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Abstract 

Vibration dampers are very important for vibration mitigation of dynamic structures 

to avoid excessive vibration or induced noise. For a simple single degree of freedom (SDOF) 

vibration system, larger amount of damping implies better vibration suppression effect. 

However, vibration isolation for such SDOF system requires high damping at low frequency 

and low damping at high frequency. For an auxiliary dynamic vibration absorber (DVA), 

specific damping ratio is a pre-requisite for achieving and maintaining optimum 

performance of the DVA. Moreover, the system parameters and environment of a vibration 

damper may be changed or varied during operation. The amount of damping in the vibration 

damper in many applications requires to be adjusted accordingly for best vibration control 

performance.  

The aim of this research is to design tunable dampers with both high tunable damping 

range and precision. Two novel tunable damper designs are proposed and tested to solve 

vibration problems which required precise control of damping. Design I: electromagnetic 

shunt damper (EMSD) with opposing magnets configuration, Design II: hybrid damper (HD) 

with Coulomb friction and electromagnetic shunt damping.  

An EMSD with opposing magnets configuration (Design I) to provide a tunable 

damping force is proposed first for vibration damping applications. The proposed EMSD 

configuration allows a significant reduction in size in comparison with other similar designs 

of EMSD found in the literature. In particular, an ESMD comprising six opposing magnets 

is designed and tested on a SDOF vibration system. The damping coefficient of the proposed 

EMSD offers a large tunable range with maximum damping coefficient about nine times or 

900% of the minimum damping coefficient.  

However, the higher number of opposing magnets pairs will reduce the radial magnetic 

flux density, an optimum number of opposing magnets pairs can provide maximum 

damping force for the best performance of Design I. The proposed damper is applied in a 

DVA system to achieve optimum performance of the DVA following the design procedure 

of the fixed-points theory. To the knowledge of the author, this is the first experimental 

proof of the fixed-points theory with a real DVA. In the optimum DVA implementation, the 

mass ratio is calibrated to find the fixed points of optimum DVA with different damping 

coefficients by tuning the external resistance of EMSD. H∞ optimal DVA is implemented 
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with the tunable EMSD in four, six and twelve opposing magnets pairs. The damping 

coefficient of EMSD can be easily tuned in real time to keep the DVA in optimum status 

even the external parasitic damping is changing.  

Moreover, EMSD is also widely applied for energy harvesting from vibrating 

structures owing to its electromechanical energy conversion capability. A bi-objective 

optimization methodology of Design I is proposed to achieve minimum resonant vibration 

of a vibrating structure and maximum energy harvesting at the same time. The proposed 

EMSD is designed such that its electromechanical transduction factor can be easily tuned 

to achieve both objectives simultaneously. The proposed EMSD is tested in a SDOF system 

and a DVA for the simultaneous realization of the two functions. Maximum harvested 

energy and minimum resonant vibration amplitude of the controlled mass are both achieved 

in the tested DVA system when the proposed EMSD is properly tuned.  

Nonetheless, Design I is still hard to accomplish large improvement of the tunable 

damping range. A HD (Design II) combining the advantages of both Coulomb friction 

damping and electromagnetic shunt damping is therefore proposed to provide a larger range 

of tunable damping. A friction damper (FD) with adjustable damping with advantages of 

small size and at low cost is designed. The tunable FD can provide coarse tuning of damping 

force with a large tunable range, while the tunable EMSD functions as a fine tuner of 

damping force with higher precision. The achieved tunable range of the damping force is 

significantly improved with decent tuning precision by the proposed HD. The method for 

adjusting the damping forces in both dampers is simple and can be done in real time. A 

prototype of the proposed HD is tested and applied to a DVA system to verify its tunability 

by experiments. H∞ optimal damping of the DVA is readily achieved experimentally by 

using the proposed HD. Moreover, the performance of negative impedance method is also 

compared with the proposed HD. 

Through a combination of theoretical, numerical, and experimental studies, this thesis 

explores several innovative strategies to improve the tunable damping range with high 

precision. The outcome facilitates the potential applications of these devices in future 

applications of smart structures. 
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Chapter 1  Introduction 

1.1 Motivation 

Damping is the significant part of vibrating system for energy dissipation. However, 

the most commonly used viscous damper has a constant damping coefficient which is not 

useful to applications which require different damping forces at different working 

conditions. One example is single degree of freedom (SDOF) vibrating system with internal 

vibration excitations such as the engine mounting system. The force transmissibility varies 

with different operating frequency of the engine. When the engine starts and passes through 

the resonant frequency, a larger damping force is needed in order to reduce the resonant 

transmitting force from the vibration source to the floor. While at the steady-state operating 

frequency which often in the higher frequency range, a smaller vibration amplitude can be 

achieved if the damping force is smaller. Therefore, a tunable or adjustable damper is better 

than the traditional damper with fixed amount of damping for vibration isolation in a wide 

frequency range covering the resonant frequency and operating frequency of the engine. 

Another example is the dynamic vibration absorber (DVA) which is designed to operate at 

a precisely tuned frequency and damping in order to give best performance.  Detuned DVA 

can provide adverse vibration control effect to the primary system at which it is mounted.  

DVA has been proposed for several decades for resonant vibration suppression of dynamic 

systems, and its optimal tuning frequency and damping has been derived with different 

optimization methods. However, the device cannot be applied widely in engineering field 

mainly because of the lack of vibration damper with tunable damping. Therefore, research 

on tunable vibration dampers is a critical task for the successful application of DVA.  

Some researchers and manufacturers have provided different designs and products of 

tunable vibration dampers so far. With different advantages and disadvantages, the tunable 

dampers can function well under some specific application occasions. Several typical 

tunable vibration dampers with various principles and tunabilities are shown in Fig. 1.1. 

The magneto-rheological (MR) damper in Fig. 1.1(a) can be tuned by varying its viscosity 

when the magnetic flux density is changed by adjustment of its internal coil. The MR 

damper has been widely used in premium cars to control the suspension damping with 

precise and fast response. However, its cost is very high and the control system required 

external power. The generator with ball-screw in Fig. 1.1(b) can be regarded as a tunable 
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electromagnetic damper with a transmission mechanism[1]. The transmission devices will 

inevitably lead to large uncontrollable parasitic damping from the internal construction. 

The tunable viscous damper in Fig. 1.1(c) functions with changing cross section area of the 

oil channel. Even this damper may function well in some traditional fields, the demand of 

its mechanical sealing performance is very high. Moreover, the tunable piezoelectric shunt 

damper in Fig. 1.1(d) can be tuned by changing the external connecting resistors, which is 

more suitable to be used for damping high-frequency vibrations of thin-wall structures. 

 

 

 
 

Fig. 1.1 Tunable dampers, (a) magneto-rheological damper, (b) generator with ball-screw [1], (c) 

viscous fluid damper, (d) piezoelectric shunt damper 

Electromagnetic shunt damper (EMSD) in Fig. 1.2(a) is a good choice to provide 

tunable damping control at low frequency [2] with the following reasons: 1) capable to 

provide large damping force when being used in heavy machines, such as roller coaster 

brake; 2) self-sensing of vibration based on the relationship between the electromotive 

force and vibration velocity; 3) applicable in both passive and active control systems; 4) 

dual functions of providing vibration damping and energy harvesting. Design of the EMSD 

requires modeling of the electro-mechanical coupling in the damper. The structural 

parameters optimal design of EMSD can obtain a maximum damping range with finite 

materials and spaces.  

Moreover, if the EMSD is not able to reach the target range of the expected damping, 

some other types of tunable dampers may be considered to be used. A tunable rotational 

friction damper (FD) in Fig. 1.2(b) can function well for its ease of implementation and the 

(a) (b) 

(c) 
(d) 
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high value of energy dissipation [3].  HD can be designed by mixing different types of 

tunable dampers together in order to provide a higher tunable range of damping with decent 

tunable precision. 

 

 

Fig. 1.2 (a)Tunable EMSD [2] and (b) tunable FD [3] 

1.2 Literature Review 

1.2.1 Applications of tunable damping  

Two typical applications of tunable damping for vibration control, vibration isolation 

and vibration absorption, are described in the following to show the importance of tunable 

damping in vibration control. The recent developments of the tunable dampers found from 

literature are reviewed in the following.  

1.2.1.1 Vibration isolation 

As an enduring research topic in the vibration control field, vibration isolation has 

attracted many attentions even from mechanical vibration initially became a discipline, 

especially the increasing requirement in precision engineering and spacecraft fields.  

(a) 

(b) 
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A suitable control method including passive, semi-active or active control is the pre-

requisite consideration in vibration damper design for vibration isolation solution. The 

transmissibility of force or displacement in Fig. 1.3, which can be regarded as the key 

evaluation index for vibration isolation performance, is strongly correlated with the 

damping ratio. The corresponding theoretical analysis and detailed review can be found in  

the literature of Nelson decades ago with sinusoidal and random excitations [4] or shock 

excitation [5]. With the mature in theoretical modeling and analysis, vibration isolation 

technique is applied in semi-active suspension system [6], civil engineering [7], seismic 

isolation [8] and precision equipment [9]. Moreover, the applications have already extended 

to various fields including the semiconductor industry [10,11], scanning probe microscopy 

[12,13], micro-electro-mechanical system (MEMS) [14-16], aircrafts [17-19] etc. 

  

Fig. 1.3 Vibration isolation with different evaluation index: (a) force transmissibility, (b) displacement 

transmissibility 

Currently, the main research topics of vibration isolation mainly focus on the active 

actuator development, control algorithm optimization, nonlinear isolation methods on the 

design of both damping and stiffness elements. With the development of smart materials, 

MR damper [20-22], magneto-rheological elastomer (MRE) damper [23-25], EMSD [27], 

piezoelectric shunt damper (PSD) [28-32] with high damping tunability are attracting 

attention. The vibration suppression performance can be highly improved and the control 

system is more robust even under the hostile environment with the developed effective 

active actuators.   

Various control algorithms [33,34] for active vibration damper are also developed and 

optimized to mitigate vibration, including skyhook control, groundhook control, LQG/LQR 

control, sliding mode control, fuzzy logic control, neural network control etc. Nonlinear 

(a) (b) 
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damping is also deeply investigated to solve the complicated on-site engineering problems 

[35-38].  

1.2.1.2 DVA 

DVAs research has a long history, which can be date back to Frahm’s invention of 

DVA [39] a century ago. Most of DVAs found in literature can be grouped into two types 

including damped DVA with or without root support as illustrated in Fig. 1.4. 

The theoretical analysis of DVA has extensive discussions in literature. DVA should 

be designed to work at its optimal working condition because any detuning of its parameters 

such as the damping ratio can result in adverse effect to the vibration of the primary mass 

m1 as illustrated in Fig. 1.4.  Nishihara [40-42] gave the exact theoretical solution of the H∞ 

optimization tuning based on Den Hartog’s classical fixed-points theory [43]. Warburton 

[44] also developed the exact solution of the H2 optimization tuning condition for global 

vibration control. The damping requirement of DVA has been thoroughly analyzed for the 

optimal working condition of the DVA [45]. The theoretical optimization of DVA was 

conducted for SDOF vibrating system [46] and multi-degree of freedom vibrating system 

[47,48]. Structural morphing [49-52] and modified optimization methods [53,54] were 

proposed for various kinds of vibration control applications. Different types of DVAs were 

categorized and the corresponding transfer functions of their dynamic models were 

compared [55].  

  

Fig. 1.4 A vibration system with attached (a) typical DVA and (b) ground-hook DVA 

Reported applications of DVAs cover both discrete and continuous structures such as 

beams and plates [56-58]. DVAs were also applied in many on-site fields: the vehicle 

suspension [59], buildings and towers [60], machining boring bar [61], MEMS [62], 

floating raft system [63], pedestrian footbridge [64, 65], truss structure [66], high speed 

(a) (b) 
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rotational machine [67], and piping system [68] etc. The high sensitivity of DVA to the 

variation of external conditions has always been a challenging problem, which 

compromises their performance in vibration absorption and hinders their wide applications 

in practice. In particular, the amount of damping in the DVA requires precise tuning to 

ensure the optimum working condition of the DVA. Detuned DVA can even amplify the 

vibration of the controlled structure. Conventional means, such as the commonly used fluid 

viscous damping, is difficult to cope with such a need in terms of providing tunable 

damping.  

1.2.2 Tunable dampers 

Literature review of both the EMSD and FD selected for the tunable damper design in 

this research project is introduced in the following. 

1.2.2.1 EMSD 

EMSD was proposed for vibration control because of its precise tunability of vibration 

damping [69]. Various theoretical and experimental explorations of the EMSD principles 

for DVA design were also reported [72-75]. EMSD can be applied to provide relatively 

large damping force and it can also be used for vibration measurement by making use of 

its self-sensing ability.  The damping capacity of non-contact active EMSD is discussed 

and experimentally verified in beam structures [76]. An application in civil structure 

vibration control of EMSD has been reported [77]. However, the designed experiment has 

not verified the analytical results. Moreover, as sensitive transducer with self-sensing 

function, EMSD was applied for vibration control in space antenna reflector [78]. Various 

control strategies were developed for EMSD including pure passive control [79], adaptive 

control [80], hybrid control combined with passive and active control [81], 𝐻∞ and 𝐻2 

optimizations [82-83] etc. 

Since a nonlinear damping force can be provided with specifically arranged magnets 

and coils of the EMSD, nonlinear EMSDs [84-90] are designed and applied to solve the 

nonlinear vibration problems recently. The experimental test results match well with the 

predicted results of the derived models. 

1.2.2.2 Damping enhancement methods of EMSD 

Since the damping coefficient of an EMSD is inversely proportional to the circuit 

resistance, some researchers proposed to use negative impedance in the EMSD circuit in 
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order to improve its tunable damping range [91-95]. The negative impedance is a kind of 

synthetic impedance strategy. Two typical electric circuits providing negative impedance 

are shown in Fig. 1.5. However, the negative resistor requires external power supply, which 

adds system complexities and restricts its applications. The system can even become 

unstable if the absolute value of the negative impedance is larger than the internal 

impedance of the EMSD coil. Moreover, the enhanced damping tuning range through the 

negative impedance method is too sensitive for the fine tuning of damping, as to be 

theoretically illustrated later in section 6.2.1. 

 

 

Fig. 1.5 Two negative impedance circuits: (a) a typical diagram [91], (b) a simplified schematic [92] 

 

Fig. 1.6 EMSD with rack-pinion converter [96] 

Another method to enhance the damping density of EMSD is to use a rotational motor 

as the damping actuator with a linear to rotational motion converter such as the ball-screw 

converter in Fig. 1.1(b), or the rack-pinion converter [96] in Fig. 1.6 etc. The transduction 

factor of EMSD can be improved in scale to the multiplication product between gearbox 

ratio and the linear to rotational motion conversion coefficient. However, the increased 

parasitic damping due to the internal friction and backlash caused by the clearance among 

(a) (b) 
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the mechanical components in those EMSD designs hinders its applications requiring 

precision damping adjustment.  

1.2.2.3 Bi-functional EMSD with energy harvesting capability 

With the function of converting kinetic energy to electrical energy, EMSD can be used 

as a tunable damper for vibration control through the combined effects of dynamic 

interaction and energy dissipation, or as an energy harvester similar to a linear electrical 

generator. The dual functions of a tunable damper and energy harvester allow EMSD to be 

used for vibration control and energy harvesting simultaneously [97-102]. However, little 

attention has been paid to achieve the optimal design of EMSD for both objectives. For 

energy harvesting, it is noticed that the maximum harvested energy occurs when the 

external impedance equals to the internal impedance of the EMSD circuit [1]. In most 

practical cases, EMSD is designed to provide the highest damping for energy dissipation 

leading to a minimum vibration amplitude of the vibrating system, in which case, however, 

the external resistance is zero and no energy can be harvested. Moreover, a constant 

external resistance of the EMSD circuit cannot minimize the transmissibility in a SDOF 

system in a wide frequency range because the transmissibility varies differently with the 

damping at different frequency [103]. EMSD with a properly tuned amount of damping is 

therefore very useful to solve the above-mentioned problems. 

In those applications requiring precise amount of damping such as the DVA, EMSD 

needs to be properly tuned so that the DVA can work at its optimal condition as governed 

by the fixed-points theory [43]. Theoretically, it is possible to obtain the optimal amount of 

damping and to get maximum energy harvesting with the same external resistance in the 

EMSD circuit. The minimization of structural kinetic energy and the maximization of the 

power dissipation in the DVA for slightly damped structures has been reported [104]. Some 

theoretical analyses and numerical simulations have been provided to discuss the power-

based optimization for DVA with EMSD [105]. 

1.2.2.4 FD 

As another method to improve the damping range of EMSD, FD is listed separately in 

this section because of its complexity. The stick-slip boundary determined by FD was 

deduced analytically while Den Hartog investigated the forced vibration of SDOF system 

with combined viscous and Coulomb damping [106]. The displacement transmissibility of 

a SDOF system with a FD subject to joined base-ball motion was investigated [107], and 
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the corresponding experimental test results verified Den Hartog’s analytical results [108]. 

As an application on vehicle suspension for semi-active control, a tunable FD was modeled 

and experimentally investigated with an electrohydraulic driving system [ 109 ]. The 

experimental test results showed that the residual back-pressure and reduced hydraulic 

system bandwidth are two significant issues to the suspension performance, which can be 

amended by a preloading spring and a pressure control loop. Meanwhile, FDs have also 

been applied to damp cable vibrations [110].  

Due to the nonlinearity of the FD, very few researches were conducted in views of its 

application as DVA. H optimal DVA [43] can be implemented with properly tuned FD in 

both translational [111] and rotational [112] forms. Particularly, relative to the excitation 

force, small dry friction force can function well in a DVA without inducing the stick-slip 

motion [111-113]. A statistical linearization method was proposed to replace the nonlinear 

friction damping with equivalent viscous damping [114]. Moreover, both rigid and flexible 

FDs were theoretically investigated for optimum DVA implementation [115]. Theoretical 

test results show that both dampers can obtain the H optimal status of the DVA, and the 

flexible FD performs better with a higher stiffness. Therefore, the tunable FD is in principle 

capable of providing a coarse damping tuning for the H optimal DVA as long as the 

Coulomb damping force is restricted to avoid the stick-slip motion. 

1.2.3 Remarks 

The theoretical analysis of DVAs has been conducted for around one century and 

applications found in mechanical and civil engineering. However, the optimal damping 

required and the tunability deficiency of current dampers limit its wider application. Even 

with good damping tunability, MR dampers and MRE dampers are always so expensive to 

be utilized widely in civilian products. 

EMSD has also been researched and applied in many fields for vibration structures in 

the reviewed papers above. The proposed enhancement method of tunable damping range 

is effective in some applications. Nonetheless, there are still limitations of EMSD in  

specific occasions, such as the negative impedance method is not able to function well in 

the extreme environment without enough power supply, the linear to rotational motion 

converter can hardly be used in applications requiring precise amount of damping.   
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1.3 Research Aim and Objectives  

In light of the unsolved problems above, this research project aims to design tunable 

vibration dampers with both large tunable range and precision of damping. Based on the 

selected two types of damper (EMSD and FD), a hybrid design with structural parameters 

optimization of a tunable vibration damper is proposed and verified with experiments. The 

objectives of this thesis are listed below: 

1. To model an EMSD with opposing magnets configurations with the variation principle 

of transduction factor. The corresponding prototype of EMSD should be fabricated and 

tested to verify the accuracy of the proposed model. Vibration isolation test also required 

to be done to test the tunability of the proposed EMSD.  

2. Since the radial magnetic flux density of the proposed opposing magnets configuration 

varies with the number of opposing magnets pairs, the optimal number of magnet pairs is 

to be determined through simulation and validated by experiments. With the optimal 

tunable damping range, the on-site calibration of DVA needs to be conducted and tuned to 

achieve the optimum working conditions of the DVA.  

3. With dual functions of damping and energy harvesting, the structural parameters of 

the proposed EMSD will be fine-tuned to reach the bi-objective optimum status for both 

vibration control and energy harvesting. The design procedures will be proposed and 

validated by experiments for both SDOF and DVA systems.   

4. Hybrid design of tunable vibration damper by combining EMSD and FD is to be 

conducted for improving the tunable damping range and damping precision. The related 

design principles and advantages compared with other damping enhancement methods are 

to be analyzed in detail. 

1.4 Organization of this thesis 

This dissertation is composed of seven chapters, which is organized as follows: 

In Chapter 2, the theoretical background of tunable damping in vibration control and 

different damping adjustment mechanisms are introduced. 

In Chapter 3, the proposed design of EMSD is modeled and fabricated to verify the 

effectiveness of opposing magnets configuration. The proposed EMSD is also applied in 

SDOF system to achieve high performance for vibration isolation. 
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Chapter 4 shows the enhancement of tunable range of damping of the proposed EMSD 

by optimizing the number of the opposing magnets pairs. Moreover, an application for 

optimum DVA with on-site calibration is conducted to test the tunability precision of the 

proposed EMSD. 

In Chapter 5, a bi-objective optimal design of EMSD for both vibration control and 

energy harvesting is proposed, manufactured, and tested.  

Chapter 6 presents a HD with combined design of Coulomb and electromagnetic shunt 

dampers to improve the tunable range precision of damping. 

Chapter 7 concludes this research and proposes future work. 

 

 

 

 



Chapter 2 

12 

Chapter 2 Theoretical Background 

2.1 Introduction 

In this research, I aim to provide variable damping solution to applications which 

require different amount of damping at different working frequency or environmental 

conditions . Design of vibration damper of low cost with a large tunable range of damping 

is still challenging in practice, especially when a precise amount of damping is required for 

vibration control applications. In this chapter, a detailed theoretical background 

introduction on vibration dampers with tunable amount of damping for vibration control is 

presented. The basic structure and principle of two different types of dampers,  the tunable 

EMSD and FD, are discussed in detail. 

2.2 Vibration isolation and absorption 

Two typical applications of tunable damping for vibration isolation and absorption are 

presented in the following.  

2.2.1 Vibration isolation  

 

Fig. 2.1 The SDOF vibration system 

A traditional SDOF vibration system is shown in Fig. 2.1. The equation of motion can 

be expressed as 

 𝑚1�̈�1 + 𝑐1�̇�1 + 𝑘1𝑥1 = 𝐹0 𝑐𝑜𝑠 𝜔 𝑡 (2-1) 

where k1 denotes the stiffness; m1 is the mass and x1 is the vertical displacement. The force 

transmissibility from the vibrating mass to the base can be derived and written as 
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 𝑇𝑓 = √
1 + (2𝜉𝜆)2

(1 − 𝜆2)2 + (2𝜉𝜆)2
 (2-2) 

where 𝜆 = 𝜔 𝜔𝑛1⁄  is the frequency ratio between the excitation frequency and the natural 

frequency of the SDOF system. 𝜉 = 𝑐1 (2√𝑘𝑚)⁄  is the damping ratio. The variation of the 

force transmissibility with the frequency ratio and damping ratio is plotted in Fig. 2.2. 

 

Fig. 2.2 Variation of force transmissibility with frequency ratio and damping ratio 

The force transmissibility can be minimized in the whole frequency domain if 

different damping ratios could be applied in different frequency ranges. While a higher 

damping ratio is necessary to reduce the vibration at resonance in the low-frequency range 

with 𝜆 < √2, a lower damping ratio ensures better isolation effect in the higher frequency 

range of 𝜆 > √2. As shown in Fig. 2.2, all the transmissibility curves intersect at a point of 

frequency ratio 𝜆 = √2. This intersection point (IP) is abbreviated as IP in the following 

sections. The tunable damping function of the proposed dampers can help minimize the 

transmissibility of the SDOF system in the whole frequency domain by adjusting the 

damping force in different vibrating frequency ranges. 
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2.2.2 Vibration absorption 

 

Fig. 2.3 The primary vibration system with DVA  

When a tunable damper is attached to a SDOF vibrating system as shown in Fig. 2.3, 

the equations of motion of the system are given by 

 {
𝑚1�̈�1 + 𝑘1𝑥1 + 𝑘2(𝑥1 − 𝑥2) + 𝑐2(�̇�1 − �̇�2) = 𝐹0 𝑐𝑜𝑠 𝜔 𝑡

𝑚2�̈�2 + 𝑘2(𝑥2 − 𝑥1) + 𝑐2(�̇�2 − �̇�1) = 0
 (2-3) 

where 𝑘1, 𝑚1 and 𝑘2, 𝑚2 denote the spring stiffness and the mass of the primary system 

and that of the DVA, respectively. 𝑥1 and 𝑥2 denote their respective displacement of the 

primary system and DVA. 𝑐𝑒  is the damping coefficient. The natural frequency of the 

primary system and that of the DVA before they are coupled together can be expressed by 

𝜔𝑛1 = √𝑘1 𝑚1⁄  and 𝜔𝑛2 = √𝑘2 𝑚2⁄ , respectively. The dimensionless displacement 𝑋1 of 

the primary system and the relative displacement 𝑋1 − 𝑋2 can be derived by solving Eq. 

(2-3) with the fixed points theory [43], giving 

 

{
 
 

 
 

|
𝑋1
𝑋𝑠𝑡
| = √

(2𝜉𝜆)2 + (𝜆2 − 𝛾2)2

(2𝜉𝜆)2[(1 + 𝑔)𝜆2 − 1]2 + [𝑔𝛾2𝜆2 − (𝜆2 − 1)(𝜆2 − 𝛾2)]2

|
𝑋1 − 𝑋2
𝑋𝑠𝑡

| = √
𝜆2

(2𝜉𝜆)2[(1 + 𝑔)𝜆2 − 1]2 + [𝑔𝛾2𝜆2 − (𝜆2 − 1)(𝜆2 − 𝛾2)]2

 (2-4) 

where 𝑋𝑠𝑡 = 𝐹0 𝑘1⁄  is the initial static displacement. 𝜉 = 𝑐2 𝑐𝑐⁄   is the damping ratio. 𝑐𝑐 =

2𝑚2𝜔𝑛2 is the critical damping constant of the DVA. 𝜆 = 𝜔 𝜔𝑛1⁄  is the frequency ratio. 

𝛾 = 𝜔𝑛2 𝜔𝑛1⁄  is the natural frequency ratio, and  𝑔 = 𝑚2 𝑚1⁄  is the mass ratio. The 

displacement responses of the primary system with respect to different damping ratios in 

the frequency domain are shown in Fig. 2.4 when the mass ratio is 0.1. 
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Fig. 2.4 (a) Displacement amplitude of the primary system and (b) relative velocity between primary 

mass and DVA mass with different damping ratios 

As shown in Fig. 2.4(a), two fixed points can be observed in the response spectra of 

the primary system. The relative velocity between primary mass and DVA mass with 

different damping ratios also plotted in Fig. 2.4(b). The displacement of the primary mass 

reaches a min-maximum value at a certain set of frequency ratio and damping ratio value, 

calculated by [43] 

 

{
 
 

 
 𝛾𝑜𝑝𝑡𝑖 =

1

1 + 𝑔

𝜉𝑜𝑝𝑡𝑖 = √
3𝑔

8(1 + 𝑔)

 (2-5) 

(a) 

(b) 
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Upon a proper design of the tunable dampers, the optimization of the DVA can be 

achieved and the tuning procedure is described in the following sections. 

2.3 EMSD 

A simple configuration of EMSD contains one magnet and one coil which is connected 

to an outer circuit as shown in Fig. 2.5(a). The Lorentz force generated in the EMSD when 

relative motion occurs between the magnet and the inductor of the circuit can be used as a 

damping force for vibration control. A variable resistor is connected to the coil as shown 

in Fig. 2.5(b) for the adjustment of the current in the circuit. The coil is represented by 

connecting an electromotive force (EMF), a resistor and an inductor in series as shown in 

Fig. 2.5(b). Since the inductance is only several milli-Henry and the EMSD is designed to 

be used at the frequency domain lower than 30 Hz, the impedance contributed from the coil 

inductance is ignored. 

 

 

Fig. 2.5 Structure configuration of electromagnetic shunt damper: (a) the magnet and the coil, (b) the 

equivalent circuit of the coil and its connected resistor 

EMSD may be regarded as a linear power generator which  converts mechanical power 

into electrical power and dissipates thermal energy as waste in the conversion process. 

Accoding to the Faraday-Lenz law, the EMF 휀 is the induced voltage of EMSD generated 

when a conductor of length l (m) moves in a constant magnetic field of strength B (T) at a 

constant velocity v (m/s). The EMF can be expressed as 

(a) (b) 
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 휀 = 𝐵𝑙𝑣 (2-6) 

A simplified analysis is conducted to obtain the transduction efficiency of the 

electromagnetic shunt damper by considering a single loop of the coil, shown in Fig. 2.5(a). 

Since the relative motion occurs in the x-direction and only the magnetic flux passing 

through the conductor circuit will contribute to the EMF, the vertical magnetic flux density 

Bx makes no contribution to the EMF. Therefore, the radial magnetic flux density Br is the 

only activator for the induced EMF. The EMSD induced voltage 휀 can be written as 

 휀 = −∮ 𝐵𝑟(𝑥, 𝑟)𝑑𝑙�̇�
𝑙𝑜𝑜𝑝

 (2-7) 

The transduction factor Kt, which represents the transduction efficiency of the 

conversion from mechanical energy to electrical energy, can be defined as 

 𝐾𝑡 = −∮ 𝐵𝑟(𝑥, 𝑟)𝑑𝑙
𝑙𝑜𝑜𝑝

 (2-8) 

𝐾𝑡 quantifies the electromechanical coupling strength. In the whole electric coil with 

N turns loop as shown in Fig. 2.5(a) 𝐾𝑡 can be simplified as 

 𝐾𝑡 = −2𝜋∑𝑟(𝑖)𝐵𝑟(𝑥, 𝑟, 𝑖)

𝑁

𝑖=1

 (2-9) 

where 𝑟 denotes the radius of the target point. Using Eqs. (2-7) and (2-8), we can write 

 휀 = 𝐾𝑡�̇� (2-10) 

If the coil is connected with a variable resistor in the circuit as shown in Fig. 2.5(b), 

the current i will be generated and the Lorentz force is exerted on the coil to hinder the 

movement of the magnet. The reaction force may be called the equivalent damping force 

Fe. The current can be obtained based on the Kirchhoff circuit law and the total circuit 

impedance Z, which includes the coil resistance Rin, coil inductance Lin and the external 

resistance Rload.  

 𝐹𝑒 = 𝐾𝑡𝑖 =  
𝐾𝑡휀

𝑍
 (2-11) 
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Using Eqs. (2-10) and (2-11), the equivalent damping force may be written as  

 𝐹𝑒 =
𝐾𝑡
2

𝑍
�̇� (2-12) 

Based on the damping force definition, the damping coefficient ce can be expressed as  

 𝑐𝑒 =
𝐾𝑡
2

𝑍
 (2-13) 

The damping coefficient 𝑐𝑒 can be easily changed with the tunable external resistance 

part of the total circuit impedance. Moreover, the tunable range can be improved by 

enhancing the transduction factor 𝐾𝑡 with proper structural design of EMSD. 

2.4 FD 

Applying a FD in a SDOF vibration system in Fig. 2.6, the motion equation of the 

mass 𝑚 writes  

 𝑚�̈� + 𝜇𝐹𝑁 𝑠𝑔𝑛(�̇�) + 𝑘𝑥 = 𝐹0 𝑐𝑜𝑠 𝜔 𝑡 (2-14) 

where 𝑥 denotes the displacement, 𝜇 the friction coefficient, 𝐹𝑁  the normal force, 𝑘 the 

spring stiffness and 𝐹0𝑐𝑜𝑠𝜔𝑡 the sinusoidal excitation force. 𝑠𝑔𝑛(�̇�) is a signum function 

defined as 

 𝑠𝑔𝑛(�̇�) = {
1 𝑥 > 0
0 𝑥 = 0
−1 𝑥 < 0

 (2-15) 

 

Fig. 2.6 Schematic of a SDOF system with FD  
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For a pure Coulomb damper as shown in Fig. 2.6, the hysteresis loop is a rectangle as 

illustrated in Fig. 2.7(a). The corresponding energy dissipation ∆𝐸𝑅 per cycle in the damper 

can be expressed as 

 𝛥𝐸𝑅 = 4𝜇𝐹𝑁𝑋 (2-16) 

  

Fig. 2.7 Hysteresis loop of (a) FD and (b) linear viscous damping 

The equivalent damping of the FD can be derived by the energy dissipation per cycle 

in the hysteresis loop in Fig. 2.7. The hysteresis loop of a conventional linear viscous 

damper is an ellipse as shown in Fig. 2.7(b), with the corresponding energy dissipation per 

cycle ∆𝐸 written as 

 𝛥𝐸 = 𝜋𝑐𝜔𝑋2 (2-17) 

where 𝑐  denotes the damping coefficient of linear viscous damping, 𝜔  the angular 

frequency and 𝑋 the displacement amplitude. 

The equivalent damping of the FD can be derived by equating Eqs. (2-16) and (2-17), 

yielding  

 𝑐𝑓 =
4𝜇𝐹𝑁
𝜋𝜔𝑋

 (2-18) 

With proper design for adjusting the normal force 𝐹𝑁 of FD, the equivalent damping 

coefficient 𝑐𝑓 can also been readily tuned for vibration control. 

2.5 Summary 

This chapter introduces two typical applications requiring tunable damping: switch 

damping and optimal damping for vibration isolation.  The two types of tunable damping 

principles are described briefly. The damping force can be fine-tuned with the linear EMSD, 

2X

2N X

2X

c X

(a) (b) 
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while the damping range can be highly improved with the easily controlled normal force of 

FD. With the tunable external resistance of EMSD and normal force of FD, the detailed 

design analyses are presented in the following chapters. 
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Chapter 3 Vibration isolation with tunable damper 

Design I 

3.1 Introduction  

To the best knowledge of the author, the detailed structural parameters study to 

enhance the EMSD transduction factors is scarce. Design I of EMSD in this chapter with 

tightly connected opposing magnets configuration is proposed, designed and tested by both 

simulations and experiments. The transduction factors of the proposed design is compared 

to those of [116] and [117]. Furthermore, the vibration isolation effectiveness of the 

proposed design is demonstrated by applying the proposed EMSD as a tunable damper in 

a SDOF vibration system. The proposed EMSD can be applied to minimize the vibration 

transmissibility of the vibrating system by varying the damping force at different vibrating 

frequencies. 

3.2 Opposing magnets configuration 

The EMSD performance can be enhanced  by using different magnet configurations 

to improve the radial magnetic flux density distribution. Different configurations of 

magnets have been proposed [116,117] to achieve greater transduction efficiency. It is 

shown in the following section the proposed magnet configuration without spacer is better 

than the magnet configuration with spacers in terms of transduction efficiency. The 

transduction factor of the two designs of magnet configurations,  one without spacer and 

the other with an iron yoke spacer, are compared by simulation in the following section. 

3.2.1 Magnetic flux density 

Two N32 NdFeB ring-shaped permanent magnets with opposing poles arrangement 

are used in the proposed EMSD design.  The magnets have holes of 4 mm diameter as 

shown by the dash line in Fig. 3.1(a), 14 mm external diameter and 10 mm thickness. The 

two magnets are aligned in opposite polarity such that the two S magnetic poles are 

physically connected. The magnetic flux density distribution around the magnets was 

simulated with the free magnetic analysis software FEMM. As shown in Fig. 3.1(b), the 

magnetic flux densities around the S magnetic pole of the cylindrical side surface are greatly 

increased when compared to that of the N magnetic poles. To demonstrate the enhanced 
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value of radial magnetic flux density, the variation in the radial magnetic flux density Br 

along the five straight line segments each of 20 mm long in Fig. 3.1(a) is plotted in Fig. 3.2 

for illustration. 

  

Fig. 3.1 Two-opposing-magnets permutation: (a) the schematic and dimensions, (b) simulation results of 

magnetic flux density 

 

Fig. 3.2 Variation of radial magnetic flux density (Br) along the lines of 0 mm, 1 mm, 2 mm, 3 mm, 4 

mm in Fig. 3.1(a) 

Since the N magnetic poles are far away from the connecting surfaces of the two 

magnets, the magnetic lines around the N poles remain almost the same after the connection. 

The radial magnetic flux density at the N magnetic pole is therefore used as the datum flux 

density for comparison of the flux densities at different locations around the magnet pair. 

Take the 0 mm curve as an example, the radial magnetic flux density, Br is about 2.1 Tesla 

at x=0 mm. However, Br is just about 1 Tesla at 𝑥 = ±10 mm. Therefore, the maximum 

radial magnetic flux density, Br is increased by more than 100% by using the proposed 

(a) (b) 
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opposing magnets configuration. Moreover, the other four curves also show similar 

variation trends. However, the maximum radial magnetic flux density decreases sharply 

with the distance between the radial position and cylindrical side surface. Therefore, the 

coil should be as close as possible to the cylindrical surface of the magnet pair if a larger 

Lorentz force needs to be induced when the magnets are moving along the x-axis.  As a 

result, the maximum radial magnetic flux density can be greatly increased with the 

proposed design of EMSD. 

3.2.2 Transduction factor identification 

The transduction factor, Kt, which denotes the energy transfer efficiency is considered 

in this section. The transduction factor is calculated by extracting the radial magnetic flux 

density data from FEMM and conducting the integration as expressed by Eq. (2-9). Three 

different magnet configurations: single magnet, two opposing magnets, and two 

homodromous magnets, as shown in Fig. 3.3(a) are compared. The inner diameter of the 

coil skeleton is 16 mm. With the skeleton measured 1 mm in thickness, the inner diameter 

of the coil is therefore 18 mm. The external diameter is 32 mm, and the height is 20 mm. 

The cross-section area Acoil is therefore 7 mm×20 mm, and the lwire is about 40m. Moreover, 

the parameters of magnets are the same as those in the previous section. The numerical 

results of the transduction factor of the three different magnet configurations are shown in 

Table 3.1.  

Table 3.1 Transduction factors of the three magnet configurations 

Magnet 

Configuration 

One 

magnet 

Two homodromous 

magnets 

Two opposing 

magnets 

Transduction 

factor Kt 
0.001 0.0011 3.4435 

As shown in Table 3.1, the EMSD with the proposed opposing magnets configuration 

offers a significant increase of the transduction factor. Experimental comparison of these 

three magnet configurations is shown in the next section.   

In the following, the proposed EMSD is compared to the designs of Stabile [116] and 

Zuo [117] with respect to the magnetic flux density distribution and the transduction factor 

Kt by simulation.  In the simulation, the combined length of the magnets and the spacer is 

assumed to be 20 mm.  Since the ratio of magnet length to the spacer length adopted by 

Zuo [117] is 6.35 mm to 5 mm, the corresponding ratio in this simulation model is scaled 
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as 7 mm to 6 mm as shown in Fig. 3.3(b). The grey block in Fig. 3.3(b) represents the 

spacer. The material of the spacer is carpenter silicon core iron “A” in Stabile’s design [116] 

and 1018 steel in Zuo’s design [117]. 

 

 

Fig. 3.3 (a) The structure schematic of three kinds of EMSD configuration: single magnet, two opposing 

magnets, and two homodromous magnets, (b) structure and dimensions of the opposing magnets 

configuration with spacer in between the magnets 

  

Fig. 3.4 Simulation results of magnetic flux density of the two opposing magnets connected by: (a) 1018 

steel, (b) carpenter silicon core iron “A” 

The magnetic flux density distribution and the transduction factor Kt of the EMSD of 

two configurations using different materials are shown in Fig. 3.4 and Table 3.2, 

(a) 

(b) 

(a) (b) 
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respectively. As shown in Fig. 3.4, the magnetic flux density distributions are similar in the 

designs of [116] and [117] except a small difference of the maximum magnetic flux density. 

Table 3.2 Transduction factors of EMSD of three different opposing magnets configuration 

Opposing magnets 

configurations 

Iron yoke 

spacer 

[116] 

1018 steel 

spacer 

[117] 

Present 

design  

Transduction factor  Kt 3.4056 3.4050 3.4435 

As shown in Table 3.2, the transduction factors derived for the designs of [116] and 

[117] are almost the same because the magnetic flux density distributions of these two 

designs are very similar. The total length of the magnet stack in the proposed design is 14 

mm while those in the designs of Refs. [116] and [117]  are 20 mm.  Therefore, the proposed 

design has a size reduction of about 6/20 = 30%.  While maintaining the same amount of 

energy transduction, the proposed design has a significant reduction in the size to damping 

force ratio in comparison to the designs of Stabile [116] and Zuo [117]. 

3.2.3 Experimental verification of EMSD performance 

The damping characteristics of EMSD with the three magnet configurations as shown 

in Fig. 3.3(a) were measured experimentally and compared. Under the same sinusoidal 

excitation at 1 Hz, the hysteresis loop tests of the three magnets configurations are 

conducted by measuring the force and the displacement of the magnets with the coil fixed 

on a mounting. The hysteresis loop curve can then be obtained by setting the displacement 

as the independent variable and the force as the dependent variable. 

 

Fig. 3.5  Measured hysteresis loops of three kinds of EMSDs with 1 Hz sinusoidal vibration excitation 
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As shown in the hysteresis loops of the three magnet configurations in Fig. 3.5, the 

configuration using  two homodromous magnets  shows no significant improvement over 

the one with just one magnet. However, the  area encircled by the hysteresis curve of the 

configuration with two opposing magnets is 200% larger than those of the other two 

configurations. Therefore, this experiment confirms that the proposed design of EMSD can 

absorb much more vibration energy than the other two cases. 

Based on the magnetic flux density simulation, transduction factor estimation and 

experimental analysis of the hysteresis loop of the three different magnet configurations as 

shown in Fig. 3.3(a), the proposed two-opposing magnets configuration has been proved to 

be the best among the three magnet configurations. The damping performance of the 

proposed magnet configuration can be multiplied by expanding this kind of magnet 

configuration in series. 

3.2.4 Multiple opposing magnets configuration 

To increase the damping force of the proposed EMSD, six magnets are connected 

together with opposite polarities facing each other as illustrated in Fig. 3.6(a). The total 

length of the magnet stack is 42 mm. If the designs of Refs. [116] and [117] are used instead, 

then the total length of the magnet stack becomes 42 + 36 = 78 mm.  The additional length 

is a result of adding the spacers placed between each magnet pair. Therefore, the proposed 

design has a size reduction of about 36 / 78 = 46.2%.    

The EMSD damping coefficient would increase linearly with the increase of the 

number of magnets in the damper without considering the weak mutual inductance between 

coils. In the testing prototype as shown in Fig. 3.8, if too many magnet pairs are used, then 

the length of the SDOF vibrating system will become too long such that resonant vibration 

of the SDOF system may occur in the target excitation frequency range. For the SDOF 

system with the EMSD, measurement shows that its first resonant frequency is about 20 

Hz with 8 magnet pairs in the damper. The resonant frequency of the SDOF system 

increases when the number of magnet pairs in the damper decreases. Therefore, we used 6 

opposing magnets pairs in the prototype so that the first resonant frequency of the vibration 

system is over 30 Hz which falls outside the range of the sweep sinusoidal excitation in the 

tests. 
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Fig. 3.6 EMSD with multiple opposing magnets configuration: (a) the structure schematic, (b) magnetic 

flux density by simulation 

 

Fig. 3.7 The six opposing magnets configuration: (a) the physical prototype (left), and (b) variation of 

the magnetic flux density with height and radius (right) 

(a) (b) 

(a) (b) 
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As shown in Fig. 3.6(b), the magnetic flux density peaks at positive value and negative 

value alternately. Each pair of the adjacent coils are connected at 180° phase angle by 

joining together their starting ends and their ending ends. The first and the last coils are 

connected to the external variable resistance as shown in Fig. 3.6(a). With resistance of 

each coil measures about 0.6 Ω, the total coil resistance in the circuit is about 3.6 Ω. 

Simulation is also conducted to analyse the magnetic flux density of the six opposing 

magnets configuration, with results shown in Fig. 3.7(b). It can be seen that the 

corresponding magnetic flux density distributions are well proportioned of the two 

opposing magnets configuration simulated before. The magnetic induction lines in the 

middle region have a repeating pattern and they become sparsely distributed at both ends 

of the magnet stack.   

3.3 Vibration isolation test 

3.3.1 Experimental setup 

The magnet stack comprising six opposing magnets are connected with a M4 screw 

through the central hole, and the six induction coils are connected with glues and fixed 

between the flanges of the casing as shown in Fig. 3.7(a). The electromagnetic shunt 

damper is assembled with the spring and mass to form a SDOF vibration system. By 

changing the mass and measuring the corresponding natural frequency variation, stiffness, 

and actual mass of the SDOF system can be identified using Eq. (3-1) and Eq. (3-2)below. 

 𝑚 =
𝑘

(2𝜋𝑓𝑛)2
 (3-1) 

 𝛥𝑚 = [
1

(2𝜋𝑓𝑛1)2
−

1

(2𝜋𝑓𝑛2)2
] 𝑘 (3-2) 

where 𝛥𝑚 is the mass variation between the two measurements. 𝑓𝑛1  is the natural 

frequency in angular unit with the first measurement. 𝑓𝑛2 is the natural frequency in angular 

unit with the second measurement. Based on the three measurement results, the stiffness k 

is found to be 1510.7 N/m, and the effective mass is 0.2936 kg. The natural frequency of 

the SDOF system is tuned at 11.422 Hz by adjusting the mass of the system. 

In theory, the displacement transmissibility of the SDOF system is the same as the 

force transmissibility.  Since displacement is much easier to measure, which also offers 
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greater accuracy than the force measurement, the displacement response is measured 

instead to illustrate both the displacement and force transmissibility of the SDOF system.  

 

Fig. 3.8 The experiment set up:  schematic diagram (left) and test rig (right) 

The SDOF system as shown in Fig. 3.8 is connected to a shaker providing the swept 

sinusoidal excitation (0.01-30 Hz) at 1.5 Hz/s. The schematic diagram of the experimental 

setup is shown in the left diagram of Fig. 3.8. The system transmissibility is obtained by 

calculating the frequency response function (FRF) with the displacement signals x1 and x2. 

Two Panasonic HG-C1030 laser displacement sensors are fixed on the support to measure 

the two displacements, and the measured signals are sent to B&K PULSE 7767 for analog-

to-digital conversion. FRF of this SDOF system can then be derived by the control 

computer with Fast Fourier Transform (FFT) algorithm. 

3.3.2 Experimental analysis of tunable damping of Design I 

Based on Eq. (2-13), the amount of damping that can be achieved using the proposed 

EMSD varies with the external resistance, which has been validated experimentally with 

the logarithmic decrement method [118]. Here, the displacement transmissibility of the 

SDOF system with different external resistance is measured and plotted in Fig. 3.9. 

As shown in Fig. 3.9, the displacement transmissibility varies with the external 

resistance, and the variation matches the theoretical prediction as shown in Fig. 2.2. IP at 

𝜆 = √2 of the transmissibility curve is located at 16.5 Hz which is about √2 times of the 

natural frequency.  This finding tallies with the theoretical prediction. To obtain the range 
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of tunable damping, the damping ratio is determined based on the half-power bandwidth 

method [119] as depicted by Eq. (3-3) below. 

 𝜉 =
1

2

𝛥𝜔

𝜔𝑛
 (3-3) 

where  is the frequency bandwidth at which the transmissibility decreases by 3 dB from 

the maximum value.  The damping coefficient can then be derived according to  

 𝑐𝑒 = 2𝜉√𝑘𝑚 (3-4) 

 

Fig. 3.9 FRF of SDOF system with the EMSD external resistance variation 

The damping ratio and damping coefficient of the SDOF system are shown inTable 

3.3. The damping coefficient can be increased from about 4 Ns/m to about 40 Ns/m by 

increasing the external resistance from 0 Ω to infinity at open circuit. Therefore, the 

damping coefficient of the proposed tunable damper offers a tunable range with maximum 

damping coefficient about nine times or 900% of its minimum damping coefficient. The 

corresponding damping ratio of the SDOF system  varies between 0.0956 and 0.961. The 

curves of the damping coefficient of the damper with different external resistances are 

plotted in Fig. 3.10 to show its variations with the resistance. 
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Table 3.3 Damping coefficient of the damper and damping ratio of the SDOF system with different 

external resistances 

External resistance 

(Ω) 

Damping 

ratio 

Damping 

coefficient 

(Ns/m) 

0 (close circuit) 0.961 40.463 

1.14 0.424 17.862 

2.29 0.413 17.417 

2.96 0.405 17.077 

3.98 0.37 15.736 

5.51 0.328 13.804 

10.67 0.268 11.295 

20.23 0.173 7.292 

50.31 0.131 5.499 

+∞ (open circuit) 0.0956 4.025 

The relationship between the damping coefficient and the external resistance follows 

the reciprocating function of Eq. (2-13) as shown in Fig. 3.10(a) except at two points where 

accuracy is not high enough. The slope of the linear fitted line in Fig. 3.10(b) between the 

damping coefficient and the reciprocal of the total resistance is about 76.16 which 

represents the square of the transduction factor Kt. The total resistance in Fig. 3.10(b) is the 

sum of the internal resistance of the coil (3.6 Ω) and the resistance of the external resistor. 

  

Fig. 3.10 Variation of damping coefficient at different resistances: (a) external resistance, (b) reciprocal 

of total resistance 

(a) (b) 



Chapter 3 

32 

3.3.3 Vibration isolation results 

The SDOF system response under swept sinusoidal excitation are shown as Fig. 3.11.  

The damping force is tuned to the maximum value at vibration frequency 𝜔 < √2𝜔𝑛 and 

to the minimum value at vibration frequency 𝜔 > √2𝜔𝑛  in order to minimize the 

transmissibility of the SDOF system. 

 

Fig. 3.11 Displacement response in time domain with tunable damping. Top: minimum damping with 

open circuit. Middle: maximum damping with close circuit. Bottom: maximum damping with close circuit 

in the beginning and changed to minimum damping with open circuit at 17.4s 

In practice, different amount of damping is usually required in different frequency 

ranges. Higher damping can suppress the resonant response of the SDOF system while 

lower damping can help save vibration energy at the high-frequency domain. Therefore, 

the resonant response cannot be suppressed effectively with minimum damping as shown 

in the upper graph of  Fig. 3.11. The response amplitudes after crossing the IP at 𝜆 = √2 is 

still large with maximum damping as shown in the middle graph of  Fig. 3.11. The response, 

however, is reduced in the whole-time domain if the damping is at the maximum value and 

turned into minimum value after crossing the IP at λ = √2. The response in the frequency 
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domain can help to give a clear picture of the tunable damping efficiency of the proposed 

EMSD. 

The measured FRFs of the SDOF system are plotted in Fig. 3.12. As shown by the 

blue centreline, significant reduction of transmissibility in the whole frequency domain is 

obtained when switching the EMSD from maximum damping to minimum damping at IP. 

The manual switching of electrical resistance in the circuit causes a sudden jump of the 

damping in the mechanical system and a small fluctuation of the response amplitude in the 

FRF. Some automatic control methods such as a jitter buffering control algorithm may be 

used to provide a smoother transition from high to low damping in order to reduce this 

fluctuation of the response magnitudes of the vibrating mass. We choose a simple on-off 

switch mechanism in the experiment in order to show that the proposed damper can be 

applied with a simple and low-cost control circuit.  Despite its simplicity, the proposed 

damper can provide desirable damping to the vibrating system excited by sinusoidal or 

sweep sinusoidal excitation in the experiments.  Therefore, the prototype damper at this 

stage may already be used for damping machine vibrations at constant operating speed as 

well as during machine start-up and shutdown.   

 

Fig. 3.12 FRF of the SDOF system with different damping: (1) minimum damping with open circuit, (2) 

maximum damping with close circuit, (3) switch from maximum damping to minimum damping at IP 
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3.4 Summary 

An EMSD with tunable damping force is proposed for vibration isolation in this 

chapter. An opposing magnets configuration is proposed to improve the efficiency of 

EMSD.  The proposed EMSD has a significant reduction in size in comparison with other 

EMSD designs found in the literature. Both simulations and experiments are conducted to 

verify the improvements of this proposed magnet configuration. As an application example, 

an EMSD prototype with a six opposing magnets configuration is designed and tested on a 

SDOF vibration system. The EMSD entails a size reduction of about 46% in comparison 

with two reference designs found in the literature. Moreover, the damping coefficient of 

the proposed tunable damper offers a large tunable range with maximum damping 

coefficient about nine times or 900% of the minimum damping coefficient. The 

transmissibility of the SDOF system is minimized in a wide frequency band by varying the 

damping force in the proposed damper at different vibrating frequencies. 
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Chapter 4 Vibration absorption with enhanced tunable 

damper Design I 

4.1 Introduction 

An interesting phenomenon occurs while comparing the damping coefficient with 

different opposing magnets pairs configurations proposed in last chapter, the damping 

capacity of EMSD with six opposing magnets pairs is much larger than that with twelve 

opposing magnet pairs under the same total length. This chapter searched out the optimal 

opposing magnets pairs for maximizing the transduction factor with simulation and verified 

the simulated results with experimental test. 

4.2 EMSD with optimal opposing magnets pairs 

4.2.1 Various opposing magnets pairs 

Table 4.1 Parameters of the magnet and coil 

Magnet 

Material  NdFeB N33 

Internal diameter 4 mm 

External diameter 15 mm 

Length  10 mm 

Number 12 

Coil 

Internal diameter(𝑑1) 18 mm 

External diameter(𝑑2) 32 mm 

Total height(𝑙𝑐)  108 mm 

Turns(𝑁𝑡𝑜𝑡𝑎𝑙)  756 

Wire diameter(𝑑𝑤𝑖𝑟𝑒) 1 mm 

Wire length(𝐿𝑤𝑖𝑟𝑒)   64 m 

Internal resistance(𝑅𝑖𝑛) 1.5075 Ω  

Owing to the significantly improved radial magnetic flux density, particularly in the 

area where the magnet poles are connected, EMSDs with opposing magnets configuration 

has shown promise in increasing the damping coefficient [103]. With the same number of 

magnets and the same total length of wires, the damping coefficient variation with different 

opposing magnets pairs configuration needs to be investigated. In this work, twelve ring-

shaped magnets, each having a length of 10 mm (as shown in Fig. 2.5) and an amount to 
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756 turns with 1 mm wire diameter, are used to construct the EMSDs. Details of the magnet 

and coil parameters are tabulated in Table 4.1. 

The height of the coil is 12 mm shorter than that of the magnet to provide the skeleton 

space for winding the coils. Assuming the coil is tightly wound as shown in Fig. 2.5, the 

total number of turns𝑁𝑡𝑜𝑡𝑎𝑙 is 

 𝑁𝑡𝑜𝑡𝑎𝑙 =
(𝑟2 − 𝑟1)𝑙𝑐

𝑑𝑤𝑖𝑟𝑒
2  (4-1) 

The total wire length 𝐿𝑤𝑖𝑟𝑒 of the coil can be expressed as 

 𝐿𝑤𝑖𝑟𝑒 = 𝜋(𝑟1 + 𝑟2)𝑁𝑡𝑜𝑡𝑎𝑙 (4-2) 

Moreover, the internal resistance can be written as 

 
𝑅𝑖𝑛 = 𝜌

𝐿𝑤𝑖𝑟𝑒
𝑆

= 𝜌
𝐿𝑤𝑖𝑟𝑒

𝜋 (
𝑑𝑤𝑖𝑟𝑒
2 )

2 
(4-3) 

where 𝜌denotes the electrical resistivity of copper and 𝑆 the cross-section area of the wire. 

The calculated results using Eqs. (4-1) to (4-3) are shown in Table 4.1. 

 

Fig. 4.1 Structural configuration of EMSDs with different numbers of opposing magnet pairs 

Since the number of magnets used is twelve, the value of opposing magnet pairs could 

be the common divisor of twelve, i.e. 1, 2, 3, 4, 6, and 12. The possible EMSD structures 

with serial numbers 𝑀1 , 𝑀2 , 𝑀3 , 𝑀4 , 𝑀6  and 𝑀12  are shown in Fig. 4.1. The twelve 

magnets are divided into groups depending on the number of the opposing magnets pairs. 

For 𝑀1 case, the magnets are separated into 2 groups, each containing six magnets. The six 
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magnets are connected in a homodromous direction to form a longer magnet of 60 mm long, 

then the two longer magnets are tightly connected in opposing direction by a screw through 

a central 4 mm hole. Other opposing magnets configurations as shown in Fig. 4.1 follow 

similar connection rules. 

For each adjacent coil pair connected in 180°  phase difference with 𝑀𝐼  opposing 

magnets pairs in Fig. 4.1, the transduction factor 𝐾𝑡 in Eq. (2-8) is derived and written as 

 𝐾𝑡 = −2𝜋∑∑𝑟(𝑖, 𝑗)𝐵𝑟(𝑥, 𝑟, 𝑖, 𝑗)

𝑁

𝑖=1

𝑀𝑎

𝑗=1

 (4-4) 

Since the coil radius 𝑟(𝑖, 𝑗)is fixed, 𝐾𝑡 mainly depends on the values and distribution 

of the radial magnetic flux density 𝐵𝑟(𝑥, 𝑟) . 𝐵𝑟(𝑥, 𝑟)  corresponding to different 

configurations are discussed in the following section. 

4.2.2 Analyses on EMSD performance  

4.2.2.1 Radial magnetic flux density  

Finite element analysis software FEMM is used to obtain the distribution of 𝐵𝑟(𝑥, 𝑟) 

around the magnets. FEMM defines the permanent magnet by entering the magnet’s 

coercivity 𝐻𝑐𝑏  which can be explained by the current model [120]. According to the 

standard GB/T 13560-2017 of the sintered NdFeB, the nominal coercivity of the N33 

magnet is 876 kA/m and its minimum coercivity is 820 kA/m. However, the actual 

coercivity of purchased magnets in practice could be lower than the minimum coercivity 

because of the machining process. 

The magnet coercivity 𝐻𝑐𝑏 is an important parameter which needs to be calibrated for 

the accurate data fitting. The peak value of the magnetic flux density, 1 mm above the 

surface with the 𝑀6  configuration, is measured as 0.9351T by using a Gaussmeter.  

However, the corresponding simulation result of the target point is 1.2 T with 𝐻𝑐𝑏 as shown 

in Fig. 4.2, which is very different from the measured value. This needs some corrective 

actions. As shown in Fig. 4.3, the magnet coercivity is found to be about 700 kA/m by 

matching the peak value of magnetic flux density 1 mm above the surface with the 𝑀6 

configuration between the simulation results and measuring data. 
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Fig. 4.2 The magnet flux density of 𝑀6 and 𝑀12 obtained from simulation with the nominal coercivity 

 

Fig. 4.3 Surface magnetic flux density of the target point with different coercivity values and the 

corresponding measuring data 
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Fig. 4.4 Radial magnetic flux density of different opposing magnets pairs configurations 

 

Fig. 4.5 Radial magnetic flux density variation with radius 

With the ratified 𝐻𝑐𝑏, 𝐵𝑟(𝑥, 𝑟) variation with the radius and length under different 

opposing magnet pair configurations are calculated and plotted in Fig. 4.4. The number of 

𝐵𝑟(𝑥, 𝑟) peaks increases with the increase of the number of opposing magnets pair 𝑀𝐼.  The 

peak values of 𝐵𝑟(𝑥, 𝑟) in Fig. 4.4 versus the radius 𝑟 are plotted in Fig. 4.5. It shows that 

the peak of 𝐵𝑟(𝑥, 𝑟) decreases when 𝑀𝐼 increases. As a result, there should exist a certain 

𝑀𝐼 at which 𝐾𝑡 becomes maximum. 
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4.2.2.2 Transduction factor 

 

Fig. 4.6 Transduction factor (𝐾𝑡) variation with the number of opposing magnets pairs 

With the simulated 𝐵𝑟(𝑥, 𝑟) as shown in Fig. 4.4, the transduction factors, 𝐾𝑡 , are 

calculated using Eq. (4-4) and plotted in Fig. 4.6 to show its variation with the number of 

opposing magnets pairs. Both the nominal coercivity and minimum coercivity in 

production are considered in the 𝐾𝑡  calculations. As shown in Fig. 4.6, 𝐾𝑡  reaches the 

maximum at 4 opposing magnets pairs and decreases with the number of opposing magnets 

pairs further increases. One can concludes that the number of opposing magnets pairs plays 

a dominant role to 𝐾𝑡 when the pair number is small while the magnetic flux density has a 

larger effect to 𝐾𝑡 when the pair number is large. Therefore, the maximum 𝐾𝑡 appears in 

Fig. 4.6 is a result of the balance between these two factors. 

4.2.2.3 Internal inductance of the coil  

The damping coefficient of the EMSD can be obtained with the calculated 

transduction factor based on Eq. (2-13) and the circuit impedance can be expressed as 

 𝑍 = √𝑅𝑖𝑛
2 + (2𝜋𝑓𝐿𝑖𝑛)2 + 𝑅𝑙𝑜𝑎𝑑 (4-5) 

where 𝑓 is the EMF frequency in Hz. The internal resistance 𝑅𝑖𝑛 can be calculated by 

considering the whole length of the wire. However, the calculation of the internal 

inductance 𝐿𝑖𝑛  is more complicated because of the winding style and the opposing 
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connections in the coils for each magnet pair.  Since the adjacent coils are connected with 

180° phase difference, the mutual inductance 𝑀𝑖𝑗 among the coils needs to be added to the 

coil inductance while calculating the total internal inductance [121] expressed as 

 𝐿𝑖𝑛 =∑𝐿𝑖

𝑀𝑎

𝑖=1

± 2∑∑𝑀𝑖𝑗 × (1 − 𝛿𝑖𝑗)

𝑀𝑎

𝑗=1

𝑀𝑎

𝑖=1

 (4-6) 

where 𝛿𝑖𝑗 = 1 for 𝑖 = 𝑗, otherwise 𝛿𝑖𝑗 = 0. The plus-minus sign in Eq. (17) depends on the 

coil phase difference𝛥𝜙 equals to 0° or 180°. 𝑀𝑖𝑗 is also multiple summations of the basic 

mutual inductance of any two single coaxial coils. Taking 𝑀4 in  Fig. 4.7(b) as an example, 

with a coil C1 containing 𝑇𝐶1 layers and 𝐿𝐶1 loops and a coil C2 containing 𝑇𝐶2 layers and 

𝐿𝐶2loops, 𝑀𝑖𝑗 between the two coils can be expressed as 

 𝑀12 =∑∑∑ ∑𝑀

𝐿𝑐2

𝑛=1

𝐿𝑐1

𝑚=1

𝑇𝑐1

𝑗=1

𝑇𝑐1

𝑖=1

(𝑅𝐶1:𝑚, 𝑅𝐶2:𝑛, 𝑑𝑟(𝑖,𝑗)) (4-7) 

where 𝑅𝐶1:𝑚  and 𝑅𝐶2:𝑛  are the radius of the mth loop of C1 and the nth loop of C2, 

respectively, and 𝑑𝑟(𝑖,𝑗) denotes the axial distance between the target coils. 

  

Fig. 4.7 (a) Model of two single coaxial coils, (b) the M4 configuration 

Moreover, the basic mutual inductance expression of the two single coaxial coils as 

shown in Fig. 4.7(a) could be obtained by the Neumann’s formula written as 

(a) (b) 
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 𝑀 =
𝜇0
4𝜋
∮∮

𝑑𝑙𝐶1⃗⃗⃗⃗  ⃗ × 𝑑𝑙𝐶2⃗⃗⃗⃗  ⃗

𝑅𝑃
 (4-8) 

where 𝑅𝑃 is the distance between the vector 𝑑𝑙𝐶1⃗⃗⃗⃗  ⃗ and 𝑑𝑙𝐶2⃗⃗⃗⃗  ⃗. 

The mutual inductance in Eq. (4-8) can be rewritten as 

 𝑀 =
𝜇

4𝜋
∫ ∫

𝑅1𝑅2 𝑐𝑜𝑠(𝜑1 − 𝜑2)

√𝑅1
2 + 𝑅2

2 + 𝑑𝑟2 − 2𝑅1𝑅2 𝑐𝑜𝑠(𝜑1 −𝜑2)

2𝜋

0

2𝜋

0

𝑑𝜑1𝑑𝜑2 (4-9) 

For the self-inductance 𝐿𝑖 in Eq. (4-6), the mutual inductance of the loops for a single 

layer and the loops of other layers should also be considered since the coil contains 𝑁𝑡 

layers and 𝑁𝑙 loops, as shown in Fig. 2.5(a). Taking 𝐿1as an example, the self-inductance 

of the coil can be expressed as 

 

𝐿1 = 𝑁𝑡∑𝐿(𝑅𝑖, 𝑑𝑤𝑖𝑟𝑒)

𝑁𝑙

𝑖=1

+ 2 × 𝑁𝑡∑∑𝑀(𝑅𝑖 , 𝑅𝑗 , 0) × (1 − 𝛿𝑖𝑗)

𝑁𝑙

𝑗=1

𝑁𝑙

𝑖=1

+ 2 ×∑∑ ∑ ∑𝑀(𝑅𝑘, 𝑅𝑙, 𝑑𝑖𝑗)

𝑁𝑙

𝑙=1

𝑁𝑡

𝑗=𝑖+1

𝑁𝑙

𝑘=1

𝑁𝑡

𝑖=1

 

(4-10) 

The coil internal inductance can be calculated under different opposing magnet pair 

configurations as shown in Table 4.2 based on the Eqs. (4-6) to(4-10). The internal 

inductance decreases with the increase of number of opposing magnet pairs. However, in 

the low  frequency range from 10 to 50 Hz, the internal impedance of the coils is not 

significantly affected by the variations of the internal inductance. 

Table 4.2 Calculated results of coil parameters 

 M1 M2 M3 M4 M6 M12 

𝑅𝑖𝑛 1.5 

∑𝐿𝑖(mH) 2.5738 2.3246 2.1142 1.9367 1.6578 1.1681 

∑𝑀𝑖𝑗(mH) 0 -0.0837 -0.1598 -0.2209 -0.2945 -0.3314 

𝐿𝑖𝑛(mH) 2.57382 2.1571 1.79466 1.49497 1.0687 0.5053 

4.2.3 Experimental verification of damping coefficient 

Experimental tests are conducted to verify the damping coefficient variations of the 

EMSDs with different configurations predicted in the previous section. 
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4.2.3.1 Experimental setup 

   

Fig. 4.8 Three EMSDs with the configuration of (a)𝑀4, (b)𝑀6 and (c)𝑀12 

 

Fig. 4.9 Experimental setup for EMSD hysteretic loop measurement 

Three EMSDs, 𝑀4, 𝑀6 and 𝑀12, are manufactured and tested for as shown in Fig. 4.8. 

The opposing magnets are aligned and fixed following the procedure outlined in preceding 

(a) (b) (c) 



Chapter 4 

44 

section. The thickness of the coil spacing board is 3 mm in 𝑀4, 2 mm in 𝑀6 and 1 mm in 

𝑀12 configurations respectively. Therefore, the coils of the three EMSDs have the same 

total length. 

The two EMSDs are successively mounted in turn to the vibrating system designed 

for the DVA test as shown in Fig. 4.9. Each EMSD has its one end fixed on the floor with 

a force sensor connected in the middle for damping force measurement while the other end 

is connected to the vibrating mass. A displacement sensor is fixed on the supporting shelf 

for the vibration displacement measurement. A non-contact exciter is connected with the 

B&K 2712 power amplifier to provide a sinusoidal excitation at 10 Hz. The power amplifier 

and the sensors are all connected to the B&K PULSE 7767 for signal generation and 

processing. 

4.2.3.2 Damping coefficient measurement 

Fig. 4.10 shows the measured hysteretic loops, whose enclosed area represents the 

damping capacity of the system. The yellow rectangular loop denotes the unavoidable 

parasitic damping including friction and air damping in the system. It can be seen that 𝑀4 

offers much larger damping than 𝑀12 with the same external resistance in the EMSD circuit. 

The results of 𝑀6 is also measured. Since the similarity between 𝑀4 and 𝑀6 except for 

slight smaller damping tuning range than 𝑀4, the damping coefficient range of 𝑀6 is only 

shown in Fig. 4.12 to avoid the convoluted illustration.  

  

Fig. 4.10 Hysteretic loops of (a)𝑀4 and (b)𝑀12 

The damping coefficient c can be determined from the energy lost per cycle expressed 

as 

(a) (b) 
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 𝑐 =
𝛥𝑈

𝜋𝜔𝑋2
=
𝑈1 − 𝑈0
2𝑓𝜋2𝑋2

 (4-11) 

where 𝛥𝑈 is the energy loss per cycle which can be evaluated by the enclosed area of the 

hysteretic loop. 𝑈1 denotes the energy lost in the vibration system with a given external 

resistance in the closed circuit of the EMSD while 𝑈0 denotes the energy loss when the 

circuit is opened. 𝑋 is the displacement amplitude. 𝜔 and 𝑓 are the excitation frequencies 

in rad/s and Hz, respectively. The calculation yields damping coefficient 𝑐𝑒 =

15.84  N ⋅ s m⁄  for 𝑀4 , 𝑐𝑒 = 14.60 N ⋅ s m⁄  for 𝑀6  and 𝑐𝑒 = 5.99 N ⋅ s m⁄  for 𝑀12  with 

an external resistance of 1.1 Ω in the EMSD circuit.  

4.2.3.3 Analyses of the test results  

The simulated damping results are compared with the measured ones. The possible 

range of the transduction factor is shown in Fig. 4.6. 

  

Fig. 4.11 Top view of the coils with (a) tight winding and (b) loose winding with a 0.2 mm gap 

For the coil internal resistance, the calculated result is 1.5𝛺 as shown in Table 4.1 with 

the assumption that the coil wires are wound tightly as shown in Fig. 4.11(a). This results 

in 7 loops per layer in the skeleton based on the diameter between 18 mm and 32mm. 

However, the measured resistances are 1.291 Ω, 1.305 Ω and 1.294 Ω respectively for 𝑀4, 

𝑀6 and 𝑀12 configurations. The difference suggest that the air gaps exist between the loops 

as shown in Fig. 4.11 (b), which should be considered. The average value of the measured 

coil internal resistance is 1.2967 Ω. Since the coil internal resistance is proportional to the 

number of turns of coil based on Eqs. (4-2) and (4-3), the corrected total turns 𝑁𝑡𝑜𝑡𝑎𝑙 and 

the number of loops per layer 𝑁𝑙 are determined as shown in Table 4.3. 

(a) (b) 
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Table 4.3 Coil parameters comparison between theory and measurements 

 
Theoretical 

data 

Corrected 

Theoretical data 

Measured 

data 

𝑅𝑖𝑛 1.5075 1.2921 1.2967 

𝑁𝑙 7 6 6 

𝑁𝑡𝑜𝑡𝑎𝑙 756 648 648 

With the calibrated coercivity and total number of turns in the coil, the transduction 

factor can be evaluated based on Eq. (4-4). The total impedance can be obtained with the 

measured internal resistance, calculated internal inductance in section 4.2.2.3, and the 

selected external resistance in section 4.2.3.2. Then, the simulated damping coefficient 

curve with various configurations is obtained and shown as dashed line in Fig. 4.12. The 

three red dots are the measured results for𝑀4 , 𝑀6  and 𝑀12 . The calculated damping 

coefficient results agree well with the measured data, which verifies the validity of the 

EMSD modeling methodology. The hatched zone in Fig. 4.12 shows the possible damping 

coefficient due to the variation of different estimated system parameters. 

 

Fig. 4.12 Comparison of damping coefficient between simulations and experiments 

The balance between increasing the number of opposing magnet pairs and decreasing 

radial magnetic flux density results in the maximum damping coefficient in Fig. 4.12. This 

can be obtained with an optimum number of opposing magnet pairs in similar EMSD 

configurations. 
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4.3 Experimental optimization of DVA 

4.3.1 Experimental setup  

Experiments are conducted to test the optimization of the proposed DVA with the 

tunable EMSD based on the fixed points theory and reported in this section. To the best of 

our knowledge, this experiment should be the first attempt to conduct on-site optimization 

of a DVA with a tunable damper based on the fixed-points theory.  

 

Fig. 4.13 Experimental setup 

The experimental system is built as shown in Fig. 4.13 to implement the vibration 

model in Fig. 2.3. A non-contact electromagnetic exciter on the top provides the driving 

excitation force with no additional stiffness from the external shaker. A force sensor is 

mounted below the exciter to monitor the exciting force input to the dynamic system. Two 

laser displacement sensors are fixed on the supporting holder to monitor the respective 

displacements of the primary system and the DVA. Four bearings rolling on the smooth 

glass surface on each side surface to provide a linear guide with minimum friction to the 

moving parts. The top end of the proposed EMSD coil is rigidly connected to the primary 

system. The opposing magnets bar is located in the central hole of the coil skeleton with 

the pre-compressed DVA spring support. The tunable electrical resistance is implemented 

with an 8-bit electromagnetic relay as shown in Fig. 4.13. Moreover, the data acquisition 
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system and signal generation devices are identical to the verification experiment used in 

section 4.2.3. 

4.3.2 DVA parameters calibration  

The parameters of an optimum DVA require accurate and meticulous calibration based 

on the fixed-points theory. In practice, both the frequency and damping ratios can hardly 

be adjusted on-site to the optimum values because both the stiffness of the spring and the 

damping of the viscous damper of common DVA are fixed. This is why the application of 

DVA is limited. In this experiment, the frequency ratio of the DVA is adjusted by changing 

its mass to achieve the optimum value required by the fixed-points theory. After tuning to 

the optimum frequency ratio of the DVA, the optimal damping of the DVA is achieved 

through fine-tuning the electrical resistance of the EMSD circuit. 

4.3.2.1 Parameters identification  

According to the fixed-points theory, the optimum frequency ratio  and damping ratio 

  in Eq. (2-5) can be determined once the mass ratio  is fixed. The mass and the stiffness 

of the primary system are assumed to be fixed. The target mass ratio is firstly set to 0.1 in 

this experiment, and then the spring stiffness k2 of the DVA can be determined according 

to Eq. (2-5). However, the actual spring stiffness k2 can hardly match the theoretical result 

precisely in practice. Therefore, it is more practical to achieve the optimum frequency ratio 

 as depicted in Eq. (2-5) through fine adjustment of the DVA mass m2.  

    

Fig. 4.14 The spring stiffness determination of (a) primary system and (b) DVA 

(a) (b) 
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Fig. 4.15 The free vibration response of the primary system in (a) time domain and (b) frequency domain 

The stiffnesses k1 and k2 of the selected springs are found through the force and 

displacement relationship as shown in Fig. 4.14 from compression tests. The blue dots 

denote the measured data, and the slope of the red dash line gives the spring stiffness 

obtained from linear curve fitting. The measured stiffness of the primary system and that 

of the DVA are 20.961 N/mm and 1.7213 N/mm, respectively. The target natural frequency 

is set at around 10 Hz. The mass of coil of the EMSD should be regarded as part of the 

primary system mass because of the connection between the EMSD and the primary system 

as shown in Fig. 4.13. Since the equivalent mass is hard to be measured, the primary system 

is identified with natural frequency measurement. The obtained natural frequency of the 

primary system is 10.5 Hz through the real-time frequency domain analysis of the free 

vibration response as shown in Fig. 4.15.  

Table 4.4 Identified parameters of the experimental system 

Notation Values Description 

𝑓𝑛1 10.5 Hz Natural frequency of the primary system 

𝑓𝑛2 9.5522 Hz Natural frequency of DVA 

𝛾 0.9097 Natural frequency ratio 

𝑘1 20.961 N/mm Stiffness of primary system 

𝑘2 1.7213 N/mm Stiffness of DVA 

𝑚1 4.8159 kg Equivalent mass of the primary system 

𝑚2 0.4778 kg Equivalent DVA mass 

𝜇 0.0992 Mass ratio 

With the calibrations above, the parameters of the system are found and listed in Table 

4.4. However, the mass of the DVA still requires fine-tuning to adjust the fixed-points to 

the same response amplitude in the vibration spectrum of the mass m1 . 

(a) (b) 
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4.3.2.2 Fixed-points calibration 

The frequency ratio  is firstly tuned to adjust the locations of the two fixed-points P 

and Q in the response spectrum of mass m1, as illustrated in Fig. 4.16. Since the natural 

frequency of the primary system n1 and the spring stiffness k2 of the DVA are fixed, the 

fixed-points can be tuned by changing the DVA mass m2 as shown in Fig. 4.16 so that the 

response magnitudes of the fixed points P and Q are roughly equal. As shown in Fig. 4.16, 

the properly calibrated fixed-points P and Q possess the same magnitude of the primary 

system response when the system is under the swept sinusoidal excitation from 0.1 Hz to 

20 Hz with sweeping speed of 1 Hz/s.  

The second tuning step is to adjust the damping of the DVA such that the two fixed-

points P and Q in Fig. 4.16 become the highest points of the response spectrum of mass M. 

Three different values of external resistance are selected, and their respective response 

curves are measured and plotted in Fig. 4.16. The intersections of the three response curves 

at different damping show the existence of the fixed points P and Q in Fig. 4.16. IPs are 

more easily identified with larger differences among the selected external electrical 

resistances.  

 

Fig. 4.16 Calibrated fixed points of the experimental system 
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4.3.3 Results analysis  

  

Fig. 4.17 Primary mass response with different external resistance values of the DVA system with 

tunable EMSD: (a) M4, (b) M12 

Once the fixed-points are identified and tuned to have equal peaks, the primary system 

response measurement with different amount of damping can be conducted by changing 

the external resistance. The measured response spectra of mass M with DVA equipped with 

EMSDs, M4 or M12 connected to ten different external resistances are measured and plotted 

in Fig. 4.17 respectively. The results show that the optimum DVA is experimentally 

achieved when the external resistance is 3 Ω  in M4 and 0.5 Ω  in M12 configuration, 

respectively. The tunability or controllability of the proposed EMSD can provide 

robustness to the optimal DVA by compensating the detuning effect of the DVA due to any 

changes of the parameters such as additional increases or decreases of friction between the 

moving and non-moving parts.  The results also show that the EMSD with M4 configuration 

possesses a larger damping tunable range than the one with M12 configuration, which also 

confirms the simulation and test results in Fig. 4.12. 

Moreover, the response of primary mass in higher frequency range above the 

resonance frequencies is also measured and shown in Fig. 4.18. It can be seen that the 

minimum vibration response of the system is obtained with maximum damping when the 

external resistance is 0 Ω. Since the mass effect dominates the dynamic response in higher 

frequency domain, change of damping at a high frequency provides only a small change to 

the vibration response. However, if the dynamic system mostly working at a high-

frequency relative to its resonant frequency, higher amount of damping in the dynamic 

system can reduce its steady state vibration amplitude and hence saving energy for its 

vibration.   

(a) 
(b) 
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Fig. 4.18 Primary mass response with different external resistance values in higher frequency domain (a) 

just crossed the resonant frequency, (b) far away from the resonant frequency; when M12 EMSD is applied 

in the DVA system 

 

Fig. 4.19 Results comparison between theoretical calculation and experimental measurement of optimal 

DVA system with μ=0.1  

To verify the proposed EMSD performance in the DVA system, the analytical and 

experimental results with optimal calibration are compared and the results are shown in Fig. 

4.19. The measured results with EMSD under M4, M6, M12 configurations are all agree well 

with the theoretical results except a little fluctuation near the valley of the response curve 

between the two fixed points in M6 and M12 configurations. The decreasing optimal 

external resistance from M4, M6 to M12 also verified the same descending order of damping 

tunable range in both simulation and hysteresis loop test. 

(a) (b) 
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4.4 Summary  

In this chapter, an optimum DVA is designed and experimentally implemented with 

tunable electromagnetic shunt damping (EMSDs). The proposed EMSD is composed of 

opposing magnet pairs with 180° phase difference coils configuration. The design allows 

damping to be tuned up to its maximum value with a specific number of opposing magnet 

pairs, verified by both simulations and experiments. In particular, the proposed EMSD 

design has a twelve magnets configuration which can offer the best damping performance 

when they are grouped into four opposing magnets pairs. The EMSD is applied to provide 

tunable damping to a DVA connected to a SDOF system. The DVA is tuned experimentally 

to its optimum working condition by using the proposed damper. The tunable EMSDs are 

shown to be able to uphold the optimal DVA performance even under external disturbances.   
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Chapter 5 Bi-objective optimization of tunable damper 

Design I 

5.1 Introduction  

Owing to the electromechanical energy conversion capacity from kinetic energy to 

electric energy, electromagnetic shunt dampers (EMSDs) are also applied as energy 

harvesters. In this chapter, a bi-objective optimization methodology of EMSD is proposed 

to achieve minimum resonant vibration of a vibrating structure and maximum energy 

harvesting simultaneously. The electromechanical transduction factor of the proposed 

EMSD can be tuned to achieve both objectives at the same time. The proposed EMSD is 

investigated and tested respectively in a SDOF system and a DVA for the simultaneous 

optimization of the two functionalities.  

5.2 Bi-objective theoretical analyses  

The theoretical basis of vibration control and the energy harvesting principles with 

EMSD are briefly introduced first. The respective governing equations for vibration control 

when the EMSD is deployed in a SDOF and DVA system are derived. The principle of the 

proposed bi-objective optimal design of the damper is also described. 

5.2.1 Energy output from EMSD  

Considering the total circuit impedance of the EMSD proposed with opposing magnets 

configuration in the previous chapters, Eq. (2-13) can be written as  

 𝑐𝑒 =
𝐾𝑡
2

𝑍𝑖𝑛 + 𝑅𝑙𝑜𝑎𝑑
 (5-1) 

where 𝑍𝑖𝑛 denotes the internal impedance of the coil which includes the internal resistance 

𝑅𝑖𝑛  and the inductive impedance 2𝜋𝑓𝐿𝑖𝑛  of the coil.  𝐿𝑖𝑛  represents the coil internal 

inductance and 𝑅𝑙𝑜𝑎𝑑 the external resistance of the circuit as illustrated in Fig. 2.5(b). 

Since the amount of energy dissipated by the internal resistance of the coil is fixed and 

difficult to be harvested, the output power of the harvested energy from the EMSD is only 
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obtained from the dissipated energy of the external resistance. The root mean square of the 

output power can be expressed as 

 𝑃𝑟𝑚𝑠 =
휀2𝑅𝑙𝑜𝑎𝑑

2(𝑍𝑖𝑛 + 𝑅𝑙𝑜𝑎𝑑)2
 (5-2) 

The first and second derivatives of 𝑃𝑟𝑚𝑠 with respect to the resistance can be derived 

as 

 
𝑑𝑃𝑟𝑚𝑠
𝑑𝑟𝑅

=
휀2(1 − 𝑟𝑅

2)

2(1 + 𝑟𝑅)4
 (5-3) 

 
𝑑

𝑑𝑟𝑅
(
𝑑𝑃𝑟𝑚𝑠
𝑑𝑟𝑅

) =
휀2[(𝑟𝑅 − 1)

2 − 3]

(1 + 𝑟𝑅)8
 (5-4) 

where 𝑟𝑅 = 𝑅𝑙𝑜𝑎𝑑 𝑍𝑖𝑛⁄  is the resistance ratio between the external resistance and internal 

impedance. Let the first derivative equal to zero, we get 𝑟𝑅 = 1. Then substituting  𝑟𝑅 = 1 

to the second derivative in Eq. (5-4), the value of second derivative becomes negative. 

Therefore, there is a maximum value of 𝑃𝑟𝑚𝑠 at 𝑟𝑅 = 1. 

5.2.2 Vibration response with EMSD  

5.2.2.1 SDOF system  

When the EMSD is applied as a tunable damper in the SDOF vibrating system as 

shown in Fig. 2.1, the total damping coefficient 𝑐1 can be expressed as 

 𝑐1 = 𝑐𝑒 + 𝑐𝑝 (5-5) 

The displacement amplitude 𝑋 can be deduced as 

 

𝑋 =
𝛿𝑠𝑡

√(1 − 𝜆2)2 + (
𝑐1𝜆

√𝑘1𝑚1

)

2
 

(5-6) 

where 𝛿𝑠𝑡 = 𝐹0 𝑘1⁄  denotes the deflection of the spring under the static force 𝐹0 . 𝜆 =

𝜔 𝜔𝑛⁄  is the frequency ratio.  The maximum amplitude  𝑋𝑚𝑎𝑥 of m1 at resonance occurs 

when 𝜆 = 1. 𝑋𝑚𝑎𝑥 with different resistances can be derived as 
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 𝑋𝑚𝑎𝑥 =
𝐹0
𝜔𝑛

×
1 + 𝑟𝑅

𝐾𝑡
2 𝑍𝑖𝑛⁄ + 𝑐𝑝(1 + 𝑟𝑅)

 (5-7) 

The first and second derivative of 𝑋𝑚𝑎𝑥 can be derived as 

 
𝑑𝑋𝑚𝑎𝑥
𝑑𝑟𝑅

=
(𝐹0𝐾𝑡

2) (𝜔𝑛𝑍𝑖𝑛)⁄

[𝐾𝑡
2 𝑍𝑖𝑛⁄ + 𝑐𝑝(1 + 𝑟𝑅)]

2 (5-8) 

 
𝑑

𝑑𝑟𝑅
(
𝑑𝑋𝑚𝑎𝑥
𝑑𝑟𝑅

) =
−2𝐹0𝐾𝑡

2𝑐𝑝[𝐾𝑡
2 𝑍𝑖𝑛⁄ + 𝑐𝑝(1 + 𝑟𝑅)]

(𝜔𝑛𝑍𝑖𝑛)
 (5-9) 

The 𝑋𝑚𝑎𝑥~𝑟𝑅 relationship is monotonically increasing parabolic function. 

Particularly, if 𝑐𝑝 = 0 , the second derivative equals to zero, the 𝑋𝑚𝑎𝑥~𝑟𝑅 relationship 

becomes a linear function. 

 

Fig. 5.1 The normalized output power and maximum displacement response with different resistance 

ratio 

The normalized output power and the maximum displacement with the EMSD in the 

SDOF system are calculated using Eqs. (5-2) and (5-7) and plotted in Fig. 5.1.  The plots 

show that the maximum response increases monotonically with the increasing resistance 

ratio, but the output power has a maximum value when the external resistance equals to the 

internal impedance, i.e. 𝑟𝑅 = 1. 

5.2.2.2 DVA system   

When the EMSD is applied in a DVA system for damping adjustment, the damping 

ratio in Eq. (2-4) can be written as 
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 𝜉 = 𝐶𝑑𝑟
1

(1 + 𝑟𝑅)
 (5-10) 

where 𝐶𝑑𝑟 = 𝐾𝑡
2 (2𝑍𝑖𝑛√𝑘2𝑚2)⁄  describing 𝜉 – 𝑟𝑅 relationship. 

The bi-objective optimal status can be implemented by taking 𝜉𝑜𝑝𝑡𝑖𝑚𝑎𝑙 of Eq. (2-5) 

into Eq. (5-10) and setting 𝑟𝑅 = 1. The corresponding optimal 𝐶𝑑𝑟 can be expressed as 

 𝐶𝑑𝑟𝑜𝑝𝑡𝑖 = √3𝜇 2(1 + 𝜇)⁄  (5-11) 

The dimensionless displacements of the primary system at different excitation 

frequencies and damping ratios are calculated with 𝜇 = 0.1 according to Eq. 10 and plotted 

in Fig. 5.2. The fixed-points from the fixed-point theory are marked for deriving the 𝐻∞ 

optimization of the DVA. 

 

Fig. 5.2 The primary system response to different excitation frequencies and damping ratios (𝜇 = 0.1)  
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Fig. 5.3 The maximum amplitude of the primary system with various damping ratio when 𝐶𝑑𝑟 = 1 and 

𝐶𝑑𝑟 = 0.635 

The maximum amplitude of the primary system with various damping ratios can be 

extracted from Fig. 5.2. Moreover, the damping ratio is related to the resistance ratio via 

Eq. (5-10). The maximum amplitude of the primary system with different resistance ratios 

is shown in Fig. 5.3 when 𝐶𝑑𝑟 = 1 and 𝐶𝑑𝑟 = 0.635.  The minimum resonant amplitude of 

the primary system is obtained when the resistance ratio is about 4.6 when 𝐶𝑑𝑟 = 1. Since 

the maximum output power point is immutable when 𝑟𝑅 = 1, the extreme point of the 

maximum amplitude needs to be shifted to the left, which can be implemented by reducing 

the constant 𝐶𝑑𝑟. The minimum value of the maximum amplitude will locate at the point 

where the external resistance equals to the internal impedance when 𝐶𝑑𝑟 decreases to 0.635 

as shown in Fig. 5.3, in agreement with the calculation result by Eq. (5-11) when 𝜇 = 0.1. 

Fig. 5.4 shows the bi-objective of achieving maximum output power from the EMSD 

and minimum resonant vibration of the primary system can be achieved simultaneously 

when the resistance ratio 𝑟𝑅 = 1 by properly tuning 𝐶𝑑𝑟.  Based on Eq. (5-10), the value of 

𝐶𝑑𝑟  can be reduced by decreasing the transduction factor 𝐾𝑡  or increasing the internal 

impedance 𝑍𝑖𝑛.  Therefore, the key steps in the bi-objective optimal design of EMSD is to 

select the proper parameters of the opposing magnet pairs and coils to fine tune  𝐶𝑑𝑟 leading 

to minimization of the maximum vibration amplitude of the primary mass and set 𝑟𝑅 = 1 

in the EMSD circuit. 
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Fig. 5.4 The normalized value of the output power and the maximum amplitude of the primary system 

after adjustment of the constant 𝐶𝑑𝑟 

5.3 Design analyses of EMSD configurations  

The bi-objective optimal design of EMSD is to search for the optimum values of the 

magnet and coil parameters in such a way that the internal resistance of the coil equals to 

the external resistance of the EMSD circuit to meet the damping ratio requirement of the 

DVA as stipulated by Eq. (2-5). 

5.3.1 EMSD with opposing magnets pairs  

As shown in Fig. 5.5, the EMSD has six opposing magnet pairs, corresponding to six 

connected coils with 180° phase difference in each adjacent coil. To obtain the maximum 

transduction factor, the connection surface of the opposing magnets poles is located at the 

central points of each coil in the axial direction. The pre-compressed DVA springs at the 

two ends of the magnet stack guide the motions of the magnets and the connected counter-

weight to move along the axis of the EMSD. Moreover, a nylon tube is inserted between 

the magnets and coils as bearing in order to minimize the friction damping between the 

moving and stationary components of the EMSD. 



Chapter 5 

60 

 

Fig. 5.5 The EMSD with six opposing magnet pairs configuration: (a)schematic, (b)prototype 

5.3.2 Parameter calibration of EMSD  

The proposed EMSD is designed and tuned to work in the DVA in section 5.4.1 under 

the bi-objective optimal tuning condition for a SDOF vibration system. Since 𝐶𝑑𝑟 is related 

to the DVA stiffness and mass, the parameters of the DVA system need to be identified 

before the structural parameter calibration of the EMSD. The stiffness k1 and k2 of the 

primary system and the DVA are determined by linear fitting of the measured force-

displacement data, while other parameters in Table 5.1 are calculated based on Eq. (2-5). 

Table 5.1 Identified parameters of DVA system 

Measured 

parameters 

𝑘1 20961 𝑁/𝑚 

𝑘2 1721.3 𝑁/𝑚 

Calculated 

parameters 

𝑚1 5.05 𝑘𝑔 

𝑚2 0.50 𝑘𝑔 

𝜔𝑛1 64.4 𝑟𝑎𝑑/𝑠 

𝜔𝑛2 58.6 𝑟𝑎𝑑/𝑠 

𝜇 0.0992 

𝛾𝑜𝑝𝑡𝑖𝑚𝑎𝑙 0.9097 

𝜉𝑜𝑝𝑡𝑖𝑚𝑎𝑙 0.1840 

𝑐𝑜𝑝𝑡𝑖𝑚𝑎𝑙 10.8111 𝑁 ∙ 𝑠/𝑚 

(a) (b) 
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The calculated optimal damping coefficient for the DVA system is 10.8111 𝑁 ∙ 𝑠 𝑚⁄ . 

Therefore, the task is to design a tunable EMSD that can provide this damping when the 

external resistance equals to the internal impedance of the EMSD circuit. The total damping 

in the DVA includes the damping from the EMSD and the parasitic damping. Therefore, 

the damping coefficient of EMSD should be less than the required optimal damping 

coefficient.  

Since the tunable range of the EMSD is significantly affected by the internal 

impedance of the coils based on Eq. (5-1), the impedance 𝑍𝑖𝑛 should be minimized such 

that a higher damping coefficient can be provided by the EMSD. A common way to reduce 

the coil impedance is to use a thicker copper wire for the coil windings with sufficient turns 

to provide the EMF required in the EMSD circuit. A copper wire of 1 mm diameter is used 

in the EMSD coil windings in the prototype, and the internal diameter of the coil is about 

30 mm. A nylon tube is added to minimize the friction between the magnets and the coils. 

NdFeB N33 magnet with a coercivity ranging between 600 kA/m and 820 kA/m is used to 

construct the opposing magnets pair stack. The actual coercivity of the magnets can be 

determined from the measured superficial magnetic flux density. Other parameters of the 

EMSD are listed in Table 5.2. 

Table 5.2 The parameters of EMSD 

Magnet 

parameters 

Type & grade NdFeB N33 

Internal diameter 6 mm 

External diameter 24.5 mm 

Length  8 mm 

Number 12 

Nylon tube 

parameters 

Internal diameter 27 mm 

External diameter 31 mm 

Skeleton 

parameters 

Internal diameter 31 mm 

External diameter 33 mm 

Height  98 mm 

Coil 

parameters 

Internal diameter(𝑑1) 33 mm 

External diameter(𝑑2) 50 mm 

Total length(𝑙𝑐)  90 mm 

Turns(𝑁𝑡𝑜𝑡𝑎𝑙)  720 

Wire diameter(𝑑𝑤𝑖𝑟𝑒) 1 mm 

Wire length(𝐿𝑤𝑖𝑟𝑒)   95 m 
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5.3.2.1 Internal impedance of the coil  

The internal impedance of the coil mainly includes the internal resistance 𝑅𝑖𝑛 and the 

inductive impedance 2𝜋𝑓𝐿𝑖𝑛. It can be expressed as 

 
𝑅𝑖𝑛 = 𝜌

𝐿𝑤𝑖𝑟𝑒
𝑆

= 𝜌
𝐿𝑤𝑖𝑟𝑒

𝜋 (
𝑑𝑤𝑖𝑟𝑒
2 )

2 
(5-12) 

where 𝜌 = 0.0175 Ω ∙ mm2 m⁄  is the electrical resistivity of copper. 

Existing research on low-frequency vibration control with EMSD usually ignores the 

inductive impedance of the EMSD circuit because of its small value at low frequencies. 

However, the inductive impedance in the circuit cannot be neglected because the bi-

objective optimal condition of the EMSD requires a certain resistance ratio of the circuit. 

Since the adjacent coils are connected with 180° phase difference, the total internal 

inductance should include the mutual inductance among the coils and the coil self-

inductance, which can be calculated with the same methods in section 4.2.2.3. The 

calculated results for the six magnet pairs are shown in Table 5.3. The connection wire 

between the tunable resistors of the EMSD circuit is a bit long in this case with measured 

resistance about 0.3 Ω. It is considered as part of the internal resistance of the EMSD since 

no energy can be harvested from it. 

Table 5.3 The coil impedance results comparison 

 Calculated results Measured results 

Internal resistance (𝑅𝑖𝑛) 2.118 Ω 2.087 Ω 

Internal inductance (𝐿𝑖𝑛) 2.18 mH 1.274 mH 

Resistance of connecting wire (𝑅𝑐𝑜𝑛) 0.3 Ω 

Internal impedance (𝑍𝑖𝑛) 2.558 Ω 2.469 Ω 

As shown in Table 5.3, the error between the calculated and the measured internal 

impedance is small. The average value of 2.5Ω is selected as the nominal value for the 

calibration of other EMSD parameters. Moreover, since the heat generation of the electrical 

resistance of the coil can increases its internal impedance, the output power optimal status 

may locate at the point when the external resistance is slightly larger than the internal 

impedance of the coil at room temperature. After tuning for maximum energy harvesting, 

the optimal condition of vibration control can then be tuned to match with the energy 
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harvesting optimal point by a proper adjustment procedure of the transduction factor 𝐾𝑡 

described in the following sections. 

5.3.2.2 Transduction factor  

The transduction factor 𝐾𝑡  For the six opposing magnet pairs in Fig. 5.5 can be 

expressed as  

 𝐾𝑡 = −2𝜋∑∑𝑟(𝑖, 𝑗)𝐵𝑟(𝑥, 𝑟, 𝑖, 𝑗)

𝑁

𝑖=1

𝑀𝑎

𝑗=1

 (5-13) 

where 𝑀𝑎 denotes the number of opposing magnet pairs and 𝑁 the number of turns for each 

coil. 

As shown in Eq. (5-13), the calculation of 𝐾𝑡  requires the knowledge of the radial 

magnetic flux density distribution. The actual coercivity can be determined using the 

measured superficial magnetic flux density as mentioned above. The magnetic flux 

densities with different coercivities at the target point are shown in Fig. 5.5, together with 

the measured magnetic flux density obtained from a Gaussmeter in Fig. 5.6. 

 

Fig. 5.6 The varied magnetic flux density with different coercivity and the measured superficial 

magnetic flux density 

As shown in Fig. 5.6, the measured superficial magnetic flux density is 1.013 T, which 

equals the simulated value when the coercivity is around 780 𝑘𝐴 𝑚⁄ . Then, 𝐾𝑡 is found to 

be 6.5917 𝑉 ∙ 𝑠/𝑚  with the identified coercivity based on Eq. (5-13). The opposing 

magnets connecting surface is originally located at the central point of the coil along the 
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axial direction as shown in Fig. 2.5. 𝐾𝑡 can be slightly tuned by changing the equilibrium 

position between the magnets and coils in the axial direction. 

 

Fig. 5.7 The transduction factor variation with different offset distance between magnets and coils based 

on the original setting 

As shown in Fig. 5.7, 𝐾𝑡  varies with different offset distances between the magnets and 

the coils. The original setting of locating the opposing magnets connecting surface at the 

central point of the coil can generate the largest 𝐾𝑡. While the offset distance increases in 

both positive and negative directions, 𝐾𝑡 decreases with a trend similar to a sine curve. The 

tunability of 𝐾𝑡 is conducive to the tuning of the optimal condition of the EMSD for 

vibration control of the primary system. 

5.3.2.3 Damping coefficient  

The damping coefficient of the proposed tunable EMSD can be obtained with the 

identified coil internal impedance and the transduction factor based on Eq. (5-1). Moreover, 

the hysteretic loop of the proposed EMSD prototype is obtained by measuring the damping 

force and displacement of the EMSD with 10.25 Hz and 2 mm amplitude excitation and 

plotted in Fig. 5.8 to verify the accuracy of the simulated results.  

As shown in Fig. 5.8 (a) and (b), the friction in the EMSD varies significantly if the 

moving components are not carefully aligned to minimize the friction between the moving 

and non-moving parts of the EMSD. Fig. 5.8 (b) shows the hysteresis loop of minimum 

friction after careful alignment of the moving components such that the damping of the 

EMSD can be finely tuned by adjusting the transduction factor mentioned above to achieve 

the bi-objective optimal condition of the EMSD. 
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The value of the damping coefficient can be obtained from the energy lost per cycle 

in the EMSD as 

 𝑐 =
𝛥𝑈

𝜋𝜔𝑋2
=
𝑈1 − 𝑈0
2𝑓𝜋2𝑋2

 (5-14) 

where ∆𝑈 is the energy loss, evaluated by the enclosed area of the hysteretic loop. 𝑈1 

denotes the energy lost in the EMSD circuit. 𝑈0 denotes the energy loss when the circuit is 

open. 𝑋 is the displacement amplitude. 𝜔 and 𝑓 are the excitation frequencies in rad/s and 

Hz, respectively. Then the damping coefficient of the EMSD can be evaluated (𝑐𝑒 =

8.69 N ∙ s m⁄ , 𝑐𝑒 = 8.81 N ∙ s m⁄ ) respectively from both installations when the external 

resistance is 2.5 Ω. The variation of measured and simulated damping coefficients with 

different external resistances are shown in Fig. 5.9. 

  

Fig. 5.8 The hysteretic loop of the proposed EMSD with (a) ordinary installation and (b) friction 

minimized installation  

  

Fig. 5.9 The measured and simulated damping coefficient variation with different external resistance 

under different installations: (a) ordinary installation and (b) friction minimized installation  

(a) (b) 

(a) (b) 
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The friction effects can be minimized by carefully adjusting the installation angle and 

the location of the moving part in the damper as shown in Fig. 5.9. The transduction factor 

and the friction should be properly balanced to obtain the bi-objective optimal status. 

Moreover, the simulated results and the measured damping coefficient of the EMSD are 

matching well in both installations as shown in Fig. 5.9, which verified the modeling 

effectiveness of the proposed EMSD. 

With the theoretical and design analyses above, the bi-objective optimal design of 

EMSD requires two major steps (schematically represented in Fig. 5.10): 

1. Determination of 𝑐𝑜𝑝𝑡𝑖, then the optimal constant 𝐶𝑑𝑟. 

2. Calibration of the EMSD parameters to satisfy optimal 𝐶𝑑𝑟. 

 

Fig. 5.10 Flowchart of the EMSD bi-objective optimal design procedure  

5.4 Bi-objective experimental test  

The optimally designed EMSD is experimentally tested to verify the expected 

functionalities in terms of both vibration control in the SDOF system and energy harvesting 

in the DVA. 

5.4.1 Experimental setup  

The experimental setups of the SDOF system and DVA system are shown in Fig. 5.11. 

The non-contact exciter on the top provides the excitation force with negligible effect on 
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the stiffness of the driven structure. A force sensor under the exciter is used for measuring 

the excitation force. Two laser sensors are fixed on a supporting holder to measure the 

displacement of the primary mass and the mass of the DVA. The pre-compressed DVA 

spring acts as a linear guide for the mass of the DVA. Four rotational bearings fix the 

primary system on the side faces and serve as a linear guide for the vibrating mass of the 

primary system with minimized friction. In the SDOF system, the coils of the EMSD are 

fixed on the mass plate of the primary system, while the magnets of the EMSD are fixed 

on the floor. In the DVA system, the coils of the EMSD are also fixed on the mass plate of 

the primary system, the magnets of the EMSD move inside the coils through the DVA 

spring. Moreover, both the magnets of the EMSD and the DVA counter-weight form the 

DVA vibrating mass. The effective values of both systems are tabulated in Table 5.1. The 

data acquisition system and the tunable resistor are shown in Fig. 5.12. 

 

Fig. 5.11 Experimental setup: (a) SDOF system with EMSD, (b) DVA system with EMSD  

(a) (b) 
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Fig. 5.12 Experiment auxiliary system: (a)the signal generation,  data acquisition and processing system, 

(b) the tunable resistor  

As shown in Fig. 5.12(a), a B&K PULSE 7767 is utilized for signal generation, data 

acquisition and processing. A B&K 2712 power amplifier is connected to the non-contact 

exciter to provide the input power of the primary system. The tunable resistor is combined 

with an 8-bit electromagnetic relay in Fig. 5.12(b) to change the external resistance in a 

binary system with 1 Ω resolution. A fine-tuning resistor is added to improve the resolution 

of the tunable resistor in case the resistance adjustment is smaller than 1 Ω. The natural 

frequency of the primary system (𝑓𝑛1 = 10.25 Hz) can be obtained as shown in Fig. 5.13 

through the free vibration response started with an initial displacement. The input energy 

demands identification for the energy flow qualification of the vibration system.  

  

Fig. 5.13 Free vibration response of the primary system in (a) time domain, (b) frequency domain  

(a) (b) 

(a) (b) 
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Fig. 5.14 The input power to the non-contact exciter varies with different excitation voltage of B&K 2712 

power amplifier 

As shown in Fig. 5.14, the power injected into the vibration system through non-

contact exciter is calculated by using the measured output voltage and current of the B&K 

2712 power amplifier. With the sinusoidal voltage and current signals, the input power can 

be obtained by multiplying the root-mean-square values of voltages and current amplitudes. 

The harvested energy by EMSD is obtained based on the equation below with the varying 

external resistance 𝑅𝑙𝑜𝑎𝑑  and measured corresponding voltage of the external resistance 

𝑈𝑙𝑜𝑎𝑑. 

 𝐸 = 𝑈𝑙𝑜𝑎𝑑
2 𝑅𝑙𝑜𝑎𝑑⁄  (5-15) 

The measured voltage 𝑈𝑙𝑜𝑎𝑑 is part of EMF, with the combination of Eq. (2-10), 𝑈𝑙𝑜𝑎𝑑 

can be expressed as  

 𝑈𝑙𝑜𝑎𝑑 = 𝐾𝑡�̇�
𝑅𝑙𝑜𝑎𝑑

𝑍𝑖𝑛 + 𝑅𝑙𝑜𝑎𝑑
 (5-16) 

5.4.2 SDOF system with EMSD  

The vibration response and the harvested energy of the SDOF system with the 

proposed EMSD are measured in this section to verify the theoretical analysis results. 

5.4.2.1 Vibration response  

The displacement response of the SDOF system is shown in Fig. 5.15. As shown in 

Fig. 5.15(a), the maximum displacement always locates at the natural frequency regardless 
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of the external resistance. A higher external resistance in the EMSD circuit corresponds to 

a lower damping and lower energy dissipation based on Eq. (5-1). Therefore, the maximum 

displacement response increases with the increase of the external resistance. Moreover, the 

maximum displacement amplitude variation with the external resistance matches with the 

theoretical prediction expressed by Eq. (5-7). 

  

Fig. 5.15 The SDOF system response: (a) the displacement amplitude variation in the frequency domain 

with different external resistance, (b) the normalized maximum displacement amplitude with different 

external resistance

The harvested energy is calculated by the measured voltage and the real-time external 

resistance of the tunable resistor in Fig. 5.12 (b). 

5.4.2.2 Energy harvesting  

To locate the frequency for the maximum harvest energy, the harvested energy 

variation test in the frequency domain with 1 Hz resolution is conducted and shown in Fig. 

5.16(a). The results show that the maximum harvested energy appears at 10 Hz, which is 

close to the natural frequency of the SDOF system. Then, the test repeated with 0.25 Hz 

resolution indicates that the maximum harvested energy appears at 10.25 Hz which is the 

natural frequency of the primary system due to the maximum vibration velocity of the 

primary mass at resonance. Moreover, the harvested energy variation with external 

resistance at 10.25 Hz is much larger than that at other frequencies as shown in Fig. 5.17 

because of the same reason. 

(a) 
(b) 
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Fig. 5.16 The harvested energy variation of SDOF system in the frequency domain with (a) 1 Hz 

resolution, (b) 0.25 Hz resolution 

 

Fig. 5.17 The harvested energy variation of SDOF system with external resistance under different 

frequency excitation 

As shown in Fig. 5.17, the harvested energy peaks with similar external resistance with 

excitation at five different frequencies. All the corresponding external resistances are larger 

than the internal impedance (2.5 Ω), particularly when the SDOF system is under the 

resonant excitation. One major reason for this phenomenon is that the internal impedance 

increases when the harvested energy increases dramatically. 

5.4.3 DVA with EMSD 

The measured vibration response and the harvested energy of the DVA system with 

the proposed EMSD are presented in this section for the validation of the theoretical 

analysis results. 

(a) (b) 
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5.4.3.1 Fixed-points calibration  

For the DVA system, fixed-points calibration is the top priority since the mini-

maximum vibration response of the primary system occurs only with fixed-points of equal 

response magnitude in its response spectra. The response magnitude at the fixed-points can 

be tuned to equal by adjusting the DVA counter-weight as shown in Fig. 5.11. Spectrum 

analysis of the primary system is conducted to observe the calibration effects. Three random 

values of external resistance are selected to find the intersections of the response curves 

under different damping as shown in Fig. 5.11. Once the two fixed points reach the same 

amplitude, the fixed points for optimal status are found. As shown in Fig. 5.18, properly 

calibrated fixed-points P and Q possess the same magnitude of the primary system response 

when the system is under the swept sinusoidal excitation from 0.1 Hz to 20 Hz with the 

speed of 1 Hz/s. Since the peak point of energy harvesting only depends on the resistance 

ratio while the vibration response depends on the resistance ratio and the transduction factor, 

the harvested energy is measured first with the searched identical fixed points. 

 

Fig. 5.18 Fixed-points calibration 

5.4.3.2 Energy harvesting  

Similar to the SDOF with EMSD system in section 5.4.4.2, the harvested energy 

variation test with 1 Hz resolution is conducted with the measured results shown in Fig. 

5.19(a). It follows that the maximum harvested energy appears at 11 Hz, which is close to 

the fixed-point Q. Then, the test is repeated with 0.25 Hz resolution as shown in Fig. 5.19(b).  

The results show that the maximum harvested energy appears at frequency close to the 

fixed-point Q and varies with different energy input. As shown in Fig. 5.19(b), with 4083 
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mW energy input, the maximum harvested energy appears at frequency close to the fixed-

point Q and the input energy does not cause much heat generation in the coils. The test case 

with 4083 mW energy input is therefore selected for finding the relationship between the 

harvested energy and the effect of external resistance in the EMSD circuit for vibration 

control of the primary system. 

  

Fig. 5.19 The harvested energy variation of DVA system in the frequency domain with (a) 1 Hz 

resolution, (b) 0.25 Hz resolution 

The measured harvested energy depends on 𝑈𝑙𝑜𝑎𝑑, which is proportional to relative 

velocity between the primary mass and DVA mass based on Eq. (5-16). The theoretical 

relative velocity spectrum should have approximately equal peaks as shown in Fig. 2.4(b). 

Therefore, the theoretical harvested energy should have the same peak value at both fixed-

points P and Q. However, the measured results show that the maximum response occurs at 

the fixed-point Q. The reason is that displacement of fixed-point P possesses higher 

amplitude than that at fixed-point Q, and high amplitude corresponds to high parasitic 

damping (mainly the inherent friction damping). Therefore, the harvested energy at fixed-

point P is less than that at Q.  Moreover, the slight nonlinearity of the right peak in Fig. 

5.19 may be attributed to the harden stiffness of DVA springs. The DVA springs are pre-

compressed as shown in Fig. 5.5(b) with the top and bottom connected with coil structure. 

With the increased energy input, the relative displacement will also increase. Once the pre-

compressed deformation of DVA spring is almost zero, only one of the two DVA springs 

can function, and the corresponding stiffness would increase. 

(a) (b) 
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Fig. 5.20 The harvested energy variation of DVA system with external resistance under different 

frequency excitation 

As shown in Fig. 5.20, the harvested energy reaches the peak value with different 

external resistances in the EMSD circuit under different excitation frequencies. All the 

corresponding resistance values are larger than the internal impedance of 2.5 Ω. The major 

reason is that the internal impedance will increase when the harvested energy increase 

dramatically. The primary system response with different damping is identical and hence 

the same induced voltage (EMF) from the vibrating system at the fixed points of the 

response spectra of the primary mass. Moreover, the frequency of the fixed-point Q can be 

calculated as 10.79 Hz, which is close to 10.75 Hz. Therefore, the output power curve under 

10.75 Hz excitation, whose peak value located at 6 Ω, is selected for the comparison of bi-

objective optimal condition implementation. 

5.4.3.3 Vibration response  

  

Fig. 5.21 The primary system response in the frequency domain with different external resistance when 

the proposed EMSD is applied in the DVA system, (a) the overall curve (b) zoom-in of the fixed-points 

(a) (b) 
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The primary system response measurement is conducted smoothly to reach the 𝐻∞ 

optimal status of the DVA system by tuning the external resistance with the properly tuned 

fixed-points as shown in Fig. 5.21.  The optimal status appears when the external resistance 

is around 6 Ω at which the dimensionless response amplitudes of the primary system at the 

fixed points are equal and locate at the peaks of the response curve. 

5.4.4 Results analyses 

The measured results of both vibration response and energy harvesting of the proposed 

EMSD when applied to a SDOF system (Fig. 2.1 and Fig. 5.11a) and to a DVA system (Fig. 

2.3 and Fig. 5.11b) have been presented in the above sections. The harvested energy value 

is found to be much larger in the SDOF system than in the DVA system in comparison of 

the results in Fig. 5.16 to Fig. 5.19. However, the proposed EMSD can harvest higher 

kinetic energy in a relatively broader frequency range in the DVA system than in the SDOF 

system. 

The harvested energy and maximum amplitude of the primary system response at 

different external resistance in the EMSD circuit are plotted in Fig. 5.22. The harvested 

energy and the maximum vibration amplitude can obtain the optimal status with the same 

external resistance (around 6 Ω) in the DVA system, while the maximum vibration response 

increases monotonically in the SDOF system. The measured results match with the 

predicted results in the theoretical analysis in section 5.2. 

  

Fig. 5.22 The harvested energy and the maximum displacement response with different external 

resistance of (a) SDOF system, (b) DVA system 

(a) 
(b) 
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5.5 Summary 

In this chapter, a bi-objective optimal design methodology of a tunable EMSD is 

proposed to achieve simultaneous energy harvesting and vibration control. The 

electromechanical transduction factor and the internal impedance of the proposed EMSD 

are properly tuned by adjusting the structural parameters. The proposed EMSD is applied 

to SDOF and DVA systems for both resonant vibration suppression and energy harvesting. 

Both the theoretical and experimental results show that the bi-objective can be achieved in 

the DVA system, while the maximum vibration response increase monotonically in the 

SDOF system. Moreover, the harvested energy is higher in the SDOF system than in the 

DVA, while the useful frequency bandwidth for energy harvesting is much wider in the 

DVA system.
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Chapter 6 Optimal DVA with tunable damper 

Design II 

6.1 Introduction  

With proper adjustment of structural parameters as presented in previous chapters, the 

transduction factor of EMSD can be greatly improved leading to the maximization of the 

tunable damping range. However, the damping capacity is still not sufficient for some 

heavy machines and civil structures. In this chapter, a HD combining the advantages of 

both Coulomb friction damping and electromagnetic shunt damping is proposed to further 

increase the range of tunable damping. The tunable FD provides the coarse tuning with a 

larger tunable range, while the tunable EMSD functions as a fine tuner with higher 

precision. The ultimately achieved tunable range is significantly improved with decent 

tuning precision by the proposed HD. A prototype of the proposed HD is tested and applied 

to a DVA system to verify its tunability by experiments. H optimal damping of the DVA 

is achieved experimentally by using the proposed HD.    

6.2 Theoretical analyses of hybrid damping  

Since the function principles of EMSD and FD are introduced in chapter 2, this chapter 

mainly focuses on the work principles of hybrid damping with a parallel connection of the 

two types of damper. 

6.2.1 Hybrid damping  

With the EMSD and FD arranged in parallel, the total effective hybrid damping 

coefficient 𝑐 with a given vibration amplitude can be expressed as 

 𝑐 = 𝑐𝑒 + 𝑐𝑓 + 𝑐𝑝 =
𝐾𝑡
2

𝑍
+
4𝜇𝐹𝑁
𝜋𝜔𝑋

+ 𝑐𝑝 (6-1) 

where 𝑐𝑝 denotes the inevitable parasitic damping in the HD, which usually can be regarded 

as a constant Coulomb damping without tunability. 

Given the excitation frequency and response amplitude, the damping coefficient of the 

FD is regarded as a constant by fixing the normal contact force. Subsequently, the hybrid 
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damping variation with the shunt impedance of EMSD is curved in Fig. 6.1. The black solid 

line denotes the damping coefficient variation with the external impedance of the 

conventional linear EMSD. Methods 𝐴 (blue dash line) and 𝐵 (green dot line) in Fig. 6.1 

correspond to the negative impedance method with voltage negative impedance circuit 

(VNIC) added to the original shunt and the proposed HD, respectively. Method 𝐶 (purple 

dot dash line) combines methods 𝐴 and 𝐵 to obtain higher tunable damping range.  

 

Fig. 6.1 Damping coefficient variation with shunt impedance of EMSD and corresponding enhancement 

methods (HD, VNIC, HD+VNIC) 

As illustrated in Fig. 6.1, VNIC extends the curve of the conventional linear EMSD by 

moving the origin coordinate from 𝑂′ to 𝑂. The tunable damping range is increased with 

negative impedance, but the added region still locates in the sensitive domain where the 

damping requires very precise adjustment of the external impedance. On the other hand, 

the proposed HD improves the damping tunability by combining a FD with an EMSD. As 

illustrated in Fig. 6.1, the conventional linear EMSD curve is moved up to the green dash 

line with a constant Coulomb damping coefficient. To achieve the same amount of damping 

tuning, the proposed HD is less sensitive to the circuit resistance than the negative 

impedance method is, thus facilitating the fine tuning of damping during on-site 

calibrations of the damper.   

6.2.2 DVA with hybrid damping   

When the HD is applied in a DVA system which requires an optimum damping as 

shown in Fig. 6.2, the tunable FD provides sufficient tunable damping range and the EMSD 
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is in charge of the damping tuning precision to achieve the optimal damping ratio in Eq. 

(2-5).  

 

Fig. 6.2 DVA vibration system with the proposed HD 

The Coulomb friction damping coefficient is set to zero to obtain the boundary 

condition of the stick-slip motion with pure Coulomb damping. Examining the 

displacement transmissibility from 𝑚1  to 𝑚2  leads to the required range of force ratio, 

expressed as [107] 

 

𝐹𝜇

𝐹𝑘
< 𝛾2

√

𝑉2

(
𝑆
𝛾2
)
2

+ 𝑈2
 

(6-2) 

where 𝐹𝜇 = 𝜇𝐹𝑁 is the friction force; 𝐹𝑘 = 𝑘2𝑋1 the equivalent transferred excitation force 

from the primary system. The dimensionless parameters 𝑈, 𝑉, 𝑆 can be expressed as 

 

{
 
 

 
 𝑈(𝛾) = 𝑠𝑖𝑛

𝜋

𝛾
𝛾 (1 + 𝑐𝑜𝑠

𝜋

𝛾
)⁄

𝑉(𝛾) = 1 1 − 𝛾2⁄

𝑆(𝛾) = 𝑚𝑎𝑥
0≤𝑡≤

𝜏
𝜔

[𝛾 𝑠𝑖𝑛 𝜔𝑛2 𝑡 + 𝑈𝛾
2(𝑐𝑜𝑠𝜔 𝑡 − 𝑐𝑜𝑠 𝜔𝑛2 𝑡) 𝑠𝑖𝑛 𝜔 𝑡⁄ ]

 (6-3) 

6.3 Design analyses of HD  

As shown in Fig. 6.3, the FD and the EMSD are combined and aligned vertically to 

form the tunable HD. Since the tuning mechanisms of both components/dampers are fixed 

together and the moving parts are locked with a coupling mechanism, the Coulomb 

damping force and the electromagnetic shunt damping force can function on the moving 

parts simultaneously with independent tunability. Therefore, the two kinds of dampers are 

connected in parallel conforming to the connection as shown in Fig. 6.2.  
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Fig. 6.3 The structure of the proposed tunable HD, (a) tuning mechanism: tuning spring control part of 

FD and coils with external resistor of EMSD, (b) moving parts: friction block of FD and opposing magnets 

of EMSD 

The proposed opposing magnet configuration of the EMSD is adopted in the proposed 

HD, in light of its verified effectiveness in providing effective damping force. Six opposing 

permanent magnet pairs and the corresponding coils with 180° phase difference are located 

on the bottom. The damping coefficient of the EMSD can be adjusted with tunable resistors 

connected to the coils. 

According to Eq. (2-18), the damping coefficient of the FD can be adjusted by varying 

the normal force acting on the friction blocks 𝐹𝑁. As shown in Fig. 6.3(a), this force can be 

varied by adjusting the deformation of the tuning springs with the rotation of the tuning 

screw. Since the thread of the tuning screw is counter-rotating with levorotatory thread on 

the left side and dextrorotatory thread on the right side, the varying distance between the 

copper nuts on the tuning screw is twice as large as the screw pitch of 2 mm per cycle of 

the screw. Therefore, the total deformation of the tuning springs is 4 mm with one turn of 

the tuning knob. The damping coefficient can be fine-tuned through precisely controlling 

the rotation of the knob. 

The friction block of the moving part in Fig. 6.3(b) is compressed by the symmetrical 

friction blocks of the tuning mechanism in Fig. 6.3(a). Three smooth shafts and nine linear 

bearings provide a linear guide to the motion of the nuts on the tuning screw. Moreover, 

the limit screw on the top-left of Fig. 6.3(a) helps fix the rotating angle of the tuning screw.  

(a) (b) 
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6.3.1 Tunable FD  

 

Fig. 6.4 3D model of FD 

As mentioned above, the adjustable deformation of the tuning springs in Fig. 6.3(a) 

provide the tunable normal force to the friction block of the moving part, leading to the 

desirable damping force in the HD. As shown in Fig. 6.4, the distance 𝑠 denotes the distance 

between the farthest left and farthest right nuts on the tuning screw. The deformation of the 

tuning springs ∆𝑠 can be defined as  

 𝛥𝑠 = 𝑠0 − 𝑠 (6-4) 

where 𝑠0 denotes the initial distance between the friction blocks. The tunable normal force 

𝐹𝑁 can be expressed as 

 𝐹𝑁 = 𝑘𝑓𝛥𝑠 (6-5) 

where 𝑘𝑓  denotes the stiffness of the tuning springs.  Using Eqs. (2-18) and (6-5) and 

eliminating 𝐹𝑁 give the equivalent damping coefficient of FD as 

 𝑐𝑓 =
2𝜇𝑘𝑓

𝜋2𝑓𝑋
𝛥𝑠 (6-6) 

where 𝑓 denotes the vibration frequency in Hz. 

The linear fitting curve of the tuning spring in Fig. 6.5 shows that the measured 

stiffness of the spring is around 0.244 N/mm. The friction blocks are made of A356 

aluminum alloy, the corresponding friction coefficient locates in the range 𝜇 ∈ [0.37, 0.59] 

under different normal forces [122]. Since a soft tuning spring and small tunable range of 

the normal force are used in the following tests, the friction coefficient  is assumed to be 

a constant. The relationship between the absolute value of the FD damping force amplitude 

𝐹𝑓 and ∆𝑠 can be expressed as 
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 |𝐹𝑓| = 𝜇𝑘𝑓𝛥𝑠 (6-7) 

 

Fig. 6.5 Tuning spring stiffness test result of FD 

Therefore, the product of the friction coefficient and the tuning spring stiffness 𝜇𝑘𝑅 

can be acquired through the FD hysteresis loop with different ∆𝑠. 

6.3.2 Tunable EMSD  

   

Fig. 6.6 The proposed EMSD part with opposing magnets configuration: (a) schematic, (b) prototype, 

(c) magnetic field distribution 

The EMSD in the proposed HD has six opposing magnet pairs as shown in Fig. 6.6. 

The opposing magnet bar locates on the central hole of the coils with coaxial alignment. 

P

(a) (b) (c) 
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The air gap between the magnet bar and the inner wall of coils is 2.25 mm to improve the 

electromechanical coupling efficiency without introducing additional parasitic damping. 

𝑁𝑑𝐹𝑒𝐵  N33 permanent magnet is chosen as the magnetic field source. The 

corresponding cloud figure of magnetic flux density is shown in Fig. 6.6(c). 3D printed 

nylon skeleton acts as the carrier of the coils to minimize the friction from the magnets bar. 

A thicker wire diameter (𝑑𝑤𝑖𝑟𝑒 = 1𝑚𝑚) of the coil is selected to reduce the heat generation 

inside the coils. The remaining parameters of the EMSD are listed in Table 6.1. 

Table 6.1 The parameters of EMSD 

Magnet 

parameters 

Type & grade NdFeB N33 

Internal diameter 6 mm 

External diameter 24.5 mm 

Length  8 mm 

Quantity  12 

Skeleton 

parameters 

Internal diameter 29 mm 

Thickness  1 mm 

External diameter 50 mm 

Height  98 mm 

Coil 

parameters 

Internal diameter(𝑑1) 31 mm 

External diameter(𝑑2) 50 mm 

Total length(𝑙𝑐)  90 mm 

Turns(𝑁𝑡𝑜𝑡𝑎𝑙)  810 

Wire diameter(𝑑𝑤𝑖𝑟𝑒) 1 mm 

Wire length(𝐿𝑤𝑖𝑟𝑒)   101.8 m 

According to Eq. (2-13), the damping coefficient of the EMSD can be obtained after 

determination of the transduction factor 𝐾𝑡 and the coil internal impedance 𝑍𝑖𝑛. 

6.3.2.1 The transduction factor  

The definition of the transduction factor 𝐾𝑡 is the path integral of the radial magnetic 

flux density 𝐵𝑟 through the circular coil  

 𝐾𝑡 = −∮ 𝐵𝑟(𝑥, 𝑟)𝑑𝑙
𝑙𝑜𝑜𝑝

 (6-8) 

For the EMSD with six opposing magnet pairs in Fig. 6.6, 𝐾𝑡 is converted to 
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 𝐾𝑡 = −2𝜋∑∑𝑟(𝑖, 𝑗)𝐵𝑟(𝑥, 𝑟, 𝑖, 𝑗)

𝑁

𝑖=1

𝑀𝑎

𝑗=1

 (6-9) 

where 𝑀𝑎 denotes the number of opposing magnet pairs; 𝑁 the number of turns for each 

coil and 𝑟(𝑖, 𝑗) the radius of the target coil. 

According to Eq. (6-9), the value of the transduction factor 𝐾𝑡  depends on the 

distribution of the radial magnetic flux density 𝐵𝑟, the radius 𝑟(𝑖, 𝑗) and the total number 

of turns 𝑀𝑎 × 𝑁 of the coils. While 𝑟(𝑖, 𝑗) and number of turns of the coil are easy to be 

determined, 𝐵𝑟 is determined from the simulation of the magnetic field distribution through 

a free magnetic finite element analysis software FEMM.  

 

Fig. 6.7 Simulated magnetic flux density with different coercivity and measured superficial magnetic 

flux density at target points 

The magnet coercivity still requires back derivation with the measured superficial 𝐵𝑟 

of point 𝑃 in Fig. 6.6a. Simulated 𝐵𝑟 at point 𝑃 with different coercivity is shown as the 

blue dots in Fig. 6.7. The corresponding measured value is around 1.013T, denoted by the 

red dash line in the figure. The simulated 𝐵𝑟intersect with the measured value when the 

coercivity is around 780 kA/m. The corresponding 𝐾𝑡 can be calculated as 8.0242 V ∙ s/m 

with the corrected coercivity based on Eq. (6-9). 
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6.3.2.2 Coil internal impedance  

The internal impedance of the coil 𝑍𝑖𝑛 in Eq. (2-13) includes the internal resistance 𝑅𝑖𝑛 

and inductive impedance 2𝜋𝑓𝐿𝑖𝑛 of the coil expressed as 

 𝑍𝑖𝑛 = √𝑍𝑖𝑛
2 + (2𝜋𝑓𝐿𝑖𝑛)2 (6-10) 

where 𝐿𝑖𝑛  represents the coil internal inductance.  

The internal inductance is as small as 𝐿𝑖𝑛=2~3 mH, and the HD works at low frequency 

domain. At 10 Hz, for example, the inductive impedance is less than 0.2 Ω which can be 

ignored in the internal impedance calculation. Therefore, the internal impedance is 

approximately equal to the internal resistance 

 𝑅𝑖𝑛 = 𝜌𝐿𝑤𝑖𝑟𝑒 𝑆⁄ = 𝜌 𝐿𝑤𝑖𝑟𝑒 [𝜋(𝑑𝑤𝑖𝑟𝑒 2⁄ )2]⁄  (6-11) 

where 𝜌 = 0.0175  Ω ∙ mm2 m⁄  denotes the electrical resistivity of copper. With the 

parameters tabulated in Table 6.1, the internal resistance is calculated as 2.268 Ω. The 

measured internal resistance is around 2.250 Ω. The difference between the calculated and 

measured results is in a reasonable range. Considering the resistance of the connection 

wires between the coils and the tunable resistor, the value of the total internal impedance is 

taken as 2.6 Ω. The maximum damping coefficient of EMSD is evaluated based on Eq.(2-

13) (𝑐𝑒 = 24.765 N ∙ s m⁄ ) when the external resistance 𝑅𝑙𝑜𝑎𝑑 is zero with the calculated 

values of 𝐾𝑡 and 𝑍𝑖𝑛 above. 

6.3.3 Damping measurement and verification  

The theoretically predicted damping coefficient of the EMSD and the FD with the 

structural parameters mentioned above can be obtained through Eqs. (2-13) and (2-18). For 

verification purposes, experiments are contacted to deduce the damping coefficients from 

the measured hysteresis loops in different cases. As shown in Fig. 6.8, the hysteresis loops 

can be drawn by the measured damping force and the corresponding displacement with 10 

Hz and 1 mm amplitude excitation. The damping coefficient of the energy lost per cycle 

can then be obtained by 

 𝑐 =
𝛥𝑈

𝜋𝜔𝑋
=
𝑈1 − 𝑈0
2𝜋2𝑓𝑋

 (6-12) 
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where ∆𝑈 is the energy loss, which can be evaluated by the enclosed area of the hysteretic 

loop. 𝑈1  denotes the energy lost per cycle of the damper at certain deformation of the 

compression springs of FD (Fig. 6.8a) or external resistance of EMSD circuit (Fig. 6.8b). 

𝑈0 denotes the energy loss without FD or EMSD. 

 

 

Fig. 6.8 Hysteresis loop of the proposed HD: (a) FD hysteresis loop with various deformation length of 

tuning spring (b) EMSD hysteresis loop with various external resistance 

The damping force of the FD fluctuates because of the lack of the tightly linear guide 

when the normal force (indexed by the deformation length of tuning spring) is getting very 

(a) 

(b) 
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large. The introduction of a linear guide is bound to increase the parasitic damping which 

will affect the damping component analysis. Since the proposed FD and EMSD are 

combined together, the parasitic damping hysteresis loop of the two dampers have the 

similar value in Fig. 6.9 (𝑐𝑃 ≈ 10 N ∙ s m⁄ ). Moreover, the parasitic damping hysteresis 

loop is roughly a rectangle, which shows similar property between the parasitic damping 

and Coulomb damping.  

 

 

Fig. 6.9 Measured and simulated damping coefficient variation. (a) FD with different deformations of 

the tuning spring, (b) EMSD with different external resistance values 

(a) 

(b) 
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The calculated 𝜇𝑘𝑅 in Eq.(6-7) is around 0.125 with the measured damping force and 

the corresponding ∆𝑠 in Fig. 6.8. Subsequently, the corresponding friction coefficient can 

be calculated as 𝜇 = 0.51 , which falls into the limited interval [0.37, 0.59]. With the 

obtained friction coefficient, the simulated damping coefficient of the FD can be calculated 

based on Eq. (2-18), shown as the red dash line in Fig. 6.9(a) with various deformations of 

the tuning spring. The measured damping coefficient of FD is shown by the black dot in 

Fig. 6.9(a) by processing the measured hysteresis loop based on Eq. (6-12). The simulated 

and measured results of FD damping coefficient agree well in Fig. 6.8(a), which 

demonstrate the effectiveness of the proposed FD model. 

  

  

Fig. 6.10 Hysteretic loop of the proposed tunable HD: (a) friction blocks disconnected (just parasitic 

damping and EMSD with zero external resistance), (b) friction blocks connected with zero deformation of 

the tuning springs, (c) deformation of the tuning spring at 2 mm, (d) deformation of the tuning spring at 16 

mm 

With the calculated 𝐾𝑡  and 𝑍𝑖𝑛 , the simulated damping coefficients with different 

external resistance values can be obtained through Eq. (2-13), drawn as the red dash line in 

Fig. 6.9(b). The measured damping coefficient of EMSD is also shown as the black dots in 

Fig. 6.9(b) with the same method of FD as described before. Moreover, both the tunable 

damping of the EMSD and the total damping with constant parasitic damping with different 

(a) (b) 

(c) (d) 
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external resistances are plotted in Fig. 6.9(b). The simulated and measured ESMD damping 

coefficients match well except that the simulated ones are slightly higher when the external 

resistance is large. The possible reason is that the parasitic is not measured accurately 

enough. 

With the verified damping coefficient calculation method, the measured hysteresis 

loops of the proposed HD with tunable Coulomb damping and fixed maximum 

electromagnetic shunt damping are plotted in Fig. 6.10 for comparison with the simulated 

results from finite differential methods. Examinations on the four tuning spring scenarios 

of the FD listed in Fig. 6.10 show that the measured hybrid damping matches well with the 

simulated results with different normal forces. As supplementary information, more 

hysteresis loop comparison figures are provided in Fig. A.1, also evidencing the agreement 

between the calculated and measured results. 

6.4 Experimental implementation in optimum DVA 

Upon verifying the proposed HD model , the following experiments are conducted to 

investigate the damping tunability of the proposed HD when it is applied to a DVA system. 

6.4.1 Experiment setup  

Table 6.2 Identified parameters of the experimental system 

Notation Values Description 

𝑓𝑛1 9 Hz Natural frequency of the primary system 

𝑓𝑛2 8.1876 Hz Natural frequency of DVA 

𝛾 0.849 Natural frequency ratio 

𝑘1 20.961 N/mm Stiffness of primary system 

𝑘2 2.686 N/mm Stiffness of DVA 

𝑚1 6.5549 kg Equivalent mass of the primary system 

𝑚2 1.165 kg Equivalent DVA mass 

𝜇 0.1778 Mass ratio 

The proposed HD is installed in a DVA system, shown in Fig. 6.11, to calibrate the H 

optimal DVA through tunable damping. The experimental system is built up based on the 

theoretical model in Fig. 6.2. The proposed HD with FD and EMSD is installed in the 

middle part of the system. A tuning mechanism is fixed with the primary system and 

regarded as an integrate part of the primary system mass, while the moving part is 

connected with the DVA counter-weight which also contributes to the DVA mass. The 
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natural frequency is tuned to 9 Hz by changing the primary mass before the DVA is added 

to the system. Other parameters are listed in Table 6.2. 

 

Fig. 6.11 Experimental set-up of DVA system with a tunable HD 

As shown in Fig. 6.11, a non-contact electromagnetic exciter mounted on top of the 

mounting frame provides the excitation force without introducing additional stiffness to the 

dynamic system. The exciter coil is fixed on the mounting frame while the permanent 

magnets of the exciter are fixed on the primary system which can be regarded as part of the 

primary mass. The linear guide is composed of 4 rotation bearings on each side face, and 

the smooth glassy surface for bearing motion allows reducing the parasitic damping of the 

primary system. A force sensor is used on the top of the primary mass to measure the 

excitation force. Two displacement sensors are used to measure the absolute displacement 

of the primary system mass and that of the DVA mass. A nylon tube with a pre-compressed 

DVA spring inside is fixed on the tuning mechanism of the FD to provide rough linear 

guide for the DVA mass vibration. Moreover, an 8-bit electromagnetic relay combination 

is used to control the resistance of the variable resistor. 

The data acquisition and signal generation are conducted with the B&K PULSE 7767 

system. The driving signal to the exciter is amplified by the B&K 2712 power amplifier 

before sending to the non-contact exciter.  
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6.4.2 Fixed-points calibration  

 

Fig. 6.12 Fixed points calibration 

The pre-requisite of the optimum DVA implementation is to tune the natural frequency 

ratio into the calculated parameters listed in Table 6.2 based on Eq. (2-5). However, some 

parameters (such as the mass of the primary system and that of the DVA) are not able to be 

quantified precisely, the system calibration can be conducted by tuning the fixed-points 

into the same value with different damping. With the selected spring of the primary system 

and DVA, and the natural frequency of primary system is located at 9 Hz, the only 

changeable parameter with no restriction is the DVA mass for achieving the optimum 

frequency ratio between the primary and the DVA system. To check whether the 

dimensionless vibration amplitude X1/F of the primary mass 𝑚1 at the fixed-points (P and 

Q in Fig. 6.12) is equal or not, the displacement frequency response curves of the primary 

mass with three different damping values are plotted to find the fixed points. With better 

damping tunability and sufficient tuning range, the EMSD is utilized for the fixed-points 

calibration. As shown in Fig. 6.12, the fixed-points P and Q possess the same dimensionless 

magnitude with properly tuned DVA.  

The next step is to tune the damping of the EMSD such that the fixed points P and Q 

become the peaks of the frequency response curve. The three curves in  Fig. 6.12 already 

show that the fixed points P and Q locate at different positions of the curve. With more 
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precise tuning of the EMSD damping, the H optimal DVA is obtained by locating the 

maximum response points at the fixed points P and Q in the next section. 

6.4.3 Results analyses  

 

 

Fig. 6.13 Primary system response with two kinds of tunable dampers respectively: (a) tunable EMSD 

with different electrical resistances, (b) tunable FD with different deformations of tuning springs 

The measured response spectra of mass 𝑚1 with EMSD and FD are shown in Fig. 

6.13(a) and Fig. 6.13(b), respectively. With the fine tuning of the EMSD damping, the 

optimal DVA with equal resonant vibration amplitudes is achieved when the external 

resistance of EMSD equals to 3 Ω as shown in Fig. 6.13(a). On the other hand, when the 

deformation length of the tuning spring is about 4 mm, H optimal tuning of the DVA is 

experimentally achieved. However, the response magnitude is not able to maintain at  exact 

(a) 

(b) 
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the same value near the fixed points with different deformations of the tuning springs, 

especially with a large damping force. The measurement results verified the conclusions 

from references [111-113] that the FD functions better when the Coulomb damping force 

is small relative to the excitation force. Therefore, FD is only suitable to provide coarse 

tuning of the damping.  

 

 

Fig. 6.14 Primary system response with the proposed HD when FD friction blocks are just connected and 

EMSD with different external resistance. (a) response curves in full frequency range, (b) closeup around the 

fixed-points 

To investigate the FD influence on the DVA damping tuning, the response spectra of 

mass 𝑚1 with the proposed FD and EMSD within the working boundary are measured and 

plotted in Fig. 6.14. Similar results between Fig. 6.14 and Fig. 6.13(a)  show that the FD 

with a small damping force has slight influence on the stability of the DVA system. 

(a) 

(b) 
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Fig. 6.15 Primary system response with the proposed HD when EMSD external resistance varies and FD 

deformation length of tuning spring are fixed at: (a) 1 mm, (b) 2 mm, (c) 3 mm, (d) 4 mm 

With the verification of tunability of the individual damper as described above, the HD 

is used for the H optimal DVA calibration with both EMSD and FD being activated. The 

response spectra in Fig. 6.13(b) show that the damping force provided by FD is sufficient 

for the optimal DVA damping requirement when deformation of the tuning springs is 

between 4 mm and 6 mm. Therefore, tests on HD are conducted with the fixed FD when 

∆𝑠 < 4 mm. The response curves of the primary mass with different ∆𝑠 of the FD and 

external resistance of EMSD are plotted in Fig. 6.15. The required tuning of ∆𝑠 of the FD 

and the corresponding external resistance of EMSD for H optimal DVA obtained from 

the experiments are listed in Table 6.3 

The damping adjustment of the proposed HD shows that FD can be utilized as a coarse 

tuning damper with the fine tuning EMSD working together to achieve the optimum DVA. 

With the increasing deformation length of the FD tuning spring, the EMSD damping 

required by the H optimal DVA calls for a higher external resistance. Therefore, the coarse 

damping tuning ability of the FD successfully shifts the EMSD from sensitive domain into 

non-sensitive domain as shown in Fig. 6.1 to allow more precise tuning of the EMSD. 

 

(a) (b) 

(c) (d) 
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Table 6.3 Tuned parameters of HD for H optimal DVA 

∆𝑠 of FD 𝑅𝑙𝑜𝑎𝑑 of EMSD 

not connected 1 Ω 

0mm (just connected) 1.5 Ω 

1 mm 2 Ω 

2 mm 2.75 Ω 

3 mm 4 Ω 

4 mm 6 Ω 

6.5 Comparison of damping enhancement methods  

EMSD damping tunable range is enhanced in the proposed HD with the above 

analyses and tests. Another enhancement method, EMSD with VNIC, is also analyzed and 

compare with the proposed HD method. 

6.5.1 VNIC 

As shown in Fig. 6.16, a simplified VNIC similar to those in refs. [92, 93] is utilized 

to enhance the damping performance of EMSD. The key component of VNIC is the 

operational amplifier (OP-AMP). With the ideal close circuit assumption between the two 

nodes (𝑉+ = 𝑉−), the equivalent resistance of VNIC can be expressed as  

 𝑅𝑉𝑁𝐼𝐶 = −
𝑅1𝑅3
𝑅2

 (6-13) 

where 𝑅1 and 𝑅2 are constant resistances in charge of voltage divider, 𝑅3 is the tunable 

resistance for obtaining the tunable negative resistance. VNIC parameters are shown in 

Table 6.4. 

Table 6.4 Parameters of VNIC 

Notation Value or description  

𝑅1 1 MΩ 

𝑅2 1 MΩ 

𝑅3 0-10 Ω 

OP-AMP Apex PA75CD 
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Fig. 6.16 (a) Schematic of EMSD with VNIC, (b) prototype of VNIC 

With the same value selection of 𝑅1 and 𝑅2, the equivalent resistance of VINC can be 

regarded as -𝑅3. Without considering the negligible internal inductance, the total circuit 

resistance of EMSD can be expressed as  

 𝑍 = 𝑅𝑖𝑛 + 𝑅𝑙𝑜𝑎𝑑 − 𝑅3 (6-14) 

6.5.2 Peak damping force ratio  

The linear EMSD damping force is assumed to be a sinusoidal signal in time. The 

Coulomb damping force signal could be expressed as a series of multiple sinusoidal signals 

of different frequencies based on the Fourier transform theory. Since the damping forces 

provided by EMSD and FD has different features, the hybrid damping force of HD 

performance varies with different combinations of EMSD and FD. As shown in Fig. 6.17, 

a linear EMSD damping force signal with amplitude of 0.5 N is combined with a Coulomb 

(a) 

(b) 
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damping signal with amplitude of 0.1 N. The damping force amplitude with frequency in 

Fig. 6.17(c) shows that the hybrid damping mainly focuses at the forcing frequency. 

  

 

Fig. 6.17 (a) Damping force of EMSD and FD in time domain, (b) hybrid damping force in time domain, 

(c) damping force in frequency domain with FD, EMSD and HD 

The design objective of the proposed HD is to maximize the hybrid damping force at 

the forcing frequency so as to enhance the damping tunable range of EMSD. To 

quantitatively evaluate the hybrid damping performance with various combination of 

EMSD and FD, the peak damping force ratio is defined as  

 𝛼 =
𝑚𝑎𝑥|𝐹𝑒|

𝑚𝑎𝑥|𝐹𝑓|
 (6-15) 

The simulated and tested hybrid damping forces in frequency domain are plotted in 

Fig. 6.18 and Fig. 6.19 with 𝛼 ≪ 1 and 𝛼 ≫ 1. The simulated results in both figures show 

(a) (b) 

(c) 
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that multi-frequency response phenomena can be reduced with the increasing peak damping 

force ratio. As supplementary information, more hybrid damping force curves with various 

peak force ratios are provided in Fig. B.1 and Fig. B.2Fig. A.1, which further verified the 

effect of high peak damping force ratio to the reduction of nonlinear effect of the friction 

damper. 

  

Fig. 6.18 Simulated damping force of EMSD, FD and HD in frequency domain with (a) 𝛼=0.1, (b) 𝛼=10 

  

Fig. 6.19 Tested damping force of HD in frequency domain with (a) 𝛼=0, (b) 𝛼=3 

6.5.3 Damping enhancement  

With the same measurement method in section 6.3.3, the hysteresis loops of using 

different combinations of EMSD, FD and VNIC are plotted in Fig. 6.20 to show the 

damping range enhancement of using the proposed HD and VNIC. 

(a) (b) 

(a) (b) 
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Fig. 6.20 Hysteresis loops with different resistance of tuning spring deformation when various types of 

damper are applied: (a) EMSD, (b) FD, (c) EMSD with VNIC, (d) HD, (e) HD & VNIC=1Ω, (f) HD & 

VNIC=2Ω  

With 10 Hz and 1 mm amplitude excitation, the damping force of EMSD can be 

increased to about 1.5 N when the shunt circuit is shorted. The maximum damping force 

can reach about 6 N with VNIC at 2 Ω attached to the EMSD shunt circuit. HD can also 

enhance the damping force value to 6 N when the tuning spring deformation is about 40 

mm. Moreover, the damping force can be further increased to 10 N with both HD and VNIC 

at 2 Ω. Note that the internal resistance of EMSD coil is around 2.25 Ω, the maximum value 

of VNIC is set at 2 Ω to avoid system instability.  

 

(a) (b) 

(c) (d) 

(f) (e) 
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Table 6.5 Tunable range with different types of dampers 

Damper type Tunable range (Ns/m) 

EMSD 1.0361 - 21.3251 

EMSD with VNIC=2 Ω 1.0361 - 80.5973 

FD 1.0361 - 92.4777 

HD (FD & EMSD) 1.0361 - 112.8701 

HD & VNIC=0.5 Ω 1.0361 - 123.9457 

HD & VNIC=1 Ω 1.0361 - 134.7150 

HD & VNIC=1.5 Ω 1.0361 - 146.8370 

HD & VNIC=2 Ω 1.0361 - 171.5086 

Moreover, the damping coefficient for each are calculated based on Eq. (6-12). The 

tunable range enhancement with both methods are validated with the results in Table 6.5. 

When reaching the upper limit of both HD and VNIC, EMSD tunable range can be 

improved from about 1 - 21 Ns/m to 1 - 171 Ns/m which is about 850% increase of the 

tunable range of damping coefficient. The improvement of EMSD empowers its 

applications with high damping tunable range requirement, such as globally optimized 

ground-hook DVA. 

6.5.4 Experimental implementation in ground-hook DVA 

Both enhancement methods of HD and VNIC are applied in a ground-hook DVA 

system whose optimal damping ratio as shown in Table 6.6 is much higher than the classical 

DVA. With higher natural frequency of DVA system than that of typical DVA in Table 6.2, 

the globally optimized ground-hook DVA provides higher suppression performance of the 

primary system response than the typical DVA or SDOF with a tunable damper [52]. 

Table 6.6 Parameters of the ground-hook DVA system 

Notation Values Description 

𝑘1 20.961 N/mm Stiffness of primary system 

𝑘2 9.9586 N/mm Stiffness of DVA 

𝑚1 6.5549 kg Equivalent mass of the primary system 

𝑚2 0.8345 kg Equivalent DVA mass 

𝜇 0.1273 Mass ratio 

𝜉𝑜𝑝𝑡𝑖 0.66 Optimal damping ratio 
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6.5.4.1 Setup 

 

 

 

 

Fig. 6.21 Ground-hook DVA system: (a) schematics, (b) experimental setup, (c) VNIC, (d) shunt circuit 

(tunable resistance with electromagnetic relay) 

As shown in Fig. 6.21, the experimental setup of ground-hook DVA system is similar 

to that of typical DVA system in Fig. 6.11 but the DVA spring has higher stiffness and the 

HD is ground-hooked. Shunt circuit, data acquisition and signal generation system are the 

same as the setup in Fig. 6.11. The added VNIC in Fig. 6.21(c) functions as the negative 

impedance converter to reduce the total shunt circuit impedance to almost zero.  

(a) (b) 

(c) 

(d) 
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6.5.4.2 Results analyses  

  

  

   

Fig. 6.22 Primary mass response of DVA system with different resistance of tuning spring deformation 

when various types of damper are applied: (a) EMSD, (b) FD, (c) EMSD with VNIC, (d) HD, (e) HD & 

VNIC=1Ω, (f) HD & VNIC=2Ω 

With various combinations of EMSD enhancement methods, the measured response 

spectra of mass 𝑚1 are shown in Fig. 6.22. EMSD only is not able to provide optimal 

damping for the ground-hook DVA. EMSD with VNIC=2.25 Ω can reach the optimal 

damping, but the system may become unstable since the total circuit impedance is almost 

zero. The optimal damping can be achieved when the tuning spring deformation of FD is 

about 16 mm. When the VNIC and HD methods are combined together with VNIC tuned 

(a) (b) 

(c) 
(d) 

(f) (e) 
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first, the required tuning spring deformation decreases from 16 mm to 4 mm. Moreover, 

the response curve becomes much smoother when the proportion of VNIC based EMSD 

damping increases.  

6.6 Summary 

In this chapter, a HD with tunable Coulomb and electromagnetic shunt damping 

(EMSD) is proposed to cope with applications requiring high damping tunability. The 

proposed HD is applied to a DVA and H optimal damping of the absorber is achieved 

experimentally. The theoretical model of the HD with tunable damping is also 

experimentally verified. Coulomb damping is adjustable by varying the compressive spring 

force acting on the friction blocks of the damper. The Coulomb damper is used to provide 

the coarse tuning of the HD while the EMSD supplements by offering very fine tuning of 

the damping to the damper. Both theoretical and experimental analyses show that the 

Coulomb damper is capable of enlarging the tunable range of the EMSD damping without 

reducing its tuning accuracy. The tunable EMSD adopts a six opposing magnet pair 

configuration which has been proved sufficiently effective. The damping provided by the 

EMSD is adjustable by varying the external electrical resistance of the EMSD circuit. 

Meanwhile, fine adjustment of the external resistance of the EMSD circuit provides high 

tunability of the damping force of the damper. The measured damping coefficients match 

well with the calculated results from the theoretical models of the pure EMSD, FD and the 

FD-EMSD combined HD. As an application example, the damper is implemented in a DVA 

which requires a precise tuning of the damping to work at its optimum condition. 

Experiments show that the H optimal working condition is readily setup owing to the FD-

enabled coarse tuning and EMSD-induced fine-tuning abilities. Meanwhile, theoretical 

prediction, in terms of lowering the tuning sensitivity of the EMSD by its combined usage 

with the FD, is also confirmed by experiments.  

Another enhancement method, VNIC based EMSD is designed and compared to the 

HD. The corresponding results show that the dynamic response of the primary structure is 

much smoother when the linear EMSD damping proportion increases. The tunable range 

of EMSD can be highly improved with the contribution from both enhancement methods.  
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Chapter 7 Conclusions and Future Work 

7.1 Conclusions 

This research is about the modeling, analysis and optimization of tunable dampers 

using Coulomb and electromagnetic shunt damping. A tunable EMSD with opposing 

magnets pairs configuration and a tunable FD with controllable normal force are proposed, 

being able to provide tunable damping force with high precision and a large tunable range 

of vibration damping. The proposed dampers have been proved to be very successful in 

solving vibration isolation problems and to achieve optimum damping of DVA. The bi-

objective optimal design of the proposed EMSD has been achieved to provide optimal 

vibration control and energy harvesting simultaneously.  

Aiming at enhancing the tunable damping range, EMSD with opposing magnets 

configuration is proposed and compared with similar designs found in the literature. Both 

the simulation and experimental results show that EMSD with opposing magnets 

configuration performs better than the traditional EMSD with single magnet and 

homodromous magnets. Moreover, with the tightly connected opposing magnets 

configuration proposed in this thesis, the proposed EMSD has a significant reduction in 

size while maintaining the same amount of energy dissipation as proven with simulation 

results. In particular, an ESMD comprising six opposing magnets is designed and tested on 

a SDOF vibration system for vibration isolation. The force and displacement 

transmissibility can be minimized in a wide frequency band by adjusting the damping ratio 

of the SDOF system appropriately at different vibrating frequencies. 

With the verified performance of EMSD with opposing magnets configurations, the 

optimal number of EMSD opposing magnets pairs is also investigated to maximize the 

EMSD transduction factor with the same amount of raw material (magnets and copper 

wires). The reason for the existence of optimum magnet pairs is the decreasing tendency of 

radial magnetic flux density with the increase of magnets pairs. Both simulations and 

experiments are conducted to verify the damping coefficient variation with the number of 

magnet pairs in the EMSD. The damping force generated by the EMSD can be readily 

adjusted by varying the external resistance of the EMSD. The proposed tunable EMSD 

allows conveniently onsite optimal tuning of DVA. The proposed design methodology 
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provides fine tuning of the damping coefficient of EMSD to achieve robust optimal DVA 

performance, even when subject to changes of external parasitic damping. 

Owing to the electromechanical energy conversion capacity, EMSD are widely 

applied for energy harvesting from vibrating structures as well as vibration control. A bi-

objective optimal design methodology of a tunable EMSD is proposed to achieve 

simultaneous energy harvesting and vibration control. The electromechanical transduction 

factor and the internal impedance of the proposed EMSD are properly tuned by adjusting 

the structural parameters. The proposed EMSD is applied to SDOF and DVA systems for 

both resonant vibration suppression and energy harvesting. Both the theoretical and 

experimental results show that the bi-objective design is successful in the DVA system 

when the external resistance equals to the internal electrical resistance, while the maximum 

vibration response increase monotonically in the SDOF system. Meanwhile, the energy 

harvesting capacity in the DVA system can also be maintained at a relatively high level in 

a wider frequency range than the harvesting capacity of the SDOF system. 

Even with the structural parameters optimization, the damping capacity of EMSD is 

still not sufficient for some heavy machines and civil structures. Therefore, a hybrid tunable 

damper combining the advantages of EMSD and FD is proposed to achieve both high 

precision and relatively larger range of damping tunability. The damping force of the FD 

can be varied by adjusting the spring deformation which controls the normal force of the 

FD. Meanwhile, the damping force can be fine-tuned by adjusting the resistance in the 

electrical circuit of the EMSD. The proposed methods for adjustment of the damping forces 

in both types of damper are simple and the damper can be made at low cost. A prototype 

of the proposed HD is tested and applied to a DVA system to verify its tunability by 

experiments. H optimal damping of the DVA is readily achieved experimentally by using 

the proposed HD with various combinations of the two types of damping. Another 

enhancement method, VNIC based EMSD performance is compared with HD. The 

corresponding results show that the response will be much smoother when the linear EMSD 

damping proportion increases. The tunable range of EMSD can be highly improved by 8 

times with both HD and VNIC function simultaneously . 
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7.2 Future work 

In addition to the above major conclusions, some aspects of this research require 

further investigations: 

1)  Multi-parameters effects for EMSD performance require discussions in addition to 

the number of opposing magnets pairs, such as: the wire dimeter, air gaps between the 

magnets bar and coils, magnets and coil shapes. With deep comprehension of various 

parameters influence on EMSD, the application design can be easily conducted with better 

reference. Even some work in this direction has been done, the results are not shown in this 

thesis because of  the incomplete processing and unfinished conclusions. 

2)  As an excellent actuator, the proposed tunable dampers can be applied with a semi-

active control with signal feedback to cope with more complicated situations in real 

applications. Vibration control with various excitations can be conducted with specific 

control algorithm, such as: the impulse excitation, step excitation, white noise and random 

excitation etc. With the aid of suitable control algorithms, the tunable damper will be able 

to solve various engineering problems in real-life.  

3)  The nonlinearity of Coulomb friction damping still demands further investigations 

when the tunable FD functions in higher damping force domain. The nonlinear 

characteristics of Coulomb friction will definitely influence the vibration control effects. 

Only with thorough understanding of this, the high tunable damping range can be fully 

utilized.   
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APPENDIX A. Hysteresis loops of HD 

As a supplement to Fig. 6.10, the intact hysteresis loops of the proposed hybrid damper 

are plotted in Fig. A.1. The corresponding deformation of the tuning spring varies with the 

interval of 2 mm (∆s≤8 mm) or 4mm (∆s>8 mm). The model effectiveness of the proposed 

hybrid damper is verified through the agreement between experimental and simulation 

results, shown in Fig. A.1. 

  

  

 

(a) (b) 

(c) (d) 

(f) (e) 
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Fig. A.1 Hysteresis loops of the proposed tunable HD when the deformation of the tuning spring is (a) 2 

mm, (b) 4 mm, (c) 6 mm, (d) 8 mm, (e) 12 mm, (f) 16 mm, (g) 20 mm, (h) 24 mm, (i)28 mm, (j) 32 mm, (k) 

36 mm, and (l) 40 mm. 

 

(g) (h) 

(j) (i) 

(k) (l) 
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APPENDIX B. Hybrid damping force 

As supplements to Fig. 6.18 and Fig. 6.19 , the intact simulated damping forces in 

frequency domain with various peak force ratio between EMSD and Coulomb damping are 

plotted in Fig. B.1. The corresponding tested damping forces in frequency domain with 

various peak force ratio between EMSD and Coulomb damping are plotted in Fig. B.2. 

Both the simulated and tested results show that multi-frequency response can be reduced 

by increasing the peak force ratio.  

  

  

 

(a) (b) 

(c) (d) 

(f) (e) 
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Fig. B.1 Simulated damping force of EMSD, FD and HD in frequency domain with (a) 𝛼 = 1 10⁄ , (b) 

𝛼 = 1 5⁄ , (c) 𝛼 = 1 3⁄ , (d) 𝛼 = 1 2⁄ , (e) 𝛼 = 1, (f) 𝛼 = 2, (g) 𝛼 = 3, and (h) 𝛼 = 10 

 

  

  

(g) (h) 

(a) (b) 

(c) (d) 
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Fig. B.2 Tested damping force of HD in frequency domain with (a) 𝛼 =0, (b) 𝛼 =0.424, (c) 𝛼 = 0.568, 

(d) 𝛼 = 0.7  , (e) 𝛼 = 1.06, (f) 𝛼 = 1.5, (g) 𝛼 = 2, and (h) 𝛼 = 3 

 

 

 

(f) (e) 

(g) (h) 
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