resistor and Ohm’s Law) was recorded using a B&K Photon+ 

signal analyser.  

Figure 6.8 shows the measured frequency response of the actuation system. The black 

curve describes the expected response of the solenoid; the blue curve describes the 

measured response of the actuation system when the amplifier was set to the voltage 

mode (the amplifier voltage output is directly proportional to the input command 

signal), and the red curve shows the improved system response obtained through the 

current regulation provided by the amplifier, and the dashed green curve is a second 

order fitted model (� = $&�
�$ö%÷�
ø�$��
�$ö¶&&) to the actuation system response with the 
amplifier in the current mode. The current control mode has shifted the usable 

actuation bandwidth (±3dB) from 50 Hz to approximately 200 Hz, which will be 
shown in the subsequent sections to be sufficient for the active control purposes in 

this research. The poles of the actuation system are potentially able to be further 

placed at higher frequencies using loop shaping techniques. However, since the 
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performance of the actuation system in current control mode is sufficient for this 

research, the loop shaping method was not attempted. 

Figure 6.8: Frequency response of the actuation system (FFT properties: DC coupled, 128 averages, 
1600 lines, Hanning window, 24,000Hz sampling frequency). 

10
0

10
1

10
2

10
3

-30

-25

-20

-15

-10

-5

0

5

Frequency (Hz)

M
a
g
n
it
u
d
e
 (

d
B

)

 

 

Solenoid response

Actuation system response  (voltage mode)

Actuation system response  (current mode)

Fitted model to current mode response

� = 132Ò + 18497Ò� + 172Ò + 18633 



6.4 Floater structural vibration modes and resonance frequencies 

141 

 

6.4 Floater structural vibration modes and resonance 

frequencies 

In the 6-DOF maglev vibration isolator, the levitation is constantly stabilised through 

a feedback control system. The noise from the sensors and actuator amplifiers is 

likely to excite the floater structure in the frequency range of active control (0-200Hz). 

Disturbances and noise may be amplified significantly at frequencies of the floater 

structural resonances, and will transmit into the payload directly attached to the 

floater assembly. It is also important to identify the un-modelled system dynamics in 

the frequency band of active control to ensure that controller stability is not 

compromised by the non-rigid body modes of the floater assembly. Therefore, it is 

important to study the structural modes of the floater, and avoid excitations at its 

resonance frequencies. 

To examine the structural resonances of the floater assembly, a Polytec PSV-400 3D 

laser vibrometer was used to obtain its resonance frequencies and the corresponding 

mode shapes. Three scans were completed to obtain the floater structural modes in 

three planes (XY, YZ and XZ plane). Figure 6.9 shows the experimental arrangement 

used for the laser vibrometer scans, and Figure 6.10 shows the actuator and magnet 

used to achieve non-contact broadband excitation. During the scans, the actuator was 

driven using white noise with 0-1000Hz bandwidth so that the structural resonances 

could be excited and observed using the laser vibrometer. The camera angles (scan 

angles) of the three scans are shown in Figure 6.11. 

Figure 6.12, Figure 6.13 and Figure 6.14 show the laser vibrometer scanning grid and 

results for the XY, XZ and YZ planes respectively. In these figures, the first sub-plot 

shows the positions of the points (green) on the structure which were scanned, and the 

last sub-plot shows the spectrum of the average acceleration of the scanning points for 

each plane, which a measure of the overall vibration intensity spectrum of the 

structure. The operating deflection shapes of the structural modes are also shown in 

the remaining sub plots.  
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Figure 6.9: Equipment arrangement of the laser vibrometer for structural mode identification. 
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Figure 6.10: Photograph of the actuation method for broadband floater excitation. 
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Through the three scans made using the laser vibrometer, the structural resonances 

were identified to be at 363Hz and 724Hz in the XY plane, 199Hz in the XZ plane, 

and 164Hz, 549Hz and 899Hz in the YZ plane. Ideally, it is desired to have no 

structural resonances within the frequency range of interest for active control (0Hz to 

200Hz in this application) so that excitation of floater structural modes can be avoided. 

However, the design of the floater assembly exhibited two resonance modes below 

200Hz, which are undesirable since these modes may be excited by the noise of the 

active control system used in the maglev isolator design. One potential solution to 

avoid the excitations of these resonant modes is to stiffen the floater structure to 

ensure that no resonances exist in the frequency range of active control. The problem 

of having resonances within the active control frequency range can also be solved by 

inserting notch filters in the controller to attenuate actuator energy output at floater 

resonance frequencies. However, neither of these methods was attempted in this 

research as the aim of the project is to improve the performance of the vibration 

isolation to seismic level disturbances (below 10 Hz), and the structural resonances 

within the nominal frequency range of interest id not significantly impact the system 

performance at these low frequencies  
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Figure 6.11: Directions of the laser vibrometer scans. 
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(a): Scanning grid of XY plane 

(b): Ansymmetrical resonance mode at 363 Hz (c): Symmetrical resonance mode at 724Hz 
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Figure 6.12: Laser vibrometer scan and structural modes in the XY plane (FFT properties: DC 
coupled, 128 averages, 1600 lines, Hanning window, 20,000Hz sampling frequency). 
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Figure 6.13: Laser vibrometer scan and structural modes in the XZ plane (FFT properties: DC 
coupled, 128 averages, 1600 lines, Hanning window, 20,000Hz sampling frequency). 
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(b): Symmetrical resonance mode at 199 Hz 
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Figure 6.14: Laser vibrometer scan and structural modes in the YZ plane (FFT properties: DC 
coupled, 128 averages, 1600 lines, Hanning window, 20,000Hz sampling frequency). 
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6.5 Performance of the maglev stability control 

During nominal operation of the maglev isolator, the maglev stability control is 

responsible for creating a stable and low stiffness connection between the supporting 

structure and the floater so that the payload is isolated from external vibrations. The 

performance of the maglev stability control is vital to the overall vibration isolation 

performance. The maglev stability controller is designed to operate in two modes: 

normal operation mode and auto-tuning mode. The normal operation mode uses 

relatively low gains for the PID controllers to realise low stiffness levitation, and the 

auto tuning mode increases the PID gains to ten times the normal operation mode 

magnitudes so that accurate command tracking can be achieved (introduced in Section 

5.3.1). The performance of the maglev stability control was assessed in two aspects: 

the command tracking ability for the high gain mode (auto-tuning mode), and the 

magnitude of the self-induced vibration for the low gain mode (normal operation 

mode). 

6.5.1 Position command tracking (high controller gains) 

The command tracking performance of the controller was examined by assessing its 

ability to track a changing command signal. During the test, the position command for 

each DOF was changed in a stepwise manner at 20-second intervals. Each step signal 

was maintained for three seconds before returning to the previous position command. 

Figure 6.15 shows the measured floater response to the changing command signal. 

The step sizes are 0.3mm and 0.1deg for the translational and rotational DOFs 

respectively. From Figure 6.15, it can be seen that the maglev stability control 

achieved accurate command tracking ( ±0.01 mm error in translational DOFs, ±0.005degree error in rotational DOFs) with minimal settling time (approximately 
0.1s) in all the DOFs. This demonstrates the command tracking ability of the maglev 

stability control, and hence ensures the accuracy of the external load monitoring 

algorithm used to estimate the force and torque inputs from the payload (Section 

5.3.1). Table 6.1 lists the PID gains used during the controller command tracking test, 

which account for the gains across the system electronics. It should be noted that the 
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PID gains used during the position tracking test were set to allow accurate command 

tracking for the benefit of the external load monitoring system. This set of high gains 

is not used for normal operation to isolate ground vibrations.  

 

 

 

 

 

 

 

 

 

 

 

Table 6.1: PID gains used in the levitation position command tracking test 

Item Value Item Value 

PX 22500 N/m Pα 3200 Nm/deg 

IX 1125 N/m•s Iα 2400 Nm/deg•s 

DX 263 N•s/m Dα 34 Nm•s/deg 

PY 22500 N/m Pβ 3200 Nm/deg 

IY 1125 N/m•s Iβ 2400 Nm/deg•s 

DY 263 N•s/m Dβ 34 Nm•s/deg 

PZ 6750 N/m Pγ 640 Nm/deg 

IZ 675 N/m•s Iγ 240 Nm/deg•s 

DZ 60 N•s/m Dγ 12 Nm•s/deg 
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Figure 6.15: Maglev position command tracking in 6-DOF 
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Figure 6.15 also shows that the actuation system is sufficiently well decoupled 

between the six DOFs. The actuation in each DOF only caused very limited 

disturbances to the other DOFs. These disturbances were mainly as a result of the 

slight uneven mass distribution of the floater. With high floater acceleration during 

the command tracking test, the uneven mass distribution could create cross-coupling 

forces and torques. However, the actuation system itself is well decoupled between 

the six actuation DOFs. 

6.5.2 Levitation induced vibration (low controller gains) 

The maglev stability controller operates in a low gain mode during normal operation 

to isolate ground vibration. Since the stability control system is a feedback controller 

that involves a number of sensors and electronics, a small amount of vibration may be 

induced by the feedback control mechanism due to noise from the system equipment. 

Since the levitation stabilisation system is used for vibration isolation, any vibration 

induced by the levitation controller is extremely undesirable. Therefore, it is 

important to quantify the amount of induced vibration and to maintain its magnitude 

to be below an acceptable threshold. 

Table 6.2 is a list of the PID gains used in the normal operation mode. These gains 

were found experimentally to be a suitable combination that achieves the lowest 

levitation stiffness without compromising the stability of the maglev. Theoretically, 

since the maglev system has quasi-zero/zero stiffness in all the six DOFs, the required 

PID gains required to maintain a stable levitation for the proposed maglev isolator at 

the nominal operation point should be very small. However, due to the mechanical 

misalignments within the system and the noise from the system electronics, the PID 

gains tabulated in Table 6.2 are required for the current system hardware 

configuration. 

The levitation induced vibration was measured in the X, Y and Z directions using six 

filtered geophones (refer to Section 7.3.1 for details on geophone filtering) installed 

on the floater assembly (Figure 7.1 shows the geometric locations of the geophones). 

The measured vibration levels on the floater during normal operation of the isolator 
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are presented in Figure 6.16. Figure 6.16(a) shows the residual translational floater 

vibrations in the X, Y and Z directions as measured in the research laboratory 

(Appendix B shows the laboratory floor vibration levels). The translational vibrations 

are compared with the VC-E vibration criterion (Miller, 1995), which is the most 

demanding criterion specified for the operation of extremely vibration-sensitive 

equipment. The results show that, in the translational directions, the magnitude of the 

residual vibration on the floater is below the VC-E threshold, which is an indication 

of the satisfactory performance achieved by the maglev stabilisation system. The self-

induced vibrations in the rotational DOFs are shown in Figure 6.16(b). Unfortunately, 

no relevant standard has been found to assess the performance of the levitation system 

in the rotational DOFs. 

Table 6.2: PID gains used in the normal operation condition 

Item Value Item Value 

PX 2250 N/m Pα 320 Nm/rad 

IX 112.5 N/m•s Iα 240 Nm/rad•s 

DX 26.3 N•s/m Dα 3.4 Nm•s/rad 

PY 2250 N/m Pβ 320 Nm/rad 

IY 112.5 N/m•s Iβ 240 Nm/rad•s 

DY 26.3 N•s/m Dβ 3.4 Nm•s/rad 

PZ 675 N/m Pγ 64 Nm/rad 

IZ 67.5 N/m•s Iγ 24 Nm/rad•s 

DZ 6 N•s/m Dγ 1.2 Nm•s/rad 
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Figure 6.16: Levitation induced vibration: (a) in the X, Y and Z directions; (b) in the α, β and γ directions 
(FFT properties: DC coupled, 128 averages, 1600 lines, Hanning window, 24,000Hz sampling 

frequency). 
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6.6 Performance of the adaptive-passive payload 

support 

The function of the adaptive-passive payload support is to support the payload solely 

by using permanent magnet forces. As discussed in Section 5.3.1, the payload weight 

and moment changes (external loads) are detected by monitoring the DC components 

of the actuator control signals generated by the maglev stability controller. The aim of 

the adaptive-passive payload support is to eliminate the need for the solenoids to 

support the payload with electromagnetic forces. Therefore, the performance of the 

adaptive-passive payload support can be examined by observing the reduction in the 

actuator control current achieved during the adaptation process.  

The performance of the adaptive-passive payload support was tested by placing an 

object on the floater (to simulate a static external disturbance) at an off-centred 

position. The additional payload has three inputs to the floater of the maglev isolator. 

Figure 6.17(a) shows an equivalent table supporting system to illustrate how static 

disturbances are introduced by adding an off-centred payload. Under this condition, 

the payload has introduced inputs through three axes into the supporting structure, 

which are 

• Payload weight (caused by gravity) 

• Pitching moment (caused by the payload offset in the X direction, shown in 

Figure 6.17(b)) 

• Rolling moment (caused by payload offset in the Y  direction, shown in Figure 

6.17(c)). 

 

 

 

 

Figure 6.17: Payload inputs into a supporting structure. 
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on a supporting structure 

(b): Payload moment 
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The DC component of the actuation forces and torques were recorded in each DOF 

during the test, and are shown in Figure 6.18. The time history data for the first 50 

seconds was taken with the adaptive-passive payload support deactivated. During the 

first 18 seconds, the floater was kept at steady state without additional payload. The 

floater levitation pose, presented in Figure 6.19, shows a stationary levitation with 

zero displacements in all six DOFs. After the first 18 seconds, an unbalanced payload 

was added to the floater, which introduced a downward force, a pitching moment and 

a rolling moment. The payload was added to the floater manually during the 18 to 25 

second period, consequently, disturbances to the actuation forces and torques and 

levitation pose were observed in all six DOFs. During 20 to 50 seconds, the maglev 

stability controller adapted to the new payload condition through forces generated by 

the solenoid actuators, and the levitation pose returned to zero. As expected, increases 

in the actuation forces and torques were observed in the Z, α and β directions, which 

provided forces and torques for supporting the added payload.  

After the payload addition, the adaptive-passive payload support was activated at the 

50th second to start adapting the payload inputs using forces from the permanent 

magnets. It can be seen from Figure 6.18 and Figure 6.19 that the adaptive-passive 

payload support algorithm shifted the levitation position of the floater in the X and Y 

directions to balance the additional moments in the β and α directions respectively 

(theories in Section 5.3.3). The added payload weight was also accommodated by 

reducing the separations (not shown) between the magnet pairs (see Section 5.3.2), 

which caused some disturbance to the levitation position in the Z direction. During 

the adaptation process, small floater rotations in the α and β directions were also 

commanded by the adaptive-passive payload support controller, which was not 

expected since no horizontal force inputs were introduced by the payload addition. 

However, the horizontal forces on the floater that caused the commanded floater 

rotation were likely to be existing prior to the activation of the adaptive-passive 

payload support. These forces may be a result of slight floater imbalance and system 

mechanical misalignments. After the adaptation process, these undesirable horizontal 

forces were also adaptive-passively balanced, which is evidenced by the fact that 

almost no current was required in any of the six DOFs (Figure 6.18).  
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Figure 6.18: Control current time history data in the adaptive-passive payload support test. 

Figure 6.19: Floater pose time history data in the adaptive-passive payload support test. 
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In general, the actuation forces and torques generated by the solenoids are reduced 

following the activation of the adaptive-passive payload support controller at the 50th 

second. At the end of the adaptation process (80s), the static actuation forces and 

torques were reduced to nearly zero in all six DOFs. The support of the additional 

static payload weight and moments was fully transferred from the solenoid actuators 

to the permanent magnets by both relocating the floater horizontally and adjusting the 

separations between the magnet pairs. Using a power monitor connected to the power 

supply of the solenoid amplifiers, the measurements showed that the power 

consumption was reduced from 45W to less than 1W for levitating a mass of 6.693kg 

(0.285kg from the unbalanced payload + 6.408kg floater weight). Therefore, a 

minimum power reduction of 97.8% was achieved. The residual power consumption 

was mainly due to parasitic losses in the amplifiers and the solenoids, and only a very 

small fraction of this energy was transferred into kinetic energy to stabilise the floater. 

The effectiveness of the adaptive-passive payload support was experimentally 

validated.

6.7 Performance of the maglev auto-tuning system 

The maglev auto-tuning is a sub-control system that automatically adjusts the 

positions of the permanent magnets to ensure the quasi-zero stiffness characteristic of 

the maglev in the vertical direction. The theory of the auto-tuning algorithm was 

introduced in Section 5.4, which explains how the magnet position control units are 

used to adjust the frame magnets collectively so that the COG of the floater can be 

located at the nominal operation point. It is noteworthy that this tuning process may 

also be carried out manually by locating the floater COG at the mid-point of the two 

frame magnets. However, manually tuning is only able to correct for geometric 

misalignments. Other factors, such as non-uniformity of the magnet magnetisation, 

cannot be accounted for in the manual tuning process. In addition, manual tuning is 

time consuming and inaccurate, which also reveals the value of the auto-tuning design. 

A test was conducted to examine the performance of the auto-tuning system. Figure 

6.20 shows the position offset history of the frame magnets (refer to Figure 5.10) 
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during the testing period. Prior to the test, the maglev system was manually tuned to 

the approximate (manual tuning has limited accuracy) nominal operation condition 

such that the vertical levitation stiffness is approximately quasi-zero. Hence, at the 

beginning of the test (0 sec point), the 0 offset position shows the approximate quasi-

zero stiffness levitation position. During the first 66 seconds, the magnet positioning 

units were manually commanded to offset both of the frame magnets by about 4.8mm 

from the approximate quasi-zero stiffness position. This offset was deliberate, and the 

purpose was to assess the ability of the auto-tuning system to re-establish the quasi-

zero stiffness levitation from the disturbed condition. At 61s, the auto-tuning 

algorithm was activated, and from 66s to 129s the auto-tuning system adjusted the 

position of the frame magnets according to the levitation stiffness monitored in real-

time (refer to Section 5.4 for relevant theories and methods). It can be seen that the 

algorithm successfully positioned the frame magnets back to the quasi-zero stiffness 

position with a difference of less than 0.1mm from the manually tuned position. 

However, this difference could also be interpreted as the manual tuning being 

inaccurate by 0.1 mm. In general, the auto-tuning system has demonstrated its ability 

to establish the quasi-zero vertical levitation stiffness. 
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Figure 6.20: Magnet position history during the vertical stiffness minimisation performance test. 
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6.8 Conclusion 

This chapter presented the experimental performance of both the mechanical and 

control systems. Table 6.3 summarises the results and findings. 

Table 6.3: Results of the tests of isolator system components and controllers. 

Item Type of experiment Results and comments 

Laser 

sensors 

● Electric noise test 
● Linearity of sensor 

dynamic response 

● Electric noise from the laser sensors is 
unlikely to have significant impact on the 

performance of the maglev stability control 

system. 
● The dynamic response of the laser sensor 

output was shown to be linear by comparing 

its response with a B&K accelerometer. 
Actuators ● Force sensitivity 

factor 

● Linearity of actuator 
dynamic response 

● The force sensitivity of the solenoid 
actuator is approximately 3.82 N/A. 

● The linearity of the actuation system is 
acceptable up to about 200Hz with driving 

amplifiers in current regulation mode, 

which is sufficient for the active control 

purposes of this research. 
Floater 

structural 

resonances 

● Identification of 
resonance modes in 

3D 

● The floater structural modes were identified 
within the 0 to 1000Hz region. The 

structural modes are at 363Hz and 724Hz in 

the XY plane, 199Hz in the XZ plane, and 

164Hz, 549Hz and 899H in the YZ plane. 

Floater structural modes below 200Hz may 

amplify vibration on the floater. However, 

this can be solved by stiffening the structure 

or applying notch filters in the controller 

(not attempted in this research).  
Levitation 

stability 

control 

● Ability to maintain 
desired levitation 

position  

● Levitation induced 
vibration 

● The levitation stability control has been 
demonstrated to provide fast (0.1s settling 

time) and accurate position command 

tracking (±0.01mm error in translational 
DOFs, ±0.005 degree error in rotational 
DOFs). 

● The levitation induced vibration level is 
below the most stringent vibration criterion 

(V-CE). 
Adaptive-

passive 

payload 

support 

● Ability to adapt to 
the payload 

● The adaptive-passive payload support 

successfully adapted, using only forces 

from the permanent magnets, to the static 

payload inputs caused by the addition of an 

unbalanced payload. The actuation forces 

and torques were reduced to quasi-zero 

levels after the adaptation, achieving 
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reduction in levitation power consumption 

of 97.8%. 
Autonomous 

maglev 

tuning 

● Reduce the vertical 
levitation stiffness to 

quasi-zero level 

● The controller successfully established the 
quasi-zero vertical levitation stiffness from 

a manually disturbed levitation condition. 

The auto-tuned quasi-zero stiffness position 

differed by 0.1mm from the approximate 

quasi-zero stiffness position obtained 

through manual tuning.  
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Chapter  7 

7 6-DOF Active Skyhook Damping 

7.1 Introduction 

In vibration isolation systems, damping mechanisms are commonly employed to 

reduce the vibration energy of the payload. The majority of the existing vibration 

isolation systems use viscous damping elements connected between the payload and 

isolator frame, hence, the damping force is created between the payload and the frame. 

This type of damping is commonly referred to as relative damping. Section 3.2.2 has 

demonstrated that although the relative damping method effectively attenuates 

vibration at the isolator resonance, it unavoidably increases the vibration 

transmissibility of the isolator at frequencies above resonance. Another damping 

method introduced in Section 3.2.2 is inertial space damping (also referred to as 

skyhook damping). This method was discussed in comparison with relative damping, 

and was shown to outperform the relative method in terms of reducing the overall 

vibration transmissibility of the isolator. The operation of the skyhook damping 

system presented in this Chapter is based on the absolute floater velocity feedback. 

Therefore, direct disturbances from on board sources can also be actively attenuated. 
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Applications of inertial space damping in passive vibration isolators often require 

sophisticated system modifications and significantly increase th

factors affect the applicability of 

However, the proposed maglev vibration isolator is fully actuated in six DOFs, which 

allows seamless integration of the inertial space damping into the existing mechanical 

and control systems. This chapter explains the principles and designs of the skyhook 

damping system for the proposed 6

explanations on the system design

as the velocity sensor modifications 

of the velocity measurements

damping system is demonstrated experimentally in Chapter 

 

7.2 Operating principl

The aim of the skyhook damping system is to exert damping forces

proportional to the vibration 

order to realise skyhook damping in the proposed maglev isolator
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the system design to realise skyhook damping in all six DOFs, as well 
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of the velocity measurements. The effectiveness of the proposed 6-DOF skyhook 
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system is needed to adjust the generated damping forces according to the magnitude 

of the floater velocities. Figure 7.1 shows the mechanical integration of the skyhook 

damping system with the floater. 

Figure 7.1(a) illustrates a local skyhook damping system. It is comprised of a 

vibration velocity sensor (geophone) and a pair of solenoid actuators operated in 

series. The geophone measures the velocity of its position on the floater, and the 

controller then uses the solenoid actuator pair to generate a damping force with 

magnitude proportional to the measured velocity (refer to Equation (3.3)). This single 

skyhook damping system provides damping forces to one arm of the floater, of which 

there are six in total. With two sets of coplanar local damping systems, skyhook 

damping may be realised in two DOFs. For example, if there are two of the local 

damping systems, one on each side of the floater within the YZ plane (Figure 7.1(a)), 

skyhook damping will exist in both the Z and the α direction. Figure 7.1(b) shows a 

rendered image of the floater with six sets (one set per arm of the floater) of the local 

skyhook damping system. Therefore, with six of the local damping systems, inertial 

space damping is applied to the floater in all six DOFs. Equation (7.1) describes the 

control logic of the six local skyhook damping systems which are configured in 

parallel,  

�hh
�
hh�
�(*ÄÅ = Òℎ*ÄÅ ∙ Û*ÄÅ�(*ÆÇ = Òℎ*ÆÇ ∙ Û*ÆÇ�(+ÄÅ = Òℎ+ÄÅ ∙ Û+ÄÅ�(+ÆÇ = Òℎ+ÆÇ ∙ Û+ÆÇ�()ÄÅ = Òℎ)ÄÅ ∙ Û)ÄÅ�()ÆÇ = Òℎ)ÆÇ ∙ Û)ÆÇ

`			, (7.1) 

 

where �([  and Òℎ[  (N/(ms)) are the skyhook damping force and coefficient 
respectively for each arm of the floater, and Û[  represents the inertial velocity 
measured by the i

th
 geophone. Please refer to Section 5.2.1 and Figure 7.1(a) for more 

details of the variables in Equation (7.1). 

The velocity of the floater in the inertial frame may also be measured using 

accelerometers by integrating the acceleration signal. However, to achieve 
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performance to that similar offered by the geophones for inertial velocity 

measurements (shown in Section 7.3.1), the system cost increases significantly. 

Therefore, geophones were chosen as a cost effective option for inertial velocity 

acquisition. 

The geophones installed on the floater can also be used to monitor the floater 

vibration levels in all six DOFs. Chapter 8 will present the vibration transmissibility 

measurements obtained using the geophones installed on the floater. Equation (7.2) 

describes the derivation of the floater motion velocity in six DOFs, where I´, I� and IO are the distances between each pair of geophones along the X, Y and Z axes of the 
floater respectively.  

�hh
�
hh�
1Q = (Û*ÄÅ + Û*ÆÇ)/2	2Q = (Û+ÄÅ + Û+ÆÇ)/2aQ = (Û)ÄÅ + Û)ÆÇ)/2		cQ = (Û)ÄÅ − Û)ÆÇ)/I�		eQ = (Û*ÄÅ − Û*ÆÇ)/IO		fQ = (Û+ÄÅ − Û+ÆÇ)/I´

`			. (7.2) 
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7.3 Inertial space velocity sensing 

Accurate measurement of low frequency vibration velocity in the inertial frame is 

difficult due to the difficulties in obtaining a reference point in this frame. Current 

sensor technologies only allow the inertial space velocity to be approximated down to 

a certain low frequency where the sensor dynamics start to interfere. For the proposed 

6-DOF skyhook damping system, it is essential to obtain the inertial space velocity of 

the floater down to low frequencies, and the quality of the velocity measurements 

dictates the final performance of the damping system. This section explains the 

velocity acquisition techniques used in this research to realise the proposed 6-DOF 

skyhook damping system. 

7.3.1 Multi-stage hybrid filtering for geophone signals 

In this research, six geophones are used to obtain the inertial velocity measurements 

of the floater. The SENSOR SM-24 model (specifications are listed in Appendix D.6) 

was found to be able to provide sufficient performance within the allocated budget. 

The selected sensor maintains a flat response to inertial space velocity down to 10Hz 

(Figure D.1 in Appendix D.6). The geophone sensitivity starts to roll off at 

40dB/decade below the 10Hz resonance frequency. This is highly undesirable since 

the primary aim of the skyhook damping system is to attenuate vibration at isolator 

resonances, which are below 10 Hz (as will be shown in Chapter 8) for the proposed 

6-DOF maglev isolator. Therefore, a dual-stage hybrid filtering method incorporating 

an analogue filter stage and a digital filter stage was used to relocate the measuring 

system poles to a lower frequency so that the flat response bandwidth of the 

geophones is extended to a lower limit. This filtering method was kindly suggested by 

Dr Andrew Fleming from the University of Newcastle. 

The dynamics of the geophone can be expressed as 

û(Ò)Û(Ò) = � Ò�Ò� + 26üÔüÒ + Ôü�			, (7.3) 
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where K is the post-resonance sensitivity of the geophone, and û(Ò) and Û(Ò) are the 
voltage output and the inertial velocity of the geophone respectively. 6ü	 is the 
damping ratio of the geophone and was chosen to be equal to 0.6 (refer to Appendix 

D.6. Ôü is the geophone natural frequency and is 10Hz. It was decided to relocate the 
resonance frequency of the velocity measuring system to a target value of 1Hz. Any 

further reduction in resonance frequency would have resulted in an extensive filter 

settling time. Therefore, the desired transfer function of the sensing system after the 

pole placement is 

�ý(Ò) = ûý(Ò)Û(Ò) = � Ò�(Ò + ÔJ)�			, (7.4) 

where ÔJ = 1Hz is the desired system resonance frequency, and ûý(Ò) is the voltage 
output of the geophone with the pole placement filter. To achieve this pole placement 

design, the filter with a transfer function of 

ûý(Ò)û(Ò) = Ò� + 26ÔüÒ + Ôü�(Ò + ÔJ)�  (7.5) 

was used so that Equation (7.5) multiplies Equation (7.3) to give desired sensing 

system response shown in Equation (7.4). Figure 7.2 shows a frequency domain plot 

of the filter transfer function described in Equation (7.5). 
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This filter transfer function may be realised using digital filtering techniques. 

However, from Figure 7.2, it can be seen that a gain of 100 (40dB) at 0.1Hz is 

required for shaping the geophone dynamics. If the entire filter dynamics is achieved 

through purely digital means, quantisation error of the controller interface caused by 

the finite resolution of the analogue to digital converters is also amplified by 100 

times. For the dSPACE DS1103 (specifications in Appendix D.3) platform used in 

this project to implement the digital controls, the analogue to digital convertors (ADC) 

have -10V to 10V dynamic range with 16bit resolution. The quantisation error of the 

ADC is calculated as (National Instruments, 2006) 

Dynamic	range2��.��	�[�H	��	��� = 202$¶ = 0.305	mV			. (7.6) 

The geophone has a sensitivity of 28.8V/ms
-1
. Hence, if the quantisation error is 

magnified by 40dB to 30.5mV, the corresponding error velocity is calculated as 

0.0305/28.8 = 1.06mm/s. This error is relatively large compared to the magnitude of 

the floater velocity during normal operation, and hence is unacceptable in this 

application. Therefore, a hybrid method was designed to achieve the required filter 

transfer function.  

The hybrid filtering method is a two stage filter design combining an analogue and a 

digital filter. The first analogue filtering stage is designed for amplifying the 

geophone signal in the pre-resonance frequency zone (1 to 10Hz), which avoids the 

undesired amplification of digital quantisation errors. The second stage contains a 

digital filter to further flatten the system response around the resonance frequency of 

the geophone. The use of this digital filter can avoid the complicated circuit designs 

of an equivalent analogue filter. The aim of the dual-stage hybrid filtering is to 

achieve a combined system transfer function described by Equation (7.5). 

The transfer function (�X) of the analogue filter for signal amplification is designed to 
be 
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�X(Ò) = �Ò + ÔüÒ + ÔJ��			. (7.7) 

The circuit diagrams for achieving this transfer function are attached in Appendix E. 

The transfer function (�J) for the digital stage of the filtering process realised using 
the dSPACE platform is 

�J(Ò) = Ò� + 26ÔüÒ + Ôü�(Ò + Ôü)� 	 (7.8) 

The two stages of the filter are operated in series. The total system transfer function of 

the combined filter is the product of Equations (7.7) and (7.8), which is equal to 

Equation (7.5) as desired. The dynamic responses of both the analogue and digital 

filters were assessed experimentally using a Brüel & Kjær Photon+ signal analyser. 

The theoretical and experimental responses of the filters are plotted in Figure 7.3 and 

Figure 7.4 respectively. The two figures clearly show that both the analogue and 

digital filters have accurately achieved their anticipated transfer functions. The slight 

phase difference between the experimental and theoretical results for the digital filter 

is likely to be a result of the sampling delay caused by the digital controller operating 

at 10kHz, which theoretically introduces a phase shift of 7.2degrees at 200Hz. 
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Figure 7.4: Frequency response of the digital geophone loop shaping filter (FFT properties: DC 
coupled, 128 averages, 1600 lines, Hanning window, 24,000Hz sampling frequency). 
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After investigating the performance of the two filters, the dynamic response of the 

velocity measurement system was assessed by comparing the measurement results 

between the geophone and laser sensor which was shown in Section 6.2.2 to have a 

reasonably flat response in the 0 to 200Hz range. Figure 7.5 shows a schematic of the 

experimental arrangement for assessing the linearity of the velocity measurement 

system. The geophone was mounted on a steel platform driven by an electrodynamic 

shaker (LDS Test & Measurement, V201/3). The displacement of the vibrating 

platform was measured by both the laser sensor and the geophone. Integration of the 

geophone output generates displacement measurements, and a first order high-pass 

filter was used to eliminate the DC offset. The transfer function between the two 

measurements is plotted in Figure 7.6. 

 

 

 

 

 

 

 

Figure 7.6 clearly shows that the experimental frequency response of the velocity 

measurement system closely fits the predicted response. The poles of the measuring 

system were successfully lowered in frequency by approximately one order of 

magnitude compared to the original geophone response without filtering (shown in 

Appendix D.6). The usable linear bandwidth of the geophone measurement system 

was extended down to approximately 1Hz. 

   

Figure 7.5: Layout of the linearity testing for the laser sensor 
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7.3.2 Geophone magnetic shielding 

The geophones are mounted on the six arms of the floater to monitor the vibration 

velocity. The locations of the geophones (shown in Figure 7.1(b)) are in close 

proximity of the solenoid actuators which are actively driven to stabilise the levitation. 

The operation of the solenoid actuators generates intense varying magnetic fields, 

which can be transmitted to the coils inside the geophone (refer to Figure D.1(a) in 

Appendix D.6) causing significant disturbance to the velocity measurements. 

Therefore, isolating the geophones from the generated electromagnetic field generated 

is essential for the operation of the skyhook damping system. 

The magnetic shielding principle used in this design is to enclose the geophones in 

containers with high magnetic permeability. This approach is effectively to “short-

circuit” the magnetic field around the geophone so that the magnetic flux around the 

geophone coil is significantly reduced. To obtain the optimum magnetic shielding, the 

shielding container was designed to be the maximum size for the available space 

between the floater and the frame. The material used for the shielding can is Electrical 
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properties: DC coupled, 128 averages, 1600 lines, Hanning window, 24,000Hz sampling frequency). 
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Steel due to its relative low cost, high machinability, and most importantly, high 

magnetic permeability (relative permeability is around 5000). The average wall 

thickness of the shielding can is 9mm. Figure 7.7 shows a CAD model of the 

shielding can design. 

The shielding can performance was examined by determining the magnetic field 

reduction achieved by the shielding can compared to a non-shielded geophone. Figure 

7.9 shows a schematic of the experimental arrangement. During the test, the solenoid 

was excited with white noise. Two geophones, one with shielding and one non-

shielded, were placed on opposite sides of the solenoid at identical distances to the 

centre of the solenoid. The outputs from both geophones were recorded to provide the 

corresponding amount of electromagnetic interference received by the geophones. 

Figure 7.8 shows the transfer function between the two measured geophone outputs. 

The plot demonstrates that the shielding achieved a 30dB reduction in the low 

frequency interference. The shielding performance improves with an increase of the 

field frequency due to the electromagnetic properties of the shielding can design. This 

Figure 7.7: Exploded CAD model of the shielding can and geophone. 
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design was found to provide sufficient sensor shielding for successful realisation of 

the skyhook damping system. The experimental results of the final skyhook damping 

system will be demonstrated in Chapter 8. 
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Figure 7.8: Frequency response between shielded and non-shielded geophones exposed to solenoid 
electromagnetic field excitation (FFT properties: DC coupled, 128 averages, 1600 lines, Hanning 

window, 24,000Hz sampling frequency). 
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Chapter  8 

8 Experimental Measurements of 

Vibration Transmissibility  

8.1 Introduction 

The performance of the proposed 6-DOF maglev isolator was examined by measuring 

the external vibration transmissibility of the isolator in six DOFs. In order to carry out 

the transmissibility measurements, a 6-DOF vibration excitation platform was 

designed and built. The design of the platform constraints the excitation of the 

vibration isolator to a single DOF per assembly, and the platform can be assembled in 

six different forms to realise excitations in each of the six individual DOFs. During 

the experiments, multiple geophones with hybrid filters (Section 7.3.1) were used to 

measure the vibration transmissibility of the isolator in six DOFs. In this chapter, the 

design of the 6-DOF excitation platform will be discussed first, followed by the 

results of the vibration transmissibility measurements. The experimental data will be 

compared against the theoretical prediction of the vibration transmissibilities. The 

transmissibility measurements were also made with different levels of skyhook 

damping applied, and were compared to the predicted transmissibility from theory. 
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The cross coupling between each DOF of the isolator is also presented at the end of 

this chapter. 

8.2 6-DOF vibration excitation 

Measurements of the 6-DOF vibration transmissibility require excitations to the 

isolator in all six DOFs. Due to the limitations of the project resources, it was not 

possible to perform measurements with simultaneous excitation in all six DOFs. 

Instead, an excitation platform was designed and built to carry out the required 

experiments with single axis excitation of each axis. Figure 8.1 shows a photograph of 

the developed excitation platform, assembled to achieve excitation in the Y direction. 

 

 

 

 

 

 

 

 

In the excitation platform, an isolator carriage is designed to provide reinforcement to 

the isolator frame, as well as to attach the maglev isolator to the shaker (specifications 

are listed in Appendix D.7). Both linear and rotational bearings are used to constrain 

the isolator excitation to be within only one DOF. The design of the excitation 

platform allows it to be assembled in multiple ways to realise single axis excitation in 

each DOF. Figure 8.2 shows the CAD models of the platform assembled for exciting 

each DOF: 

 

Figure 8.1: 6-DOF excitation platform (current view showing Y direction excitation). 
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(a): Excitation for the X and Y directions

8.2 6-DOF vibration excitation

 

 

 

(b): Excitation for the Z direction

(c): Excitation for the α and β directions (d): Excitation for the γ direction
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Figure 8.2: CAD assemblies of the 6-DOF excitation platform
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(b): Excitation for the Z direction 

(d): Excitation for the γ direction 
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• Excitation for the X and Y directions: Figure 8.2(a).  

The carriage that contains the maglev isolator has two linear bearings installed on 

each side of the carriage, which are mounted on the horizontal supporting beams 

to constrain the motion of the carriage in the horizontal direction. The current 

view shows the Y direction excitation. The isolator orientation within the carriage 

can be rotated by 90degrees around the Z axis to allow excitation in the X 

direction. Two geophones are fitted on the top and bottom of the carriage to 

monitor the horizontal motion velocity. The magnitude of the carriage velocity is 

calculated as the average of the two geophone outputs. 

• Excitation for the vertical direction: Figure 8.2(b). 

The linear bearings are mounted on the left and right sides of the carriage to the 

vertical rails to constrain the carriage motion to the Z direction. Since the shaker 

is unable to bear any significant static load, two coil springs are used to balance 

the weight of the carriage assembly and the isolator which have a combined mass 

of about 38 kg. The natural frequency of the spring-carriage system was designed 

to be 0.3Hz, significantly below the natural frequency of the isolator in the Z 

direction. Hence, measurements of the isolator transmissibility in the vertical 

direction are not affected by the resonance of the excitation platform. Two 

geophones are fitted on the side of the carriage to monitor the vertical carriage 

velocity. The magnitude of the carriage velocity is calculated as the average of 

the two geophone outputs. 

• Excitation for the α and β directions: Figure 8.2(c). 

In the view shown, two rotational bearings are fitted at the centre of the carriage 

to constrain the carriage motion in the α direction. Hence, the linear excitation 

force generated by the shaker induces carriage rotational motion because of the 

constraints of rotational bearings shown in Figure 8.2(c). The isolator may be 

rotated by 90degrees to allow excitation of the isolator in the β direction. Two 

geophones are fitted on the top and bottom of the carriage to monitor the carriage 

angular velocity. The magnitude of the angular velocity is calculated as the 

difference of the two geophone outputs divided by the height of the carriage. 
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• Excitation for the γ direction: Figure 8.2(d). 

The two rotational bearings are fitted on both the top and bottom of the carriage. 

The shaker stinger is connected to one side of the carriage so that linear motion of 

the shaker induces carriage rotation in the γ direction due to the constraints from 

the rotational bearings. Two geophones are fitted as shown in Figure 8.2(d) to 

measure the carriage angular velocity in the γ direction, and the magnitude of the 

velocity is calculated as the sum of the two geophone outputs divided by the 

width of the carriage. 

8.3 6-DOF transmissibility of the isolator 

The vibration transmissibility of the isolator was measured in all six DOFs by 

comparing the measured vibration levels between the floater geophones (Figure 7.1) 

and the geophones on the isolator carriage (Figure 8.2). All the geophone outputs 

were filtered using the hybrid filtering technique (discussed in Section 7.3.1) to 

extend the geophone flat response bandwidth down to 1Hz. Since the geophones on 

both the floater and the carriage are almost identical, and their outputs are all 

processed with identical filters, the dynamics of the sensing system cancel each other 

when calculating the vibration transmissibility between the floater and the carriage. 

Experiments have shown that the developed sensing system was able to accurately 

measure the vibration transmissibility down to at least 0.5Hz. 

Six experiments were conducted to determine the vibration transmissibility of the 

isolator in each of the six DOFs. During each experiment, the isolator was excited by 

the shaker in one DOF with a swept sine (0.5 Octave/min) input signal, and the 

geophone outputs were recorded by a Brüel & Kjær Photon+ dynamic signal analyser. 

The PID controllers for maglev stability control were set in the low gain mode, and 

the gains used during the experiments are listed in Table 6.2. Due to the limitations 

imposed by the finite structural rigidity of the excitation platform, the upper limits of 

the excitation frequencies were 10Hz and 20Hz for the translational and rotational 

DOFs respectively. Excitation above these frequencies results in cross-coupled 

platform motion having larger amplitude than the primary DOF of interest. 
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Figure 8.3 shows the measured transmissibilities of the isolator in six DOFs. The red 

solid curves represent the measured isolator transmissibility for external vibrations, 

and the blue dotted lines are the theoretical responses of isolation system assuming 

zero stiffness in all directions. The theoretical zero stiffness system responses are 

derived using the control system structure described in Figure 8.4, which is a 

schematic of each PID control loop for stabilising a single DOF. The control system 

has six such loops to stabilise the floater in 6-DOF. The derivation of the theoretical 

zero-stiffness responses is based on the following facts: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 8.3: Vibration transmissibilities of the isolator in six DOFs. Red curve: measured isolator 
response; Blue curve: predicted isolator response with assumed zero stiffness (FFT properties: DC 

coupled, 128 averages, 1600 lines, Hanning window, 24,000Hz sampling frequency). 
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• There is negligible inherent damping between the floater and the 

supporting frame due to the nature of the non-contact magnetic levitation. 

• The frequency responses of the Solenoid Actuator, Actuator Amplifier and 

Laser Sensor are shown to be linear in the frequency range of the 

measurements (0.5-20Hz). The transfer function across these components 

can thus be considered as constant. 

• The laser displacement sensors are attached to the frame assembly of the 

isolator. Hence, the bodies of the laser sensors are considered to have the 

same vibration amplitude and phase as the external vibration. 

Therefore, if the isolator stiffness is assumed to be zero in all six directions, and in the 

absence of the feedback controller, the transfer function of the plant may be 

simplified to  


[(Ò) = 1�Ò� ; 	
�(Ò) = 1b[[Ò�				, (8.1) 

where � is the mass of the floater,	bii is the floater moment of inertia with respect to 
its COG, 
[(Ò)  and 
 j(Ò)  (i ∈	(X, Y, Z) and j ∈  (α, β, γ)) represent the transfer 
function of the plant in the translational and rotational DOFs respectively. With the 

simplified plant transfer functions, the frequency response of the controlled levitation 

to external vibration is analogous to a linear mass-spring-damper system with the 

stiffness and damping provided by the PID controllers. The closed-loop transfer 

function of the isolation system can be written as 

PID Ï[(Ò) LP Filter CÐ(Ò) 

Laser 
Sensor 

Solenoid 
Actuator 

Actuator 
Amplifier 

Plant 


[(Ò) 
External Vibration 

Figure 8.4: Schematic of the individual PID stabilisation control loop. 

Floater 
Position 

Command  
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,̀([(Ò) = Ï(Ò) ∙ CÐ(Ò) ∙ 
[(Ò)1 + Ï(Ò) ∙ CÐ(Ò) ∙ 
[(Ò),(�(Ò) = Ï(Ò) ∙ CÐ(Ò) ∙ 
�(Ò)1 + Ï(Ò) ∙ CÐ(Ò) ∙ 
�(Ò)ghi
hj		, (8.2) 

where TFi(Ò) and TFj(Ò) represent the system transfer functions in the translational 
and rotational DOFs respectively. Ï(Ò) is the transfer function of the maglev stability 
controller (Equation (5.3), and CÐ(Ò) describes the dynamics of the low-pass filters 
(Equation (5.5). Substituting Equations (5.3), (5.5) and (8.1) into Equation (8.2) 

yields 

,̀([(Ò) = ÔÕÖ��[Ò� + ÔÕÖ�Ð[Ò + ÔÕÖ�Ñ[�Ò� + 2�ÔÕÖÒ% +�ÔÕÖ�Ò& + ÔÕÖ��[Ò� + ÔÕÖ�Ð[Ò + ÔÕÖ�Ñ[,(�(Ò) = ÔÕÖ���Ò� + ÔÕÖ�Ð�Ò + ÔÕÖ�Ñ�b[[Ò� + 2b[[ÔÕÖÒ% + b[[ÔÕÖ�Ò& + ÔÕÖ���Ò� +ωÕÖ�Ð�Ò + ÔÕÖ�Ñ�ghi
hj		, (8.3) 

which are the transfer functions used to derive the theoretical system responses in 

Figure 8.3 assuming zero inherent stiffness of the maglev system in all six DOFs. In 

Equation (8.3), ÔÙÚ is the cut-off frequency of the low-pass filters; Ð[, Ñ[, �[ and Ð�, Ñ�, ��  are the proportional, integrative and derivative gains of the PID controllers for 
stabilising levitation in the translational and rotational DOFs respectively. The floater 

mass and moment of inertia are provided in Table 4.1, and the PID gains used in the 

transmissibility tests are listed in Table 6.2. 

The measured isolator responses in all six DOFs shown in Figure 8.3 reveal similar 

behaviour to the predicted isolator response derived with the inherent levitation 

stiffness assumed to be zero in all directions. Therefore, it is practically demonstrated 

that the proposed maglev isolation system has the ability to realise inherent zero-

stiffness levitation in all six DOFs. Figure 8.3 also shows that the isolator system 

response is dominated by the gains of the PID controllers since the experimental 

results are comparable to the theoretical response derived with consideration of the 
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influence of the control system dynamics alone. The PID gains used during the 

transmissibility measurements were found to be a suitable combination for both 

minimising the vibration transmissibility and maintaining a stable levitation based on 

the current mechanical and electronic system used in the isolator prototyping. With 

improved hardware quality, such as improvements to the uniformity of magnetisation 

of the magnets, the mechanical component alignment, the laser sensor resolution, the 

electronic system noise, the solenoid actuator performance, and the amplifier 

performance, the stability of the maglev system may be achieved with lower 

controller stiffness. This would potentially result in improved vibration isolation 

performance. The potential of the proposed maglev vibration isolation method is thus 

currently limited by the quality of the hardware, rather than physical limits relating to 

the proposed method. 

Figure 8.3(c) shows a small difference between the resonance frequencies for the 

experimental and theoretical results. This is due to the fact that quasi-zero stiffness 

levitation, in the vertical (Z) direction, only exists for a small displacement from the 

nominal operation position. Due to the relatively low isolator resonance frequency in 

the Z direction, large amplitude excitations (approximately ± 2.5mm floater 

displacement relative to the frame assembly) were used in the transmissibility 

measurements. This amplitude of excitation was necessary to overcome the initial 

static friction in the linear bearings used in the testing apparatus, as well as to ensure 

high SNR (signal to noise ratio) in the inertial sensors (geophones). The large floater 

offset from the nominal operation position resulted in a small amount of stiffness 

addition caused by the vertical magnetic forces, and this effect slightly increased the 

overall resonance frequency of maglev isolator in the vertical direction. However, in 

practical situations of relevance, the magnitude of typical indoor vibration in the 

vertical direction is expected to be substantially smaller than the excitation amplitude 

used here. Hence, the maglev system is expected to maintain the quasi-zero stiffness 

levitation in the vertical direction during normal operation. 

According to Figure 8.3, the experimental and theoretical resonance frequencies for 

the X, Y and Z directions are approximately 2.9Hz, 3Hz, 1.8Hz and 3Hz, 3Hz, 1.6Hz 
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respectively. Vibration attenuation achieved experimentally at 10Hz is -17dB, -15dB 

and -28dB in the X, Y and Z directions. These performance measures are comparable 

to the top of the range active vibration isolation products offered in the market, such 

as products from Newport and Herzan. However, as mentioned previously, the 

performance of the developed isolation system is dominated by the maglev 

stabilisation controller of the maglev system. The vibration isolation performance 

may be improved with system hardware of higher quality. As the proposed maglev 

system is actively stabilised, the performance of the isolator is able to be actively 

tuned to satisfy the requirements for different applications. For example, low 

controller gains can be used to address ground vibration isolation, while high 

controller gains may be used to realise low isolator compliance to eliminate on board 

equipment vibrations. The passive payload weight support using magnetic forces in 

the vertical direction also allows the system to be stabilised with minimal power 

consumption. Experiments have shown that the maglev only consumes less than 1W 

of electricity for levitating a mass of 6.693kg, much of which is parasitic losses in the 

linear power stage of the actuator amplifiers. 

In Figure 8.3(a), the peak response of the isolator in the X direction shows a larger 

amplitude than the theoretical response. This may be caused by the cross coupling 

effect existing on the vibration testing platform. For excitation frequencies above 3Hz, 

the limited rigidity of the excitation platform is no longer able to constrain the 

excitation energy to be purely within a single DOF. This phenomenon can also be 

observed in Figure 8.5 as the coherences of most of the cross coupling measurements 

show a significant increase beyond 3Hz. The cross coupled excitation energy is 

transmitted into the floater through the complex mechanical linkages of the excitation 

platform, and results in increased floater vibration at the resonance frequency in the X 

direction.  

Figure 8.3(d) and Figure 8.3(e) show the frequency responses of the isolator in the α 

and β directions. The unpredictable behaviour of the isolator responses at low 

frequencies is a result of coupling with the gravitational field. During the 

measurements of the rotational transmissibility of the isolator, large excitation angles 
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were used to obtain accurate measurements at low frequencies. This caused a large 

misalignment between the magnetic payload supporting force and the gravitational 

field (also shown in Figure 3.15 and explained in Section 3.6.1), which resulted in the 

unexpected floater movements at low frequencies. 

8.4 6-DOF isolator cross coupling 

The cross-coupled transmissibility of the proposed maglev vibration isolator was 

measured between all six orthogonal DOFs through six experiments. In each 

experiment, the isolator was excited in predominately one DOF, and the vibration 

velocity of the floater was recorded in all six DOFs. Figure 8.5 shows the measured 

transmissibility between each pair of DOFs. The transmissibility plots are mapped 

from the column index to the row index; for example, the amplitude of cross 

transmissibility from the Y direction to the α direction is shown by the plot in column 

two and row seven. The coherence (Coh) plot directly below each transmissibility 

amplitude (Amp) plot shows the coherence of the corresponding measurement in the 

frequency domain. For example, the plot in column two and row eight shows the 

coherence of the transmissibility measurement in the column two and row seven plot. 

Plot colours in Figure 8.5 are arranged as: 

• Blue: Transmissibility measurements from the translational DOFs to the 

translational DOFs; 

• Red: Transmissibility measurements from the rotational DOFs to the 

rotational DOFs; 

• Green: Transmissibility measurements from the rotational DOFs to the 

translational DOFs; 

• Yellow: Transmissibility measurements from the translational DOFs to the 

rotational DOFs. 
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Figure 8.5: Measurements of the cross coupling between DOFs. Horizontally across represents the 
input axis, vertically represents the response axis (FFT properties: DC coupled, 128 averages, 1600 

lines, Hanning window, 24,000Hz sampling frequency). 
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It can be seen that the diagonal plots of both the blue and red coloured curves (plot X 

to X, Y to Y, Z to Z, α to α, β to β and γ to γ) have significantly higher amplitudes (by 

approximately 40 dB on average) than the cross-DOF transmissibilities. This indicates 

that each translational DOF is highly decoupled from the other translational DOFs, 

and each rotational DOF is highly decoupled from the other rotational DOFs. It was 

discussed in Sections 3.6.2 and 3.6.3 that the maglev system has cross coupling 

between the X and β directions, as well as between the Y and α directions. These 

cross couplings can be observed in the measurements shown by the green and yellow 

coloured curves. Plots X to β, β to X, Y to α and α to Y all show relatively high (close 

to 1) values of coherence, which indicate the cross coupling effects between the X and 

β, and the Y and α directions. The cross couplings shown from the α and β directions 

into the Z direction are caused by the misalignments between the directions of the 

payload supporting force and the gravity. As discussed in Section 8.3, these 

misalignments are a result of the large amplitudes of excitation used to capture 

isolator transmissibilities at low frequencies. 

In Figure 8.5, the coherence curves of all the cross transmissibility measurements 

show values close to 1 beyond 3Hz. As mentioned previously, this is due to the finite 

stiffness of the testing platform which allowed excitation energy in the testing DOF to 

couple into other DOFs of the testing platform. 
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8.5 Transmissibility with skyhook damping 

Vibration transmissibility of the developed maglev isolator was also measured in six 

DOFs with the active skyhook damping system. The principles of operation and the 

composition of the skyhook damping system were discussed in Chapter 7. This 

section presents both the theoretical and experimental improvements on vibration 

transmissibility achieved using the skyhook damping system. 

The skyhook damping system operates in parallel with all of the other sub-control 

systems. Based on the operating principles described in Chapter 7, the skyhook 

damping system only changes the dynamics of the maglev system. With the addition 

of the inertial damping effect, the system dynamics changes from that described by 

Equation (8.1) to 


	[(Ò) = 1�Ò� + Òℎ[ ∙ �ý ∙ Ò ; 	
	�(Ò) = 1b[[Ò� + Òℎ� ∙ �ý ∙ Ò				, (8.4) 

where 
	[(Ò) and 
	�(Ò) (i∈(X, Y, Z); j∈(α, β, γ)) are the transfer functions of the 
maglev system in the translational DOFs and rotational DOFs respectively, � is the 
mass of the floater, and b[[ is the moment of inertia of the floater around the ith axis, 
and �ý is the transfer function (Equation (7.4) of the floater velocity sensing system. 
In Equation (8.4), Òℎ[ and Òℎ� are the effective damping coefficients of the skyhook 
damping system, which are derived from the local damping coefficients described in 

Equation (7.1) as 

�hh
�
hh�

Òℎ* = Òℎ*ÄÅ + Òℎ*ÆÇÒℎ+ = Òℎ+ÄÅ + Òℎ+ÆÇÒℎ) = Òℎ)ÄÅ + Òℎ)ÆÇÒℎ- = (Òℎ)ÄÅ − Òℎ)ÆÇ) ∙ C½)Òℎ. = (Òℎ*ÄÅ − Òℎ*ÆÇ) ∙ C½*Òℎ© = (Òℎ+ÆÇ − Òℎ+ÄÅ) ∙ C½+
`			. (8.5) 

The addition of the skyhook damping system only alters the dynamics of the maglev 

system. Therefore, the overall transfer function of the vibration isolation system 

remains similar to Equation (8.2) as 
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,̀(	[(Ò) = Ï(Ò) ∙ CÐ(Ò) ∙ 
	[(Ò)1 + Ï(Ò) ∙ CÐ(Ò) ∙ 
	[(Ò),(	�(Ò) = Ï(Ò) ∙ CÐ(Ò) ∙ 
	�(Ò)1 + Ï(Ò) ∙ CÐ(Ò) ∙ 
	�(Ò)ghi
hj
 (8.6) 

for translational and rotational DOFs respectively. Substituting Equations (5.3), (5.5) 

and (8.4) into Equation (8.6) yields the overall transfer functions 

`,(	[(Ò) =
(ÔÕÖ��[Ò� + ÔÕÖ�Ð[Ò + ÔÕÖ�Ñ[)(Ò + ÔJ)�(ÔÕÖ��[Ò� + ÔÕÖ�Ð[Ò + ÔÕÖ�Ñ[)(Ò + ÔJ)� + (Ò + ÔÕÖ)�(�Ò&(Ò + ÔJ)� + �Ò%Òℎ[)

,(	[(Ò) = (ÔÕÖ���Ò� + ÔÕÖ�Ð�Ò + ÔÕÖ�Ñ�)(Ò + ÔJ)�(ÔÕÖ���Ò� + ÔÕÖ�Ð�Ò + ÔÕÖ�Ñ�)(Ò + ÔJ)� + (Ò + ÔÕÖ)�(Z[[Ò&(Ò + ÔJ)� + �Ò%Òℎ�)ghi
hj			, 

(8.7) 

which describe the vibration transmissibilities of the maglev isolator with the skyhook 

damping system, and were used to derive the theoretical responses shown in Figure 

8.6 and Figure 8.7. 

The experimental transmissibilities of the isolator with the skyhook damping system 

were measured through six sets of experiments. In each set, the isolator was excited 

predominately in a single DOF with a swept sine signal (0.2 octave/min), and the 

vibration transmissibility was recorded for a series of skyhook damping coefficients 

in each DOF. Figure 8.6 and Figure 8.7 show the comparisons between the theoretical 

and experimental responses of the isolator for several of the selected skyhook 

damping coefficients, and Figure 8.8 shows the complete results of the measured 

vibration transmissibility with the skyhook damping system in all six DOFs. During 

the measurements, the PID levitation controllers were set to the low gain mode 

(normal operation mode), and Table 6.2 lists the PID gains used in the tests. 
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Figure 8.6: Comparison between the theoretical and experiment transmissibilities with various 
skyhook damping coefficients in the translational DOFs (FFT properties: DC coupled, 128 

averages, 1600 lines, Hanning window, 24,000Hz sampling frequency).  
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In Figure 8.6 and Figure 8.7, the red curves are the responses of the original system 

with a value of zero as the skyhook damping coefficient. Both the theoretical and 

experimental responses have a similar shape to the measurements shown in Figure 8.3. 

With non-zero skyhook damping coefficients, the experimental results for the isolator 

responses in the vertical direction (Figure 8.6(c)) and all the rotation directions 

(Figure 8.7(a), Figure 8.7(b) and Figure 8.7(c)) show some differences between the 

peak amplitudes of the theoretical responses. These peak amplitude differences are 

likely to be partially caused by the un-modelled eddy current damping effect, which 

provides additional damping to the system that reduces the peak responses at isolator 

resonances. The eddy current damping was ignored in the system modelling due to 

the small magnitudes of the floater motion relative to the frame, which is the case 

during normal operation when the isolator is only excited by typical laboratory 

ground vibration (Appendix B). However, as previously explained, excitations with 

large amplitudes were used during the transmissibility measurements to ensure the 

quality of results. Therefore, the eddy current damping effect may have contributed to 

the differences between the theoretical and experiment peak responses. Another 

possible cause of the peak amplitude differences is the interference introduced by the 

geophone cables. As introduced in Chapter 7, six geophones were installed on the 

floater to monitor the floater vibration velocity. Due to the intense magnetic 

interference induced by the solenoid actuators, the output cables of the geophones 

require high performance shielding, which limits the ability to reduce the cable size 

for minimising its influence on the floater dynamics. Six pairs of shielded cables were 

connected between the geophones and the isolator frame. The damping effect 

provided by the heavy cables may have also contributed to the amplitude differences 

observed at the isolator resonances.  

In Figure 8.6 and Figure 8.7, most of the theoretical transmissibility curves in both the 

translational and rotational DOF plots deviate from the experimental responses at 

frequencies above approximately 3Hz. The experimental responses show larger 

magnitudes than the predicted curves in almost all of the measurements. This is 

mainly due to the cross coupling effects on the excitation platform discussed in 

Section 8.2, which can also be observed from the increases in coherence values shown 
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in Figure 8.5 beyond 3Hz in the measurements of the cross-coupled transmissibilities. 

In Figure 8.7 the zigzag pattern at high frequencies (beyond 10Hz) may be a result of 

the resonance modes of the output cables connected to the geophones, or some higher 

order dynamics of the maglev system.  

In order to fully demonstrate the performance of the skyhook damping system, Figure 

8.8 presents the complete results with the entire set of skyhook damping coefficients 

for which measurements were obtained. In the translational directions, it can be seen 

that the skyhook damping system not only reduced the peak vibration amplitudes 

compared to the un-damped responses, but also reduced the fundamental resonance 

frequency of the maglev isolator. For an ideal 1-DOF system governed by a second 

order differential equation, in theory the skyhook damping has no influence on the 

system resonance frequency. As discussed in Section 2.3.4, the active damping 

system should be unconditionally stable provided that the sensors and actuators are 

collocated and have flat frequency response in the bandwidth of interest for the active 

damping. However, Equation (7.4) suggests that the transfer function of the sensing 

system used in the proposed skyhook damping system has two poles at 1Hz. 

Therefore, increasing the coefficients of the skyhook damping control increases the 

weighting of the dynamics of the skyhook damping system over the original isolator 

system dynamics (shown by the red un-damped response curve). Figure 8.8 shows 

that, in the X, Y and Z directions, increasing the damping gains pulled the overall 

system resonance frequency towards the 1Hz point from the original resonance 

frequencies of the un-damped modes. It can also be observed that with the increase of 

the skyhook damping coefficients, the peak response of the isolator reduced to a point, 

beyond which the amplitude started to grow again. This is due to the phase lag 

introduced by the double pole of the sensing system at 1Hz. With an increase in the 

skyhook damping coefficients, the phase lag leads to reduced system stability, and 

will eventually drive the entire maglev system unstable when the gain margin is 

exceeded.  
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Figure 8.8: 6-DOF isolator transmissibility with active skyhook damping (FFT properties: DC 
coupled, 128 averages, 1600 lines, Hanning window, 24,000Hz sampling frequency). 



8.5 Transmissibility with skyhook damping 

193 

 

The aforementioned effects caused by the poles of the sensing system are not as 

obvious in the rotational DOFs. Figure 8.8 shows the 1Hz poles of the velocity 

sensing system caused only a small amount of shifting of the system resonance 

frequencies in the rotational DOFs. This is due to fact that the characteristic 

frequencies of the maglev system in the rotational DOFs are approximately one order 

of magnitude higher than the poles of the sensing system. The effects of the sensing 

system non-linearity have much less impact on the overall system response at this 

relatively high frequency (about 10Hz). Therefore, Figure 8.8 displays a minor 

resonance frequency shift and no tendency of system instability. Figure 8.8 also 

shows that the skyhook damping system has achieved larger peak response reduction 

in the γ direction compared to the α and β directions. This is simply because the 

floater has a significantly lower moment of inertia (see Table 4.1) in the γ direction 

than in the α and β directions. The PID controller gains for stabilising the maglev in 

the γ direction are also significantly smaller. 

In general, the proposed skyhook damping system has practically demonstrated its 

effectiveness in attenuating the isolator resonance response in all six DOFs. Vibration 

transmissibilities were also reduced at higher frequencies in all six DOFs with 

moderate skyhook damping coefficients. The transmissibility measurements showed 

the tendency of system instability with excessive damping coefficients, which was 

primarily due to the undesirable non-linearity of the velocity sensing system.  
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Chapter  9 

9 Conclusions and Future Research 

9.1 Summary of thesis 

The research presented in this thesis aimed to investigate the possibility of developing 

a 6-DOF vibration isolation solution based on a quasi-zero stiffness maglev system. 

The proposed solution was expected to provide low stiffness payload support in 6-

DOF with a static magnetic force balancing the payload weight. Hence the trade-off 

in the traditional isolator designs between vibration isolation and payload capacity 

was avoided in the proposed maglev based vibration isolation approach.  

In this thesis, the theoretical background of the proposed maglev vibration  isolator 

was firstly discussed, which demonstrated how the maglev based design can achieve 

quasi-zero stiffness levitation in the vertical direction and zero stiffness in the 

remaining five DOFs while still generating a static variable payload supporting force 

in the vertical direction. Modelling of the proposed maglev isolator was also 

presented, from which the cross coupling effects in the maglev system were explored. 

Following the theoretical background, a physical design realisation of the proposed 

physical maglev vibration isolation system was presented. The active control systems 
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necessary to enable the operation of the vibration isolator were also presented, 

followed by the proposition of a 6-DOF active skyhook damping system for 

attenuating the peak response of the isolator and reducing vibration transmissibility in 

a broad range of frequencies. The fully integrated vibration isolation system was 

tested on a specially designed vibration excitation platform. The vibration isolation 

performance of the maglev isolator was presented in Chapter 8 for various 

combinations of control system parameters. 

9.1.1 Theoretical background  

A novel magnetic levitation system was proposed as a solution for isolating vibration. 

Both schematic and mathematical models of the proposed maglev system were 

presented and discussed. A method for modelling the magnetic forces and torques in 

3D was demonstrated, which forms the basis of the subsequent analysis on levitation 

stiffness of the maglev in six DOFs. 

In the vertical direction, the maglev system was theoretically demonstrated to be able 

to achieve quasi-zero levitation stiffness in the nominal operation condition. It was 

also shown that the static magnetic forces in the vertical direction generated by the 

two pairs of permanent magnets are adjustable by changing the magnet separations. It 

was proven that, when the payload weight is supported using this static magnetic 

force, the maglev system is able to realise quasi-zero stiffness levitation in the vertical 

direction while maintaining a constant payload supporting force. Therefore, the 

proposed maglev design allows vibration isolation and payload support to be 

addressed concurrently.  

It was also theoretically proven that the proposed maglev system has zero stiffness in 

the other five DOFs. The force and torque analysis showed that while the maglev 

isolator was under nominal operation condition, floater motion in the X, Y, α, β and γ 

directions do not result in forces/torques in the corresponding DOFs. Therefore, the 

maglev has zero levitation stiffness in these five DOFs. It was also observed that cross 

coupling exists between the translational and rotational DOFs of the maglev system. 

Floater motion in the X and Y directions creates torques in the β and the α directions 
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respectively, and rotations in the α and β directions result in forces in the Y and X 

directions respectively. Although these cross coupling effects are not desirable during 

the normal operation, they were proven to have non-significant impacts on the 

vibration isolation performance of the maglev isolator. In addition, the cross coupling 

characteristics of the maglev were utilised to develop an adaptive-passive payload 

support system to balance the static force and torque inputs from the payload, which 

was demonstrated in Chapter 5. 

9.1.2 Design of the mechanical and control systems 

In this research, a physical maglev isolator was designed and built based on the quasi-

zero/zero stiffness levitation theories. The design consisted of four major components: 

the maglev system to realise quasi-zero/zero stiffness levitation, the magnet position 

control unit for adjusting the separations between the magnets, the sensing system for 

monitoring the floater position in 6-DOF, and the 6-DOF actuation system for maglev 

stabilisation and active skyhook damping.  

This thesis also presented the unique control systems designed to enable the operation 

of the maglev isolator. The sub-systems included in the controller design were: the 

maglev stabilisation controller, which was designed to maintain a steady levitation 

position; the adaptive-passive payload support controller for autonomously adjusting 

the payload supporting forces and torques to balance the static payload inputs; and the 

autonomous maglev tuning system designed to maintain quasi-zero vertical levitation 

stiffness. Details of these sub-system designs were discussed in Chapter 5. An active 

vibration control system was also proposed in Chapter 7 to achieve 6-DOF skyhook 

damping for reducing the peak responses and vibration transmissibilities of the 

isolator. A hybrid geophone filtering method was designed to place the poles of the 

geophone sensing system such that the usable flat response bandwidth of the 

geophones was extended from 10 Hz down to approximately 1Hz. Performance of the 

hybrid filtering system was demonstrated using the measured frequency responses of 

the filter system. 
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9.1.3 Performance of the maglev vibration isolator 

The performance of the proposed maglev vibration isolator was examined practically 

in two major aspects: the performance of the isolator sub systems and the external 

vibration transmissibilities of the maglev isolator. 

Isolator sub systems 

In order to ensure accurate assessment of the performance of the proposed vibration 

isolator, the performance of the system electronic components were firstly tested to 

identify the characteristics of the hardware. The electrical noise and frequency 

response of the laser sensors were examined. The results showed that the electrical 

noise of the laser sensors had approximately the same magnitude as the sensor 

resolution claimed by the manufacturer, and the sensors behaved linearly within the 0-

200Hz bandwidth of interest for active feedback control. The sensitivity and 

frequency response of the actuation system was examined with different amplifier 

settings, and it was discovered that the actuation system could achieve ±  3dB 
linearity within the 0-200Hz range when the amplifier was set in the output current 

regulation mode. The internal structural vibration modes of the floater were obtained 

using a 3D laser vibrometer. Two resonant modes (at 164Hz and 199Hz) were 

identified below 200Hz, which could potentially degrade the system performance 

when excited by the active control signals. Possible solutions to this problem were 

suggested in Chapter 6 such as stiffening the floater structure or applying notch filters 

in the active loops. However, the impact of these resonant modes was not found to 

significantly degrade the performance of the system, so no modifications to the floater 

structure were undertaken. 

With the knowledge of the behaviour of the system components, performance of the 

sub control systems were examined. The proposed maglev stability control system 

was assessed in terms of its self-induced vibration for the low gain mode, and position 

command tracking for the high gain mode. In the low gain mode, the self-induced 

vibration level of the stability control system was measured to be below the VC-E 

threshold, which indicated that the proposed maglev system is applicable to the most 
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demanding vibration sensitive equipment; and in the high gain mode, excellent 

position command tracking ability was demonstrated to guarantee a steady and 

accurate levitation position when the adaption processes of the controller (adaptive-

passive payload support and maglev auto-tuning) are in progress. 

The controller performance for the proposed adaptive-passive payload support system 

was examined by assessing the effectiveness of the adaption process on supporting an 

added mass or payload with both resultant force and torque inputs. The controller 

demonstrated the successful transition from payload support using electromagnetic 

forces to forces generated by the permanent magnets. The adaptive-passive payload 

support controller reduced the maglev energy consumption from 45W to less than 1W 

for levitating a 6.693kg payload, achieving a 97.8% power reduction compared to the 

pre-adaption energy consumption. The performance of the maglev auto-tuning 

controller was also assessed. The auto-tuning controller design demonstrated its 

effectiveness by accurately (approximately 0.1mm error) restoring the quasi-zero 

vertical levitation stiffness from a manually offset levitation position.  

Transmissibility of the maglev isolator 

The transmissibilities of the isolator were measured in 6-DOF using a purpose built 

vibration excitation platform. The un-damped resonances of the proposed design were 

shown to be at 2.9Hz, 3Hz and 1.8Hz in the X, Y and Z directions, and 9.5Hz, 9.5Hz 

and 9Hz in the α, β and γ directions. These performance measures are comparable to 

the top of the range vibration isolation devices that are commercially available on the 

market. The transmissibility measurements also included cross transmissibilities 

between the orthogonal DOFs of the isolator. The cross-coupling behaviours observed 

from the experimental results were consistent with ones derived from the theory.  

The effectiveness of the skyhook damping system was assessed by measuring the 

vibration transmissibilities with various skyhook damping coefficients. The 

theoretical system responses with the skyhook damping system were derived in six 

DOFs, and the results were presented along with the experimentally measured 

vibration transmissibilities. The results showed that the added inertial damping effects 
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not only reduced the peak response of the isolator, but also reduced the system 

resonance frequency due to the double 1Hz poles existing in the dynamics of the 

floater velocity sensors. In general, the proposed design of the skyhook damping 

system demonstrated its effectiveness at reducing the vibration transmissibilities 

around the isolator resonance frequencies.  

9.2 Conclusion 

The research presented in this thesis has demonstrated that it is possible to develop a 

high performance 6-DOF vibration isolator based on the proposed quasi-zero stiffness 

maglev system. The theories and experimental validations presented in this thesis 

revealed the potential of the proposed maglev system as a 6-DOF vibration isolation 

approach. It was demonstrated that the maglev system is able to practically realise 

inherent quasi-zero stiffness levitation in the vertical direction while providing a static 

payload supporting force, and the inherent stiffness of the levitation in the remaining 

five DOFs are also zero. Although other quasi-zero stiffness isolator designs have 

been reported in the literature, the vast majority of them are only able to provide 

quasi-zero stiffness in one DOF. 

It was shown that a stabilisation system is necessary to enable the operation of the 

proposed maglev system as a vibration isolator. Both the theoretical and experimental 

results of the isolator transmissibilities showed that, with the added stabilisation 

system, there exists finite levitation stiffness in all six DOFs. Although the maglev 

system has inherent quasi-zero/zero stiffness, the overall stiffness of the maglev 

system is also dominated by the added controller stiffness. As discussed previously, 

the controller stiffness may be reduced by improving the hardware performance and 

the controller design, and the overall levitation stiffness can approach the inherent 

stiffness behaviour of the maglev system, which also indicates the potential of the 

proposed maglev isolator. 

In this research, adaptive-passive payload support and maglev auto-tuning were 

investigated as performance optimisation methods for the maglev system. Control 

methods were proposed for automating the optimisation processes. Experimental 
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results demonstrated the effectiveness of the proposed controller designs for the 

automated payload balancing and quasi-zero stiffness restoration. The cross coupling 

effects in the maglev system were successfully utilised to balance the force and torque 

inputs from the payload in five DOFs (X, Y, Z, α and β).   

This research investigated the theories and designs of a single maglev vibration 

isolator. Ideally, multiple units of the proposed isolator may be used together to 

realise an isolation platform such as shown in Figure 4.5. The control methods and 

system designs to optimise the performance of the proposed maglev isolator 

incorporated in a multi-isolator system are yet to be investigated.  

The major significance of the proposed vibration isolation method is its ability to 

passively support the payload weight with quasi-zero/zero stiffness in all six DOFs. 

Therefore, the proposed maglev system design may also be used in other vibration 

isolators as an add-on mechanism for payload weight support, and the addition of the 

maglev system results in minimal influences to the stiffness behaviour of the original 

isolator due to the low stiffness characteristics of the maglev system. With the added 

maglev payload weight support, a reduction can be achieved in the stiffness of the 

isolator that was originally necessary for supporting the payload weight.  

The developed maglev vibration isolator can also be tuned to work as a precision 

positioning system. The command following test of the maglev stability controller in 

the high gain mode demonstrated the excellent command tracking ability of the 

design. In addition, the adaptive-passive payload support ensures the payload can be 

levitated with only minimal energy consumption, and the floater levitation pose 

control gives the positioning system 6-DOF mobility. 
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9.3 Future research 

The research presented in this thesis leads to a number of potential future research 

topics for further investigation, which are discussed in the following sections. 

9.3.1 Non-linear controller structure for maglev system 

stabilisation 

In order to control the levitation stiffness and damping of the maglev system directly, 

linear PID controllers were used in this research to stabilise the maglev. According to 

Section 5.2.2, the vertical controller stiffness for stabilising the levitation is required 

to be large that the overall system stiffness is positive. The current stabilisation 

controller design in this research has a lower stiffness limit that is theoretically 

determined by the boundary of the required stabilisation zone (Figure 5.2). However, 

the required controller stiffness reduces when the floater is closer to the nominal 

operation position. The linear PID controllers induce the same stiffness for all vertical 

floater displacements from the nominal operation position, which unnecessarily 

increased the levitation stiffness for smaller floater displacements. This effect stiffens 

the isolator in the vertical direction, and degrades its vibration isolation performance. 

Therefore, one way to further improve the performance of the proposed maglev 

vibration isolation method is to apply nonlinear control methods to stabilise the 

levitation, which are potentially able to stabilise the maglev system in the vertical 

direction with minimum stiffness according to the real-time floater position.  

It was discussed in Section 3.7 that the separation between the magnet pairs is 

actively adjusted to adapt changes in payload weight. The adjustments in magnet 

separation lead to variation in the stiffness gradient of the magnetic forces. Therefore, 

in order to maintain the controller induced stiffness at a minimal value, the parameters 

in the stabilisation controller need to be optimised according to the real-time 

separation between the magnets. The continuation of this research should include 

development of an adaptive control algorithm which optimises the controller gains 

according to the real-time payload condition. 
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The minimum controller stiffness for stabilising the maglev system is also influenced 

by the signal noise from the sensors. One potential solution to reduce the controller 

stiffness is employing an observer based control method to stabilise the maglev 

system. Future work may also include investigations of observer based control 

techniques for stabilising the proposed quasi-zero stiffness maglev system. 

9.3.2 Centralised control for multi-isolator applications 

As shown in Figure 4.5, multiple units of the proposed maglev isolator can be used 

together to create a vibration isolation table. The load connecting beams included in 

the mechanical isolator design can also be used to realise 6-DOF vibration isolation of 

any system by connecting multiple isolators to the target system. However, the 

current maglev stability controller is only designed for a single isolator system. A 

centralised controller structure will have to be developed to optimise the performance 

of the isolation system when multiple isolators are used together. The future works on 

the centralised controller design will also have to identify and address the issues 

related to adaptive-passive payload support and autonomous magnet position tuning 

in a multi-isolator system. 

9.3.3 Passive maglev stabilisation 

The proposed maglev vibration isolator uses an active control system to maintain 

stability of the levitation. Although the active control enables easy configuration to 

isolator parameters (such as stiffness and damping coefficient), it unavoidably 

increases the system complexity and cost. The increased system complexity and cost 

limit the commercial value of the proposed solution. The active maglev stability 

control used in the design is based on PID control structures, whose control effort, in 

theory, is fully realisable through passive mechanisms. Future research may generate 

passive stabilisation systems that can replace the current active maglev stability 

controller, which will broaden the applicability of the proposed maglev vibration 

isolator. 
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Appendix A: Inherent instability of passive 

magnetic levitation 

The energy U of a magnetic dipole (which can be considered as a bar type permanent 

magnet) with a magnetic dipole moment Mi (i represents the three translational 

directions in a Cartesian coordinate system, X Y and Z, with the coordinates denoted 

using 1, 2 and a respectively) in a magnetic field strength Bi may be expressed as  
û = −M × B = −(�*�* +�+�+ +�)�))			. (A.1) 

The position of the magnetic dipole is only stable when the energy is at the minimum 

state. The energy is only at minimum when the Laplacian of the energy is greater than 

zero (Cohen et al., 2003), which is 

∇
�û = ��û

�1� + ��û
�2� + ��û

�a� > 0			. (A.2) 

However, for a steady magnetic field and a fixed dipole direction (such as a 

permanent magnet) both divergence and curl of the field are zero. It can be derived 

(Cohen et al., 2003) that 

�
�û
�1� = 0			, ��û

�2� = 0			, ��û
�a� = 0			. (A.3) 

Hence,

∇�û = ��û
�1� + ��û

�2� + ��û
�a� = 0			, (A.4) 
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which shows that in a steady passive magnetic field, the energy state of a magnetic 

dipole has neither a maximum nor a minimum state. It contradicts the minimum 

energy state required for a stable levitation. Therefore, it can be concluded that stable 

magnetic levitation using only passive static magnetic fields is impossible.  

Appendix B: Floor vibration in the research 

laboratory 

The floor vibration of the research laboratory, the Vibrations Lab in the School of 

Mechanical Engineering at the University of Adelaide, was quantified in the three 

translational directions with a B&K (type 4366) accelerometer. The displacement data 

was obtained through double integration using a B&K (type 2635) charge amplifier 

with high-pass filter set at 1Hz. Figure B.1 and Figure B.2 present the vibration 

displacements of the vibration in the X, Y and Z directions in mm and inches 

respectively.  
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Figure B.1: Displacement of laborotary floor vibration in mm (FFT properties: DC coupled, 128 averages, 
3200 lines, Hanning window, 24,000Hz sampling frequency). 
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Figure B.2: Displacement of laborotary floor vibration in inch (FFT properties: DC coupled, 128 averages, 
3200 lines, Hanning window, 24,000Hz sampling frequency). 
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Appendix C: Coefficients of the polynomial 

fitting for maglev force and toque 

modelling 

The coefficients of the pose polynomial used in the polynomial regression shown in 

Section 3.5.2 are 

K=[ 

Column 1 to 8 

3.886E-16 1.332E-14 -9.377E-15 4.209E-14 4.967E-15 -8.139E-02 2.271E-15 1.231E-16 

7.589E-16 -9.674E-15 1.177E-14 8.777E-15 8.139E-02 4.753E-15 3.593E-15 -7.544E-16 

3.913E+01 1.325E-12 -2.014E-13 -9.510E-14 3.992E-13 -1.583E-13 -5.471E-16 -9.212E-03 
2.459E-16 2.072E-15 1.693E-02 8.244E-15 -1.458E-15 -3.265E-16 2.869E-16 1.465E-15 

-2.394E-15 -1.693E-02 1.381E-15 5.139E-16 -3.869E-16 -2.920E-16 2.390E-16 7.589E-16 

0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 

Column 9 to 16 

8.195E-16 -9.234E-16 -8.505E-17 8.498E-17 -3.039E-18 -1.993E-15 -1.835E-16 -9.705E-16 

-4.845E-16 1.053E-15 9.041E-17 -8.775E-19 -8.904E-17 9.006E-16 -6.284E-16 -1.077E-15 

-9.212E-03 3.321E-02 -5.505E-04 -5.505E-04 -9.358E-17 -7.514E-14 1.570E-14 8.237E-15 
7.015E-16 -2.217E-15 3.593E-17 -3.406E-17 -2.080E-18 7.834E-17 -3.975E-06 -6.145E-16 

-1.217E-16 -9.579E-17 -1.495E-17 5.642E-18 1.424E-17 3.975E-06 -2.445E-16 -1.271E-16 

0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 

Column 17 to 24 

5.298E-19 1.242E-06 -2.427E-17 -6.084E-15 -1.834E-02 -1.222E-16 8.588E-17 -3.847E-18 

-1.242E-06 -9.683E-18 7.212E-18 2.803E-15 3.872E-15 -8.302E-17 9.952E-17 -1.033E-16 

1.279E-16 6.345E-16 -1.465E-15 -2.876E-13 -3.020E-13 9.931E-17 5.508E-17 8.240E-18 
3.175E-18 3.086E-18 -1.500E-18 -2.376E-16 -3.199E-16 -2.920E-17 -1.650E-17 -5.560E-17 

9.156E-19 4.713E-19 -1.499E-19 -9.531E-17 1.259E-16 -8.709E-18 3.316E-17 1.825E-18 
0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 

Column 25 to 32 

3.242E-16 1.443E-16 -4.435E-16 5.753E-05 8.826E-16 -1.417E-16 -8.671E-17 -6.355E-18 

-4.412E-16 -1.668E-16 -1.910E-05 1.340E-16 -3.554E-16 4.742E-16 8.519E-17 1.971E-17 
3.504E-15 2.301E-15 -3.204E-14 -1.359E-14 4.954E-14 -2.187E-14 -2.775E-14 -1.177E-15 

-3.972E-06 -4.712E-17 -1.645E-17 -6.709E-19 4.781E-17 5.891E-18 3.907E-17 -6.268E-18 

3.466E-18 1.092E-17 -6.851E-18 -5.440E-18 9.734E-18 3.972E-06 -2.218E-05 2.548E-07 
0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 

Column 33 to 40 

-1.996E-17 1.407E-17 -4.705E-15 4.839E-17 -6.322E-18 -1.652E-18 -1.277E-16 -4.744E-16 

3.174E-19 2.166E-18 -1.834E-02 -8.066E-17 -1.229E-16 -5.172E-17 1.411E-16 -5.753E-05 
-9.612E-16 -9.306E-16 -2.565E-13 1.253E-16 1.256E-16 9.975E-17 -7.347E-16 -3.214E-14 

-7.693E-18 -1.640E-18 -2.192E-16 -2.106E-17 -2.696E-17 -5.506E-18 5.157E-18 -2.352E-17 

6.012E-07 -2.996E-18 -2.750E-17 -7.568E-18 -8.007E-18 -4.726E-18 -1.107E-17 7.979E-18 
0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 
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Column 41 to 48 

1.910E-05 8.562E-16 -2.792E-17 4.775E-18 1.019E-17 1.938E-17 1.938E-18 -2.119E-17 
1.228E-16 -3.294E-16 4.394E-17 8.598E-18 4.499E-18 1.293E-18 -8.700E-17 -9.656E-17 

-1.354E-14 4.957E-14 2.050E-15 -2.044E-16 2.385E-16 3.248E-16 1.375E-16 8.218E-17 

-4.093E-18 4.898E-17 2.218E-05 -6.012E-07 -2.548E-07 -2.493E-18 -1.651E-04 -3.136E-17 
3.265E-18 6.688E-18 -2.384E-17 -2.430E-20 5.714E-20 2.191E-20 -1.040E-17 -1.651E-04 

0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 

Column 49 to 56 

-3.111E-17 -4.994E-16 -1.067E-04 8.993E-16 5.381E-18 1.389E-17 5.711E-19 -2.311E-17 
-5.391E-17 1.067E-04 1.319E-16 -3.194E-16 -3.788E-18 6.930E-18 8.626E-18 -1.223E-17 

1.209E-16 -3.210E-14 -1.358E-14 4.958E-14 2.214E-17 6.964E-17 9.770E-17 -3.096E-16 

-8.991E-18 -2.142E-17 2.689E-20 5.641E-17 -1.382E-18 -1.482E-18 -1.059E-18 1.118E-17 
-5.086E-18 -1.249E-17 -5.445E-18 3.698E-18 4.044E-19 7.005E-19 -6.981E-19 -4.050E-20 

0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 

Column 57 to 64 

-1.920E-18 1.266E-06 -1.237E-17 -3.602E-18 3.354E-18 -7.485E-18 -1.286E-17 -3.701E-18 
1.181E-17 1.427E-17 2.489E-18 -1.266E-06 6.467E-18 -2.129E-18 7.975E-18 -1.549E-18 

-1.507E-16 4.224E-17 -3.477E-16 -4.834E-16 4.778E-16 -1.666E-16 -6.514E-16 6.825E-16 

7.297E-18 -2.491E-19 -1.370E-18 -2.111E-18 5.082E-18 9.138E-18 -1.237E-18 3.296E-18 
8.651E-19 -7.787E-20 -4.918E-19 6.951E-19 2.313E-19 -1.631E-19 -1.397E-19 4.575E-19 

0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 

] 
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Appendix D: System Component 

Specifications 

D.1 Relevant specifications of the Acuity AR200-12 

laser displacement sensor  

Table D.1: Specifications of the Acuity AR200-12 laser displacement sensor. 

Parameter Specification 
Brand Acuity 
Model AR200-12 
Span 12.7mm 
Stand-off to middle of span 21mm 
Linearity +/- 0.2% of span 25.4µm 
Resolution 0.03% of span 3.8µm 
Laser spot size 
at Standoff; at ends of span 

40µm; 200µm 

Laser type 650 nm, 1 mW max. visible RED, Class 2. 
Complies with 21 CFR 1040 with Laser Notice #50 and 

IEC/EN 60825-1:2001 
Sample Rates 0.2 - 1250 Hz, or sample on command (serial command or 

hardware trigger) 
Output interfaces RS232; Analog: 4-20mA or 0-10V  

Product URL http://www.acuitylaser.com/products/item/ar200-laser-

measurement-sensor?lid=9?lead_leadid=8293 
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D.2 Specifications of the magnets and solenoids 

Table D.2: Specifications of the primary levitation magnet. 

Parameter Specification 
Magnet type Neodymium rare-earth magnet 
Dimensions 2 inch diameter; 1 inch thickness 
Material and grade NdFeB, Grade N52 
Plating/Coating Ni-Cu-Ni (Nickel) 
Magnetization direction Axial (Poles on flat ends) 
Surface field 5233 Gauss 
Max Operating Temp. 80

o
C 

Brmax 14800 Gauss 
BHmax 52 MGOe 

Product URL http://www.kjmagnetics.com/products.asp?cat=10 

 

Table D.3: Specifications of the secondary actuator magnet. 

Parameter Specification 
Magnet type Neodymium rare-earth magnet 
Dimensions 3/4 inch diameter; 3 inch length 
Material and grade NdFeB, Grade N52 
Plating/Coating Ni-Cu-Ni (Nickel) 
Magnetization direction Axial (Poles on flat ends) 
Surface field 6619 Gauss 
Max Operating Temp. 80

o
C 

Brmax 14800 Gauss 
BHmax 52 MGOe 

Product URL http://www.kjmagnetics.com/products.asp?cat=13 

 

Table D.4: Specifications of the solenoid. 

Parameter Specification 
Winding wire type Enamelled copper wire 
Winding wire diameter 0.85mm (including enamel) 
Maximum continuous 

input current  
3A 

Number of turns 1000 
Coil resistance 3.7 ohm 
Coil inductance 14 mH 
Sensitivity factor 3.82 N/A (when paired with the actuator magnet and positioned 

according to Figure 6.5 
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D.3 Relevant specifications of the dSPACE DS1103 

real-time control system 

Table D.5: Specifications of the dSPACE DS1103 real-time control system. 

Parameter 
Specification 

Manufacturer Brand dSPACE 
Model DS1103 PPC 

Processor PowerPC Type - PPC 750GX 
CPU clock - 1 GHz 
Cache - 32 KB level 1 (L1) instruction cache 

- 32 KB level 1 (L1) data cache 
- 1 MB level 2 (L2) 

Bus frequency - 133 MHz 

Memory Local memory - 32 MB application SDRAM as program 

memory, cached 
Global memory - 96 MB communication SDRAM for data 

storage and data exchange with host 

Timer 2 general-purpose timers - One 32-bit down counter 
- Reload by software 
- 15-ns resolution 
- One 32-bit up counter with compare register 
- Reload by software 
- 30-ns resolution 

1 sampling rate timer 

(decrement) 
- 32-bit down counter 
- Reload by software 
- 30-ns resolution 

1 time base counter - 64-bit up counter 
- 30-ns resolution 

A/D 

converter 
Channels -16 multiplexed channels equipped with 4 

sample & hold A/D converters 
(4 channels belong to one A/D converter. 4 

consecutive samplings are necessary to sample 
all channels belonging to one A/D converter.) 
- 4 parallel channels each equipped with one 

sample & hold A/D converter 
- Note: 8 A/D converter channels (4 

multiplexed and 4 parallel) can be sampled 

simultaneously. 
Resolution - 16-bit 
Input voltage range - ±10 V 
Overvoltage protection - ±15 V 
Conversion time - Multiplexed channels: 1 µs 

- Parallel channels: 800 ns 
Offset error - ±5 mV 
Gain error - ±0.25% 
Offset drift - 40 µV/K 
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Gain drift - 50 ppm/K 
Signal-to-noise ratio - >83 dB 

D/A 

converter 
Channels - 8 Channels 
Resolution - 16-bit 
Output voltage range - ±10 V 
Settling time - 5 µs (14-bit) 
Offset error - ±1 mV 
Gain error - ±0.5% 
Offset drift - 30 µV/K 
Gain drift - 25 ppm/K 
Signal-to-noise ratio - >83 dB 
Imax - ±5 mA 
CImax - 10 nF 

Product URL https://www.dspace.com/en/pub/home/products/hw/singbord/ppcconbo.cfm 
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D.4 Relevant specifications of the Maxon servo-

amplifier 

Table D.6: Specifications of the Maxon servo-amplifier. 

Parameter Specification 
Brand MaxonMotor 
Model 4-Q-DC Servo-amplifier LSC 30/2 
Supply voltage VCC 12-30 VDC 
Max. output voltage 25V 
Max. output current Imax 2A 
Max. power output 50W 
Input set value -10V to10V 

Product URL http://maxonmotor.exportpages.com/productdetail/1065726121-

1.htm 
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D.5 Relevant specifications of the B&K 4381 

accelerometer 

Table D.7: Specifications of the B&K 4381 accelerometer. 

Parameter Specification 
Brand Brüel & Kjær  
Model 4381 
Frequency 0.1Hz-4800Hz 
Sensitivity 100 pC/g 
Residual Noise Level in 

Spec Freq Range (rms)  
±  0.02 mg   

Maximum acceleration  2000g 
Output  Charge-PE 
Resonance Frequency  16 kHz 
Weight  43 gram  

Product URL http://www.bksv.com/Products/transducers/vibration/acceler 
ometers/accelerometers/4381.aspx?tab=specifications 
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D.6 Relevant specifications of the SM-24 Geophone 

Table D.8: Specifications of the SM-24 Geophone. 

Parameter Specification 
Brand SENSOR Nederland b.v. 
Model SM-24 
Natural frequency 10 Hz 
Tolerance ± 2.5% 
Damping Open circuit (typical) 0.25 

Damping calibration- shunt resistance: 1339Ω 
Damping ratio with calibration shunt: 0.6 
Tolerance with calibration shunt: + 5 %, - 0 % 

Sensitivity 28.8 V/(m/s) (0.73 V/in/s) 
Max coil excursion p.p. 2 mm (0.08 in) 
Moving mass 11 g (0.38 oz) 

Product URL http://www.geophone.com/techpapers/SM-24%20Brochure.pdf 

 

 

 

 

 

 

 

 

 

 
 

Figure D.1: SM-24 series geophone form SENSOR (SENSOR, 2013). 

(a): Geophone section view (b): Sensitivity plot of the SM-24 geophone 
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D.7 Relevant specifications of the MB-Modal 110 

shaker 

Table D.9: Specifications of the MB-Modal 110 shaker. 

Parameter Specification 
Brand MB dynamics 
Model MODAL 110 
Force 500N (forced-air cooled); 250 (convection cooling) 
Stroke 38mm 
Bandwidth DC-5000Hz 
Moving element 0.6kg 
Shaker weight 22kg 
Longitudinal stiffness 5.2N/mm 

Product URL http://mbdynamics.com/assets/datasheets/MODAL%20110 
_%20MB500VI%20Data%20Sheet,%202008,11,15.pdf 
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Appendix E: Geophone Analogue Filter 

Circuit 

Figure E.1 and Figure E.2 are the circuit diagrams of the analogue filter used to 

achieve the transfer function described in Equation (7.7).  
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Figure E.1: Circuit diagram of the analogue geophone filter (outer layer). 
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Figure E.2: Circuit diagram of the analogue geophone filter (inner layer). 
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Appendix F: Drawings of the Isolator 

Mechanical Design 

This appendix includes all the engineering drawings generated for manufacturing the 

mechanical design of the maglev isolator. All part drawings and assembly drawings 

are attached. 
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